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Preface

The Interferon field has its origins nearly 50 years ago with the discovery of an
antiviral factor produced by virally infected chick cells. This factor, designated
“The Interferon”, provided the first evidence that antiviral defence mechanisms
could be triggered by secreted cellular factors. Since interferon (IFN) was found to
protect against many viruses, scientific interest was high. A research dynasty was
literally founded then that has actively pursued the characterization and potential
clinical applications of IFN. Initially, the field was sustained by dedicated pioneer-
ing scientists trying to understand what IFN was and how it worked. At the mo-
ment when their research was beginning to pay off with the purification of IFNs
to homogeneity and increasing knowledge of their biological activities, the field
was catalysed by the advent of recombinant DNA technology. The Pharmaceutical
Industry too was drawn in by the “promise” of IFN’s broad therapeutic activity
against a range of tumours and viruses. Although the clinical success of IFNs
proved to be much more limited than hoped for, the research that was generated
in those heady times gave a tremendous boost to our understanding of the molec-
ular structure of IFN’ genes and proteins, their cellular receptors, their mechanism
of action and their biological activities, both in vitro and in vivo. Despite the sombre
assessment of the clinical worth of IFNs two decades ago, they have come back as
strong market leaders for the treatment of chronic hepatitis C virus infection (IFN-
alpha) and multiple sclerosis (IFN-beta). Research studies within the IFN field
from then on have proved invaluable to the elucidation of IFN’ induction and con-
nected intracellular signalling pathways, cellular defence mechanisms, and the eva-
sion mechanisms of viruses and tumour cells to IFNs.

The Interferons: Characterization and Application covers many aspects of our cur-
rent knowledge of IFNs. This includes the structure and functions of all known
IFN types, evolution and structure of their genes, their receptors and signalling
pathways, their induction and biological activities and mechanisms whereby vi-
ruses evade their antiviral actions. In addition, coverage of the clinical applications
of type I and II IFNs, together with methodologies to measure biological activities
of IFNs and the antibodies that may develop against them as a consequence of IFN
therapies, is provided. I believe there is a serious need for this publication, even in
view of the vast amount of information available in the scientific literature and on
the World Wide Web. I feel that there is no substitute to an up-to-date monograph

The Interferons: Characterization and Application. Edited by Anthony Meager
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-31180-7
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Xiv

Preface

on the IFN field that embraces an integrated and well-selected approach to the sub-
ject. It is my hope this will provide a comprehensive foundation to the professional
scientific and medicinal research community, especially newcomers to the field,
and will promote further advances in the field.

I gratefully acknowledge the authors for their time, motivation and dedication in
preparing their contributions, without which this book would not have been possi-
ble. I also thank Andreas Sendtko and his colleagues at Wiley-VCH for outstanding
support throughout the planning and preparation of this book.

Potters Bar, October 2005 Anthony Meager

Isaacs A, LINDEMANN J. Virus interference. I. The interferon.
Proc Roy Soc B 1957, 147, 258-267.
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(A) (B)

Fig. 1.4. Representative tertiary structure of ~ The disulfide bonds between cysteine residues
human IFN-o. Tertiary structure of human IFN- are indicated by arrows. (A) Side view of the
o2 represented as a ribbon diagram, showing ~ molecule. (B) View from above. (This figure
the five a-helices connected by loop regions. also appears on page 25.)

»
»

Fig. 2.1. Schematic representation of the IFN- architectural proteins HMGI(Y) and the

S promoter enhanceosome. This diagram transcriptional coactivators proteins p300 and
shows the composition and organization of the CBP. The multiple protein—protein interactions
human IFN-$ enhanceosome. The nucleotide  required for transcriptional synergy of the IFN-
sequence (—110 to —36) is situated upstream 8 promoter derived from the cooperative

from the starting transcription site. The assembly of the enhanceosome, cooperative
positive regulatory sites as well as the negative assembly between the enhanceosome and the
regulatory domain are named PRDs and NRD, = USA/BAD complex, and interaction with the
respectively. The transcriptional proteins RNA polymerase Il complex [32]. (This figure
binding to the PRDs are also shown (c-Jun, also appears on page 38.)

ATF-2, IRFs and NF-xB), as well as the
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Fig. 2.3. Schematic representation of IRF-3, -5
and -7 transcription factors. Different domains
are shown: NLS, NES, DBD, CAD, VAD, IAD
and the signal response domain (RD). The
sequence of amino acids 382—414 (IRF-3) and

the sequence of amino acids 468—491 (IRF-7)
are amplified below the schematic. Important
amino acids are shown in larger letters with
the respective position number. (This figure
also appears on page 43.)
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Fig. 2.4. Overview of the TLR dependent
signaling of the IFN response. TLR3
stimulation with dsRNA on the cell membrane
or the endosomal compartment leads to the
recruitment of the TRIF adaptor molecule and
the activation of TBK1 and IKKe kinases that
phosphorylate IRF-3 and induce the
transcription of IFN-A. TRAF6 association with
the TRIF complex results in NF-«B induction
via IKKa/B/7. IFN-B is released from infected
cells, recognized by specific IFN receptors on
adjacent cells and triggers the JAK/STAT
pathway. Among the genes activated by the
JAK/STAT pathway, IRF7 is induced and
activated by phosphorylation. IRF7 expression

results in the production of multiple IFN-u
subtypes and amplification of the IFN
response. pDCs express on their endosomes
hTLR7/mTLR8 and TLR9 that recognize ssRNA
and CpG DNA, respectively. The recognition of
specific PAMPs results in the recruitment and
formation of a complex composed of MyD88,
IRAK4, IRAKT1 leading to IRF7 phosphorylation
and induction of type | IFN in a MyD88-
dependent fashion. TRAF6 association with the
MyD88 complex leads to the activation of the
signalosome complex (IKKe, IKKS, IKKy),
which initiates the NF-xB signaling cascade
and subsequent inflammatory response.

(This figure also appears on page 52.)
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Cell membrane

TLR4 MyD88-Dependent
Signaling /Early phase

Fig. 25. (a) TLR-4 MyD88-dependent pathway early activation of NF-xB. After activation and
— early phase. LPS from the outer membrane  phosphorylation of IRAK, TRAF6 becomes

of Gram-negative bacteria is presented by the  activated and gives rise to the production
CD14-LBP complex to the TLR-4 receptor of pro-inflammatory cytokines such as
complex to initiate a MyD88-dependent TNF, COX2 and IL-12. (This figure also
signaling pathway. LPS signaling leads to the ~ appears on page 54.)
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Fig. 2.5. (b) TLR-4 MyD88-independent IFN-f induction. Following recruitment of TRIF
pathway — late phase. LPS from the outer to the receptor complex, TBK1 associates and
membrane of Gram-negative bacteria is initiates phosphorylation of IRF3, whereas

presented by the CD14—LBP complex to the TRAF6 associates with TRIF leading to the
TLR-4 receptor complex to initiate a MyD88- activation of NF-xB. (This figure also appears
independent signaling pathway. LPS signaling  on page 55.)

leads to the late activation of NF-xB as well as
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MAVS/IPS-1/Cardil/ VISA

Cell membrane

Fig. 2.6. Recognition of dsRNA and/or
incoming cytoplasmic ribonucleoprotein
complexes by RIG-I leads to the recruitment of
the MAVS/IPS-1/VISA/Cardif. CARD domain
interactions between RIG-I and MAVS lead to
the activation of NF-«xB and IRF dependent
pathways through IKKa/g and TBK1/IKKe
kinases respectively. The TLR3 dependent

pathway also leads to the induction of NF-xB
and IRF dependent pathways activating the
same molecules involved in RIG-I pathway with
the exception of recruitment of the TRIF,
TRAF6, and RIP1 molecule to the TIR domain
of TLR3 for NF-xB activation. PI3K is required
for the full activation of IRF-3 via TLR3. (This
figure also appears on page 60.)
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Fig. 4.2. Signal transduction of IFN-y. IFN-y receptor, dimerizes with another STAT-1 and

binding to its receptor causes JAK-1 and -2 translocates to the nucleus to drive ISG
auto and trans tyrosine phosphorylation, expression. Inactivation of the JAK—STAT
respectively. Activated JAK-1 phosphorylates pathway is controlled by PTPs, SOCS-1
IFN-yR1 and STAT-1 becomes recruited to and PIAS-1. (This figure also appears on
the receptor to be phosphorylated by JAK-1. page 91.)

Activated STAT-1 dissociates from the
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Fig. 43. (A) DCs capture, internalize and cross-presented via MHC class | to CD8" T
process pathogens in endosomal cells. IFN-y secreted by T cells can significantly
compartments. Their primary sequence is then improve this process where mature DCs can
presented as small peptides via MHC class Il then cross-present immunogenic peptides
molecules to naive T cells. In parallel, DCs can  to rare CD8" T cells. In addition, IFN-y

be induced to secrete IL-12 and -18, which upregulates the expression of IL-2 receptors
skew precursor T cells toward T, 1 polariza- that facilitate the expansion of CTL. (This

tion. (B) Immature DCs also internalize figure also appears on page 98.)

immunogenic antigens, but this cannot be

pathoge-%-}

TLRs
Maturation _

o I
$1L12, 118, IFNp

CD4+ T cells
NK cells

Fig. 44. Recognition of conserved subunits -18, or IFN-x/f). Such cytokines induce the
of infectious pathogens by TLRs induces expression of IFN-y in Tand NK cells. This
DC maturation resulting in critical pro- IFN-y can affect further DC and T activation.
inflammatory cytokine production (e.g. IL-12 or (This figure also appears on page 99.)



FN.aR2e
\

Ligand
binding
—_—

Color Plates

IFN-00

I'vk2
Juk1
I'vk

Fig. 5.1. Model of the Type | IFN receptor
complex. The IFN-u receptor complex consists
of two different chains, IFN-2R1 and -oR2c [67,
70, 88, 93, 94]. The ligand IFN-« is a monomer
that binds to the two-chain complex [153].
Upon entry of IFN-« into the complex, STAT-2
binds to IFN-uR2c and recruits STAT-1. STAT-1
and -2 are phosphorylated, then released,
associate with IRF-9, translocated to the
nucleus and activate genes that contain the
ISRE as described [26]. It is reported that

Y

Jakl

Stat2

Statl

transcription

limitin uses the Type | IFN receptor complex
[154, 155]; however, although limitin requires
TYK-2, it does not require STAT-1 for B cell
growth inhibition where Daxx may replace the
need for STAT-1 [155, 156]. Based on homology
with the IFN-y receptor complex [143], we
believe that the Type | IFN receptor complex is
preassembled and that a conformational
change accompanies the activation of the
receptor complex by Type | IFN. (This figure
also appears on page 117.)
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i
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EXTRACELLULAR DOMAIN [™m ]| 1c

Fig. 5.2. Schematic lllustration of the human IFN-aR1 chain
and the splice variant human IFN-aR1s. The domains of the
human IFN-oR1 chain are shown. The splice variant chain,
human IFN-oR1s, lacks exons IV and V. (This figure also
appears on page 120.)
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Phosphorylation

Stat1 C:) Nuclear Translocation C

Fig. 5.3. Model of the IFN-yR complex. The phosphorylate Tyr457 of each IFN-yR1 chain
IFN-yR complex consists of two different that serves as the recruitment site for STAT-1«
chains, IFN-»R1 and -yR2 [9, 33, 85, 99-101, which, in turn, attaches to phosphotyrosine
110, 120, 121, 152, 157-164]. The ligand IFN-y  Tyr457 of IFN-yR1, moves the receptor chains
is a dimer that binds to two IFN-yR1 chains, apart [143] and is phosphorylated by

but does not directly bind to the IFN-yR2 chain the JAK kinases. Once phosphorylated, the

in the absence of the IFN-yR1 chain. The two  phosphorylated STAT-1o proteins detach from
receptor chains are preassembled prior to each IFN-yR1 chain, forming the transcription
binding of IFN-y [143]. Upon ligand binding, factor that is translocated to the nucleus to
the JAK kinases cross-phosphorylate each other activate IFN-y regulated genes. (This figure
(solid circles). The activated JAK kinases then  also appears on page 122.)




XXXVINI

Color Plates

400 L] L] L] T L]

@ 300} -
= ;
@
‘E Mismatched Pair:
. IFN-yR1/EBFP +
a IL-10R2/GFP
Q9 200} .
c
(7]
o
7]
=
3 100 b -
[TH

D L L 'l A L

350 400 450 500 550 600

650

Wavelength (nm)

Fig. 5.4. Comparison of fluorescence
emission spectra of cells expressing the
matched and mismatched pair of receptor
chains. The matched receptor chains are FL-
IFN-yR2/GFP and IFN-yR1/EBFP (green curve);
the mismatched receptor chains are IFN-yR1/

EBFP and FL-IL-10R2/GFP (blue curve). The
fluorescence emission spectra in response to
two-photon excitation at 760 nm are shown.
(Figure modified from data of Krause et al.
[143].) (This figure also appears on page 125.)
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IFN-yR1/EBFP +
IFN-yR2/GFP

500 F

400 |

300 F

Fluorescence Intensity

200

400 450 500 550 600
Wavelength (nm)

Fig. 5.5. Comparison of fluorescence spectra  the medium and the spectrum taken (blue

of cells expressing the matched pair of curve) of the same region in the same cell. The
receptor chains in the presence and absence fluorescence emission spectra in response to
of IFN-y. The matched receptor chains are two-photon excitation at 760 nm are shown.
FL-IFN-yR2/GFP and IFN-yR1/EBFP. The (Figure modified from data of Krause et al.

spectrum in green was taken in the absence of [143].) (This figure also appears on page 126.)
IFN-y. IFN-y (3500 U mL™") was then added to
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IL-28R1

Stat1

IL-10R2

Fig. 5.6. Model of the IL-28R1/10R2 receptor
complex. This receptor complex consists of
two chains, IL-28R1 and -10R2, that are
associated with JAK-1 and TYK-2, respectively,
as shown. The STAT-1/2 heterodimer appears
to function together with IRF-9 as the latent

Stat1
/Rel:rul‘lment, Stat2
Phosphorylation
)Slaﬂ Nuclear Translocation

transcription factor. Based on analogy with the
IFN-yR complex, we believe that this receptor
complex is preassembled and undergoes a
conformation change after its contact with
ligand. (This figure also appears on page 127.)
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Fig. 6.3. Model of the IFN-/ receptor system. the STAT family of transcription activators. The

IFN-Zs are likely to be monomers. The IL-T0R2 chain is associated with TYK-2 [60] and
functional IFN-A receptor complex consists of  the IFN-AR1 chain is likely to interact with JAK-
two receptor chains — the unique IFN-/R1 1. Upon the ligand-induced heterodimerization
chain and the IL-10R2 chain. The IL-10R2 chain of IFN-A receptor chains receptor-associated
is a shared common chain in four receptor JAKs crossactivate each other, phosphorylate

complexes, the IL-10, -22 and -26, and IFN-1 the IFN-/ART intracellular domain and, thus,
receptor complexes. Expression of both chains initiate the cascade of signal transduction
of the IFN-A receptor complex is required for events. STAT-1, -2, -3, -4 and -5 are activated by

ligand binding and for assembling of the IFN-Z leading to activation of biological
functional receptor complex. Ligand binding activities, such as upregulation of MHC class |
leads to the formation of the heterodimeric antigen expression and induction of antiviral
receptor complex, and to the initiation of a protection. (This figure also appears on page
signal transduction cascade involving 149.)

members of the JAK protein kinase family and



XLl | Color Plates

C29to C139
disulfide bond

IRRP3

IRRP3

Fig. 7.1. Ribbon diagram representation of
human IFN-02 (protein data base ID 1ITF).
Regions mediating binding interactions with
the IFNAR subunits are highlighted. IRRP-1
(residues 29-35) is represented as a blue
ribbon, IRRP-2 (residues 78-95) as a red
ribbon, IRRP-3 (residues 123-140) as a purple

E helix

ribbon and the E helix (residues 141-155) as
an orange ribbon. The Cys29-Cys139 residues
involved in the disulfide bond are represented
as yellow sticks. The N- and C-termini are
indicated. (This figure also appears on page
169.)
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Fig. 7.2. Key residues in human IFN-x2 that energy are shaded red, and residues that
contribute the most binding energy during contribute between 0.5 and 2 kcal mol~" of
interaction with IFNAR-2. Amino acids are energy are shaded yellow. (This figure also
represented in space-filling format. Residues appears on page 170.) Adapted from [32].
that contribute more than 2 kcal mol~" of
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Fig. 7.3. Space-filling representation of the IFN binding
surface on IFNAR-2. The elongated hydrophobic patch is
comprised of residues colored in red surrounded by a ring of
polar and charged residues colored in blue. (This figure also
appears on page 171.) Adapted from [21].



Fig. 7.4. Residues in the human IFN-22—
IFNAR-2 interface that mediate interactions
between IFN and the receptor subunit.
IFN-02 is represented as a green ribbon with

N-terminal  Coiled-Coil

NH,

130

320

Fig. 7.5. Domain structure of STAT proteins.
STAT proteins are a family of latent cytoplasmic
transcription factors that serve as important
mediators of cytokine, hormone and growth
factor signal transduction. There are seven
mammalian members of this family, STAT-1, -2,
-3, -4, -5a, -5b and -6, all of which share a
conserved domain-like structure. STAT proteins
range in size from 748 to 851 amino acids
(90115 kDa) and consist of six different
domains, each with its own defined function.
The N-terminal domain (residues 1 to ~130)

is involved in stabilizing STAT dimer—dimer
interactions. The coiled-coil domain (~130 to
~320) is important for protein interactions.
The central DNA-binding domain extends from
amino acids ~320-490 and contains several
residues conserved in all members of the STAT
family. A linker domain exists between residues

DNA-binding

Color Plates

blue residue side-chains and IFNAR-2 is
represented as a cyan ribbon with red residue
side-chains. (This figure also appears on page
172.) Adapted from [21, 32].

Linker SH2 TAD

COOH

490 580

pTyr pSer

490 and 580, and separates the DNA-binding
domain from the SH2 domain. This area is
comprised primarily of a-helices and appears
to play a role in mediating transcription. The
phosphotyrosine-binding SH2 domain is
required for receptor binding and dimerization.
Within this domain is a conserved tyrosine
residue. Phosphorylation of this tyrosine
activates the STAT molecule, allowing it to
interact with the SH2 domain of another STAT.
At the C-terminal end a transcriptional-
activation domain (TAD) modulates the
transcriptional functions of the various STAT
proteins. The TAD mediates interactions of
the STAT protein with a number of nuclear
coactivators, facilitating chromatin modifica-
tions and transcriptional activation. (This
figure also appears on page 177.)
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Fig. 7.6. Type | IFN-induced signaling. Engagement of the type
I IFN receptor complex leads to the phosphorylation of JAK-1
and TYK-2, and activation of the JAK-STAT, p38MAPK, CrkL and
IRS—PI3K pathways. (This figure also appears on page 180.)
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Fig. 10.2. A comparison of the surface area of the wild-type
IFN-$ and the modified IFN-# (Soluferon).
www.igb.fraunhofer.de. (This figure also appears on page 284.)

Type IFNS/IF—N_\)

IFNGRZ2

Fig. 12.1.  Schematic diagram illustrating the
IFN signal transduction pathways. IFNs bind
to extracellular domains of their cognate class
Il cytokine receptors leading to activation of
JAK-1 and -2, and TYK-2 tyrosine kinases
associated with receptor endodomains.
Subsequent phosphorylation of endodomains
leads to recruitment of STAT-1 and/or -2—IRF-

Medium

| /

9, phosphorylation and dimerization of STATs
followed by their translocation into the
nucleus. These transcription factor complexes
bind to the ISRE and/or GAS present in the
promoter region of IFN-inducible genes to
activate their transcription and the synthesis of
IFN-inducible proteins. (This figure also
appears on page 341.)
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Lo\

Luciferase \

Nucleus

Fig. 12.4. Schematic diagram illustrating the
type | IFN signal transduction pathway and
basis for reporter gene assays. IFN-$ binds to
extracellular domains of its cognate class Il
cytokine receptor leading to activation of JAK-1
and TYK-2 tyrosine kinases associated with
receptor endodomains. Subsequent
phosphorylation of endodomains leads to
recruitment of STAT-1 and -2, phosphorylation
and dimerization of STATS, followed by their
translocation into the nucleus. There, STATs
combine with another DNA-binding protein,
IRF-9 or p48, and this transcription factor

Enzyme gene |
SEAP /—,—..‘I."
,__ﬂ_T__‘
/

complex binds to the ISRE present in the
promoter region of IFN-f-inducible genes to
activate their transcription. For reporter gene
assays, the ISRE, or other IFN-inducible
promoter, e.g. Mx, are present in DNA
plasmids and are fused to enzyme genes, such
as luciferase or SEAP. Binding of the
transcription factor complex to these plasmid-
encoded IFN-inducible promoters leads to
synthesis of enzyme mRNA and enzyme
protein, the latter being quantified by addition
of appropriate substrates. (This figure also
appears on page 358.)
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Kinase receptor activation (KIRA) assay

Cell ELISA plate

@ Receplor
membrane Anti-receptor mAb
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Fig. 12.5. Schematic flow diagram of the KIRA addition of biotinylated anti-P-Tyr MAb (step

assay. Receptor activation is triggered by 4), followed by addition of streptavidin

growth factor (GF) binding resulting in peroxidase conjugate (step 5), addition of
autophosphorylation of tyrosine residue(s) peroxidase substrate (TMB; step 6) with

in the receptor endodomain (step 1). Follow-  appropriate washings between steps. Following
ing a brief incubation, cells are lysed (step 2)  color development and termination of enzyme
and lysates transferred to an ELISA plate activity with 2 M sulfuric acid, absorbances are
coated with anti-receptor MAb (step 3). read at 450 nm (step 7). (This figure also

Phosphorylated receptor is quantified by appears on page 362.)
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(A) Areas for IFNAR-1 and IFNAR-2 binding

(B) Mutated residues reducing mAb binding

Fig. 13.4. Location of the binding sites of
receptor and of anti-IFN- MAbs on the IFN-$
molecule. The three-dimensional crystal
structure of IFN-# is shown in space-filling
models. Four different views of the molecule
are shown, as indicated at the top. (A) The
positions of amino acid residues important for
IFNAR-1 and -2 receptor chain binding are
shown in blue and red, respectively. The
regions occupied by the various alanine
substitution mutants (A1-E) are labeled on the
molecule. (B) The positions of residues, which
when mutated to alanine abrogate or reduce
the binding of anti-IFN-§ MAbs, are

highlighted in different colors on the IFN-#
molecule. Shown in pale and dark blue are
those that respectively abrogate or reduce the
binding of MAbs Bio 1, Bio 2, Bio 5, Al and
AS5. Those MADbs abrogating binding (Bio 4,
A7 or Bio 6) are shown, respectively, in red,
dark green, and purple. The sites abrogating
(BC and C1) or reducing (C2) by MAb B-02
binding are shown in pale and dark green.
(Reproduced with modifications from [78] with
permission.) For identity of the MAbs and
mutants the reader is referred to the original
publication [78]. (This figure also appears on
page 389.)
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Shamith A. Samarajiwa, William Wilson and Paul . Hertzog

1.1
Introduction

Since their discovery about 50 years ago [1], the interferons (IFNs) have been ex-
tensively studied, they are used clinically and their multiple functions are being
elucidated at the molecular level. Recent sequencing of numerous vertebrate ge-
nomes, including the human and mouse genomes, has resulted in rapid expansion
of known IFN gene and promoter sequences, and detailed characterization of the
IFN gene cluster. Appreciation of the diversity of the IFN gene family and its
origins, coupled with progress in structural biology of IFNs, has advanced our
understanding of their functions.

The type I IFN genes were first located to specific chromosomes using cytoge-
netic methods based on aneuploid human cells or cross-species hybrid cells. While
these initial studies led to the incorrect assignment of the fibroblast IFN gene to
chromosome 2 and 5 [2, 3]; subsequently, analyses of a large number of hamster—
human and mouse—chimpanzee somatic cell hybrid clones led to the localization
of human and chimpanzee genes encoding IFN-f onto chromosome 9 [4]. During
the same period, the unusual absence of introns within genes encoding IFN-z and
-f was discovered by two separate groups [5, 6]. Leukocyte and fibroblast IFN
cDNA clones were used to generate radioactive probes for hybridization experi-
ments on human cells and human—mouse hybrid cells. These enabled the identifi-
cation of multiple IFNA genes and a single IFNB gene on human chromosome 9
[7]. IFNA and IFNB genes were then mapped onto chromosome 9p and blot
hybridization detected a cluster of at least 10 genes encoding IFN-a subtypes and
a single gene encoding IFN-f on chromosome 9p ter-q12 [8]. Multiple functional
genes and pseudogenes encoding IFN-« and -w, and a single gene encoding IFN-f
were identified in this region, and their relative position and transcriptional direc-
tions determined [9, 10]. During this time, the existence of multiple IFN-o sub-
types was also discovered at the protein level [11]. Complete sequencing, extensive
analysis and annotation of human chromosome 9 was completed recently, and the
human type I IFN gene cluster was extensively characterized [12, 13].

The Interferons: Characterization and Application. Edited by Anthony Meager
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-31180-7
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IFNs are grouped into three separate classes: types I (o/f IFNs, etc.), II (IEN y)
or IIT (4 IFNs), based on their sequence, receptor specificity, chromosomal loca-
tion, physicochemical properties and structure. Type I IFNs are unique among
the IFN family with unusual physicochemical properties of heat (65 °C) and acid
stability (pH 2) [14]. Originally, type I IFNs were named leukocyte IFN (IFN-o)
and fibroblast IFN (IFN-A) based on the perceived cellular origins of these cyto-
kines. However, it is now accepted that most nucleated cells are able to produce
IEN [15, 16], but specialized IFN-producing cells (IPC) such as plasmacytoid den-
dritic cells can produce 1000-fold higher levels of IFN when stimulated by an ap-
propriate inducer [17]. Microorganisms such as viruses, bacteria, mycoplasma, pro-
tozoa, their products such as viral glycoprotein, bacterial lipopolysaccharide (LPS),
CpG DNA, double-stranded RNA, host-derived molecules such as mitogens, other
cytokines and a variety of other stimuli induce type I IFN production [18, 19].

In addition to IFN-o and -f, other members of the type I IFN gene family, such
as IFN-¢ and -x are present in most mammalian genomes, while [FN-w is present
in primate and some mammalian genomes, and IFN-( and -v are only present in
rodent and feline genomes, respectively [20, 21]. Other type I IFNs such as IFN-t
and -0 that are involved in reproduction events have been identified, and are
unique to ungulate ruminants and pigs [22-24]. This entire repertoire of type I
IFNs is believed to bind to and signal through the cell surface IFNAR receptor
complex, consisting of [IFNAR-1 and -2 transmembrane receptor chains. However,
binding of IFN-x, -¢ and -v to the IFNAR receptors has not been determined. The
genes encoding other types of IFN are located on different chromosomes and bind
different receptor complexes.

1.2
The Type | IFN Genetic Locus

The human type I IFNs are encoded by a multigene family clustered over a 350-kb
region on human chromosome 9p21 10, 12, 13, 25, 26]. This gene family consists
of 13 nonallelic IFN-« genes, at least five pseudogenes, and single functional IFN-
B, -¢, - and -w genes. Analysis of public sequence databases [27, 28] shows that
almost all type I human IFNs are clustered together on chromosome 9 (9p21.1-
9p21.2) between IFNB1 and IFNE genes, which are positioned towards the telo-
mere and centromere, respectively (Fig. 1.1A). The exception is IFNK, which is lo-
cated approximately 6.4 Mb from IFNE towards the centromere and is transcribed
towards the centromere. Within the cluster, genes are located in the following or-
der: IFNB1, IFNW1, IFNA21, IFNWP15 (pseudogene), IFNA4, IFNWP9 (pseudo-
gene), IFNA7, IFNA10, IFNAL (pseudogene), IFNWP18 (pseudogene), IFNA16,
IFNA17, IFNWP5 (pseudogene), IFNA14, IFNAP22 (pseudogene), IFNA5, KLHL9
(kelch-like protein 9), IFNWP20 (pseudogene), IFNA6, IFNA13 and IFNA2; all
of which are transcribed in the same direction (towards the telomere). IFNAS,
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IFNWP2 (pseudogene), IFNAI and IFNWP19 (pseudogene) are transcribed in the
opposite orientation (towards the centromere), with IFNE transcribed towards the
telomere. The relative position of IFN genes within the gene cluster and their tran-
scription orientations is shown in Fig. 1.1(A). The only non-IFN gene within the
human cluster, KLHL9, is syntenic on human and mouse chromosome HSA9
and MMU4, respectively, and is a homolog of the Drosophila kelch gene. These are
implicated in embryogenesis, tissue development and carcinogenesis, and also me-
diate cytoskeleton organization [29, 30].

Murine type I Ifn genes were mapped to a centromere proximal region on (42.6
cM) Mus musculus (MMU) chromosome 4, and almost all of these Ifn genes are
clustered on a 450-kb region [31] (Fig. 1B). The overall order of genes in the type
I Ifn locus is conserved between human and mouse genomes. This region contains
at least three pseudogenes, 14 functional Ifna genes, and single Ifnb, Ifuk, Ifne and
Ifnz (limitin) genes. Due to the low level of sequence resolution and the possibility
of assembly artifacts in the Ifnz region, the exact number of Ifnz genes is not
known. In a recent study, Hardy et al. [13] reported the presence of at least two
genes and van Pesch et al. [32] detected a tandem array of 16 consecutive, almost
identical Ifnz genes on the National Center for Biotechnology Information (NCBI)
contig assembly. Within the main cluster of IFN genes, Ifub is located more to-
wards the telomere, whereas Ifne is located more towards the centromere. Murine
Ifnk is located approximately 52 Mbp distal to Ifnb and the main IFN gene cluster,
and is transcribed towards the centromere. Other IFN genes are located between
these Ifnb and Ifne genes in the following order: Ifub, Ifnal4, Ifna3, Ifna9, Ifnal2,
Ifnal3, Ifna6T, Ifna7/ 10, Ifna2 and Ifnab; all transcribed in a single direction with
their 3’-end towards the telomere (Fig. 1B). Ifnz, Ifna7/10, Ifnall, Ifna6/8, Ifnas,
Ifna4, Ifnal and Ifnel form the remainder of the IFN gene cluster, and except for
Ifne these genes are arranged in tandem in the opposite orientation and tran-
scribed towards the centromere. Three non-IFN genes are located within the Ifn
gene cluster and include the klhl9 gene as in the human genome.

Interestingly, mammalian and avian type I IFNs lack introns — an unusual prop-
erty shared with a number of other genes such as those that encode histones and
G-protein-coupled receptors [33]. Recent genome analysis indicates that intronless
genes are more common in human and other eukaryotic genomes than previously
believed, with at least 12% of human genes being intronless [34-37]. The absence
of introns in IFN genes may have been a property of the common ancestral gene
or may have resulted from retro-transposed copying of an-intron encoded gene.
The existence of introns in fish IFNs and in distantly related IFN-2 genes, and the
presence of a single intron in the 3’-untranslated region (UTR) of IFN-x suggests
that IFN genes may have lost their introns due to retro-transposition. Their intron-
less gene structure and chromosomal colocalization, together with the multiplicity
of IFN genes and extensive sequence conservation, indicates that this gene family
arose by gene duplication. A similar expansion of genes encoding IFN-o is found
in genomes of other mammals and in avian genomes, supporting the biological
importance of this gene family.
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Type | IFN Genes

1.3.1
IFN-o

The 13 human IFNA genes encode 12 different IFN-« proteins with IFNAI and
IFNA13 encoding an identical mature protein [26]. The IFN-o proteins share 76—
99% amino acid identity and include a hydrophobic, 23-amino-acid signal peptide
plus a 166-amino-acid mature peptide sequence. The exception is IFN-02, which
has a deletion at position 44 and encodes a 165-amino-acid protein. In addition,
some of these subtypes exist in variant polymorphic forms such as IFN-a2a (K23,
H34), -2b (R23, H34) and -2c (R23, R34) [38].

When murine Ifna gene sequences submitted to public databases were com-
pared to the genomic sequence, discrepancies in nomenclature of some Ifna genes
were identified. Certain Ifna genes such as Ifna6 and Ifna8 were identified as the
same gene, as were [fna7 and Ifnal0 [32]. Therefore, these were named Ifna6/8
and Ifna7/10. Most corresponding murine Ifna genes from different mouse strains
such as 129/Sv, C57BL/6 and BALB/c showed 99% sequence identity; however, in-
terestingly, genes encoding IFN-u6/8, -«7/10, -«11 and -o1 diverge substantially be-
tween mouse strains [32]. Except for Ifnal, the divergent genes all cluster together,
suggesting that even though these may have originated from a cluster of common
ancestral genes, they were subjected to independent evolution in separate mouse
strains [32]. The IFN-u subtypes are produced in response to infection by diverse
microorganisms and represent a first-line defense, particularly in viral infections.
Individual subtypes are differentially expressed depending on the inducer and the
producing cell [18, 39].

13.2
IFN-

Unlike genes encoding IFN-o, duplication and expansion of the IFNB gene has not
occurred in most mammalian genomes. A single gene encoding IFN-f is present
in most mammalian genomes with the exceptions of ruminant (bovine, equine)
and porcine genomes, where more than one copy of this gene is present. In most
species extensively examined so far, only a single IFNB gene is present, although
in a study of 25 Caucasian families, the IFNB gene segregated as a single copy, but
duplication of the IFNB gene was seen in some members of two of the families
and is believed to be a recent event [39].

Human IFN-f consists of 166 amino acids and shows 25-32% identity to human
IFN-0s, whereas murine IFN- consists of a 161-amino-acid mature protein and
displays only 19-23% identity to murine IFN-us [26]. IFN-f is reportedly expressed
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during myeloid cell differentiation and has a function there. Otherwise, it is pro-
duced like IFN-us in response to infection, notably in response to Gram-negative
bacteria or their constituent LPS, which interestingly induces no IFN-o [40].

1.3.3
IFN-o

IFN-w is a type I IFN that is distinct from o and f IFNs [41]. There are multiple
IFNW genes in the human genome, but only one of them is a functional gene,
while the rest are pseudogenes [42]. Orthologs of IFN-w have been identified in
the genomes of cattle, sheep and horses, but not in mice [43, 44].

The mature human IFN-w consists of 172- and 174-amino-acid polypeptides, the
latter being a minor species generated by alternative signal peptide cleavage. Simi-
lar to all the other IFNs, this subtype signals through the IFNAR receptor complex
[42, 45]. These proteins are N-glycosylated at a position (Asn78) corresponding
to human IFN-§ and murine IFN-a, but are more related to o subtype IFNs with
55-60% identity [46]. IFN-w is produced in response to viral infection, like IFN-«
subtypes [47].

134
IFN-x

The gene encoding IFN-« is located at least 60 Mb telomeric from the rest of the
human IFN gene cluster and its isolation from the rest of the cluster suggests
separate evolution. This gene may have diverged early to play a specific role in
mammals. Mouse, rat and chimpanzee counterparts of the Ifnk gene show a
similar solitary location. While the mammalian type I IFN genes usually lack in-
trons, the IFNK gene is the exception because it has a single intron in the 3’-UTR
immediately following the stop codon. This may be important in the transcrip-
tional regulation of this gene.

The single human IFNK does not show preferential identity with any other sin-
gle IFN subtype, having only 27-32% identity to IFN-« subtypes, 34% identity to
IFN-8, and 28% identity to IFN-w and -e. This type I IFN encodes a 180-amino-
acid protein which is slightly larger than other IFNs due to an insertion in the
CD loop.

IFN-« is constitutively expressed by keratinocytes and other cells of the innate
immune system, such as monocytes and dendritic cells, and shows some similar-
ities to IFN-f [48] in binding to heparin with a high affinity. This binding may as-
sist in maintaining higher local concentrations of IFN-« [49].
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1.3.5
IFN-¢

A single IFN-¢-encoding gene is present in a syntenic region of mouse, rat and hu-
man genomes. This [FNE gene is located in the extreme centromeric region of the
human IFN gene cluster on 9p21 and the protein encoded by this gene is more
structurally related to IFN-# than any other type I IFNs [13]. The mature protein
is a 185-amino-acid polypeptide and contains a C-terminal extension relative to
other type I IFNs. The human IFN-¢ polypeptide is 15 amino acids longer than
mouse IFN-¢, and shares 54% amino acid sequence identity and 69% similarity
[13]. Murine and human IFN-¢ possess reproductive hormone-regulatory elements
on their promoter sequence, and are constitutively expressed in murine placental
and ovarian tissue, indicating a possible reproductive role in placental mammals,
perhaps similar to IFN-7 in ungulate ruminants [13].

136
IFN-( (Limitin)

Another IFN-like cytokine was recently identified in the mouse IFN gene cluster
[50, 51]. Due to its growth-limiting ability it was named limitin; however, further
analysis suggested that this protein belonged to the type I IFN family and led to
this protein being named IFN-( [52]. The exact number of Ifnz genes in the mouse
genome is undetermined, no homologs have been identified in humans and only
an Ifnz pseudogene is present in the rat genome. The Ifnz gene consists of two
potential open reading frames that can encode two different proteins, but there
is preferential use the second ATG that encodes a full-length biologically active
cytokine.

This IFN subtype encodes a 21-amino-acid signal peptide and a 182-amino-acid
mature protein, with a single N-glycosylation site at Asn68. It has 25-28% amino
acid identity to IFN-o, 21% identity to IFN-$ and 30% identity to IFN-w. Similar to
IFN-g, this IFN is also a heparin-binding protein [51, 53]. This protein is constitu-
tively produced, has potent B lymphopoiesis activity and shows a limited expres-
sion profile [53]. IFN-{ has very high antiviral, immunomodulatory and antitumor
activity compared to other IFN-us, and it does not cause fever or myelosuppression,
which are common clinical side-effects of other type I IFNs [54]. Its unique proper-
ties indicate that it may be useful as a novel therapeutic without toxic side-effects
common to other IFNs.

1.3.7
IFN-7

In addition to the IFNs commonly seen in murine and primate organisms, [FN-t
is a pregnancy-related IFN found only in ungulate ruminants (such as sheep, cat-
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tle, goats, musk ox, red deer, giraffe, etc.). Multiple genes encoding IFN-t are seen
in ruminant genomes. This unique physiological IFN is believed to have evolved by
duplication from an Ifnw gene which acquired a promoter region that imparted
trophoectoderm specific expression. Phylogenetic analysis indicates that this dupli-
cation event occurred about 36 million years ago (MYA) [55]. This protein is be-
lieved to be involved in the maternal recognition of pregnancy by prolonging the
lifespan of the corpus luteum [56]. Unlike other IFNs, IFN-7 is not induced by
viruses and is constitutively expressed by the embryo, with maximal expression
detected prior to implantation [56]. Similar to IFN-w, these IFNs contain a 6-
amino-acid extension at the C-terminus. Even though IFN-7 genes have a high de-
gree of conservation, sequence identity within a species is greater than between
species, suggesting continued independent duplication of genes in different line-
ages of ruminants [57]. In bovine species these genes are clustered close to IFN-«
and -o genes on chromosome 8, which is syntenic to human chromosome 9 and
mouse chromosome 4.

1.3.8
IFN-0

IFN-§ is another pregnancy-related IFN subtype which was identified in pigs and
encodes a 149-amino-acid protein. The porcine genome encodes two intronless
nonallelic loci with strong homology to IFN-J cDNA, one of these was a pseudo-
gene with a premature stop codon and the other encoded the IFN-6 protein. The
5’ promoter region of this gene is devoid of regulatory and transcription factor
binding elements needed for virus inducibility, consistent with the lack of viral in-
ducibility of this gene. It has no preferential homology to other IFN subtypes with
only 42% identity with human IFN-02 and 27% identity to murine IFN-f [24].
IFN-0 is more divergent than any other IFNs and shows very little homology to
the ruminant trophoblast IFNs. The gene encoding IFN-J is believed to have di-
verged from the common ancestral sequence 180 MYA and before the mammalian
radiation [24]. There are no human or murine orthologs of IFN-J. Due to its
shorter length than other IFNs it was originally called spI IFN (short porcine
type I). The reduced length of the molecule is due to a 7-amino-acid deletion in
the C-terminal end. This central deletion occurs in a region with the highest vari-
ability among the different IFNs and corresponds to a loop region.

1.3.9
IFN-v

IFN-v is a novel type I IFN subtype recently described by Krause and Pestka [21].
Homologs of this gene are present in most eutherian mammals such as cat,
mouse, human, dog, pig, olive baboon and chimpanzee. However, only the feline
genomes encode a functional Ifny gene, while in all other sequenced mammalian
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genomes Ifnv is a pseudogene [21]. This gene is located about 25 kb downstream
of IFN-f and is transcribed in the same orientation as IFN-f [21]. The function of
this gene in cats is yet to be elucidated.

1.4
Type | IFN Gene-regulatory Regions

As mentioned above, the individual type I IFNs show differences in both “constitu-
tive” and inducible expression, and therefore different functions associated with
when and where they are produced. Since the type I IFNs are considered the first
line of defense against infections, they require rapid and controlled regulation of
gene expression. Comparative global genome analyses by programs such as AVID
and VISTA [58, 59] have been effectively used to identify regulatory regions based
on sequence homology across species. Such analyses of the 5’ sequences in type I
IFN genes indicates that the predicted regulatory promoter region of all these
genes resides within 500 bp upstream of the ATG (exemplified by the IFN-f genes
of human, mouse, rat dog and cow in Fig. 1.2A).

The 5’ promoter region of type I IFN subtypes shows a high degree of sequence
identity (Fig. 1.2B) and conserved transcription factor binding motifs in most
mammalian IFN promoters are consistent with their common functions. In the
5’ putative promoter region of eutherian mammals, multiple copies of GAAA
tetranucleotide elements are present usually preceded by a spacer or AA dinucleo-
tide elements and form part of the core IFN-regulatory factor (IRF) binding sites. A
number of different transcription factors binding sites such as nuclear factor (NF)-
kB, Jun, ATF and IRFs are present in type I IFN promoters, and the activation of
these transcription factors during viral infection has been studied in detail.

The IFN-§ promoter has been well characterized and serves as a paradigm for
the study of transcriptional control of gene expression [60]. The regulatory se-
quences that form the IFN-f promoter are located within a 110-bp region immedi-
ately 5’ of the transcription initiation start site [61, 62]. Nucleosome remodeling
occurs in this promoter region prior to transcription [63]. Virus inducibility of
IFNs is conferred by a virus specific enhancer region known as the virus response
element (VRE), present in the promoters of both IFN-o and -§ genes (Fig. 1.2B).
Within the VRE of IFN-f there are four positive regulatory domains (PRDs) desig-
nated PRDI-IV to which transcription factors bind during virus-induced gene
induction [64—-66]. A negative regulatory element is also located in the region par-
tially overlapping PRDII. Transcription factors such as IRF-1, -2 and -3 bind to
PRDI, NF-«B binds to PRDII, IRF-3 binds to PRDIII, and activating transcription
factor (ATF)-2/c-Jun binds to PRDIV [67, 68]. Within this promoter region, there
are two binding sites within the minor groove of AT-rich sequences for the high-
mobility-group protein HMGI(Y) — one near the ATF-2/c-Jun site and the other
near the NF-xB site [69, 70]. These PRD regions interact synergistically to activate
IFN-f gene transcription.
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1.5 Evolution of the Type | IFNs

In addition to the similarities in the regulatory regions of IFN genes, there are
also differences and these sequence differences are likely to explain the differences
in expression of particular type I IFN genes in different circumstances. Tran-
scription factors such as NF-«B and IRF-3 are involved in inducing IFN-f tran-
scriptional activity in infected cells, and IRF-3 and -7 are important for IFN-«
transcription. Accordingly, NF-«B sites are found in the promoters of IFN-, -¢
and -014 genes only. Unlike the IFNB promoter, the IFNA VRE does not have NF-
kB sites, but contains several PRDI-like elements (Fig. 1.2B). The VRE of IFN-o1
and -o4 also contains binding sites for IRF-1, TG protein and «F-1 binding pro-
teins. Cooperation of these factors is necessary for efficient virus-mediated induc-
tion of IFN-o. Selective binding of transcription factors to different regulatory
sequences within the IFN-z and -f promoters determines the specificity of induc-
tion of these cytokines. Even though there is a high degree of sequence conserva-
tion among the 5’ promoter regions of human IFNA genes, due the presence of
different types of transcription factor-binding elements, and the location and num-
ber of these elements result in differences between these IFN promoters. Similarly,
the differences in promoter sequences among the type I IFNs will enable the bind-
ing of different transcriptional regulators according to the cell, stimulus or mecha-
nism of activation.

In addition to regulatory elements seen in promoters, other elements within IFN
genes are also important in regulation of IFN gene expression. The AU-rich ele-
ments present in the 3’-UTR of mammalian IFN genes and cis-acting CRID (cod-
ing region instability determinant) elements in transcripts encoding IFN-§ are
implicated in rapid mRNA turnover [71, 72].

1.5
Evolution of the Type | IFNs

1.5.1
Vertebrate IFN Genes

IFN genes are present in all vertebrates and form an evolutionarily conserved criti-
cal component of the host defense system [73]. Even though downstream media-
tors of IFN signaling such as STAT (signal transducers and activators of transcrip-
tion) proteins have been identified in invertebrates [74], no IFN genes have been
identified in these organisms. A report stating the ability of recombinant feline
IFN-w to mediate antiviral effects on Japanese pearl oysters (Pinctada fucata mar-
tensii) infected with akoya virus [75] and bind to receptors on hemocytes from
these oysters presents interesting possibilities of IFN-like systems existing in inver-
tebrates [76].

Comparison of human and mouse IFN genes and their promoters show large
regions of conservation, indicating some expansion of the type I IFN gene cluster
occurred before the divergence of mouse and human from a common mammalian
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ancestor [12]. The type I IFN systems of different mammalian species show dis-
tinct similarities, with most mammals having multiple genes encoding IFN-g,
and a single gene encoding IFN-f and most other type I IFNs. A small number
of Ifnb gene duplications have been observed in ruminants. The three main
type I IFN subfamilies, IFN-«, - and -w, are believed to have diverged after the
mammalian—avian separation, but before the radiation of the eutherian mammals
[77]. Phylogenetic analysis of mammalian, bird and fish IFNs demonstrates the
clustering of similar subtypes from different species (Fig. 1.3). Phylogenetic analy-
sis also suggests that genes encoding IFN-x, -# and -¢ may have diverged first from
the ancestral IFN gene [57, 78, 79]. IFN-w is believed to have diverged about 120
MYA from IFN-, and is represented as multiple genes in some species and ap-
pears to have been lost in others [57]. The genes encoding IFN-t have unique phys-
iological functions involved in pregnancy and are believed to have originated from
IFN-o, with multiple copies of IFN-7 seen in some ungulate ruminants [55]. Only
a single functional IFN-J gene is present in porcine genomes and its progenitor
may have pre-dated mammals.

Multiple subtypes of IFN-u appear to diverge after speciation, and it is notable
that particular subtypes such as IFN-9, -£, -t and -v found in pigs, rodents, rumi-
nants and cats do not have individual subtypes in other species (except very closely
related species, like IFN-t within ruminants). Thus, once a species forms, it ap-
pears to be important to evolve multiple subtypes of IFN-us. The reason for this is
likely to be due to both different functions carried out by individual subtypes and
to ensure some are produced in response to a broad range of pathogens. Numer-
ous mammalian IFNs have been cloned and sequenced, and demonstrate the ho-
mology of these proteins in diverse species. A recent report of cloning and expres-
sion of five feline type I IFN genes demonstrates the similarity of these proteins
even among distantly related mammals. Feline IFN-o1, -02, -23 and -6 have very
high sequence identity to each other, and these IFN sequences show 60% identity
to human IFN-02 and approximately 50% identity to human IFN-w. Feline IFN-u5
is similar to feline IFN-w due to the presence of an additional 5 amino acids in-
serted at position 139 of the sequence [80, 81]. Similarly, equine IFN-ua subtypes
showed 71-77% identity to human IFN-zs, while the equine IFN-f subtype
showed 55% identity to the human ortholog [44].

Genomic information from marsupial and monotreme species, together with
that from eutherian mammals, allows comparison of molecular evolution and
IFN gene function in mammals with a relatively recent common ancestry. The
type I IFNs of marsupial and monotreme species are classed into group I and II
based on sequence identity. Analysis of the tammar wallaby Macropus eugenii ge-
nome demonstrated that both I[FN-o and - are present in this species [82]. Marsu-
pial and monotreme IFN sequences also demonstrated that tammar wallaby group
IT and echidna (Tachyglossus aculeatus) group I IFNs contain the conserved Cys99
residue seen in eutherian (placental) mammals [82-84]. The wallaby group II
IFNs are similar to the eutherian IFN-x and these IFNs also contain a complete
set of conserved cysteine residues. Analysis of monotreme IFN genes in echidna
resulted in the identification of two distinct groups of IFNs — three group I genes



1.5 Evolution of the Type | IFNs

Zebrafish IFN
Zebrafish IFN:
Zebrafish IFN:
Goldfish IFN
grasscarp IFN
grasscarp IFNZ

Salmon IFNA1
Salmon 1FNAZ
Trout IFNT
Trout IFN
CCatfish IFNe
—{—‘— CCatfish IFN2
Ceatfish IFN
Fuall TFM
S E— e AL ) [

cat IFNATT
Cat IFNAIZ
Cat TFNAE

Cat IFNATE
Cat IFNAS

Zat TFNATS
Cat TFNAI4
Cat IFNAS

Cat FNA7

Cat IFNAZ
Cat TFNRY

Cat TFNA2

Horse TFNA1
Horse IFNA3
Horse IFHA4
Horse 1FNA2

Heman TEN7 IFNa

House IFNA8/House IFNAB
Mouse IFNAE

Mouse IFNAY

Mouse IFNA3/Mouse IFNAA M28587
Mouse IFNAS

House IFNA2

Noodchuck IFNA6a
Hoodchuck IFNA6h
Woodchuck IFNASG
Woodchuck IFNA?
Hoodchuck IFNASH

| Woodchuck IFNR3

Fig. 1.3. Phylogenetic tree of vertebrate type |  calculating the distances between sequences

IFNs. The IFN amino acid sequences were using nongapped positions and corrected for
aligned using the ClustalW algorithm [79], and  multiple substitutions using the Kimura
the phylogenetic tree was constructed by correction.

and a single group II gene [84]. Interestingly, NF-«B sites are present in the wal-
laby group I IFNs and human/murine IFN-f promoters, and similar to promoters
of eutherian IFN-u genes wallaby IFN group II promoters lack NF-xB-binding
sites. These putative, wallaby IFN promoter regions also contain GAAA-rich ele-
ments that are core binding sites for IRFs and related regulatory proteins. These
regulatory regions are similar to elements seen in promoters of eutherian IFNs.
Full-length IFN sequences, cysteine profiles and 5’ promoter sequences from
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echidna also demonstrate that echidna group I IFN genes are more similar to
those encoding primate IFN-x and the group II gene is similar to IFN-§ [84].
Thus, placental mammals, marsupials and monotremes have evolved similar IFN
systems.

Cloning nonmammalian vertebrate IFN genes was initially difficult because of
weak sequence homology with their mammalian counterparts. However, the se-
quencing of multiple vertebrate genomes has yielded a large amount of sequence
information on nonmammalian IFNs during the last few years. Recent outbreaks
of avian flu and swine flu, and the impact on the poultry industry and farming,
together with viral infections in aquaculture farming and implications of viral dis-
eases of avian origin such as SARS (severe acute respiratory syndrome) and influ-
enza on human health have rekindled interest in avian, porcine and fish IFNs.

The first nonmammalian IFN was cloned from virus-infected chick embryo
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cDNA [85], and chicken IFN was purified from embryonated chicken eggs and
chick embryo cells [86—88]. This protein was shown to be a glycosylated, acid- and
heat-stable protein of 20-30 kDa. Avian type I IFNs are classified as IFN I (o-like)
and IFN II (p-like) genes [89]. Unlike mammals, which have their IFN genes lo-
cated on autosomes, birds have type I IFN genes on their sex chromosomes. Com-
parison of the completed genome sequences revealed extensive conserved synteny
between parts of human chromosome 9 (which contain the human IFN gene clus-
ter) and chicken sex-determining chromosome Z, with 17 of the 24 known chicken
Z chromosomal genes having orthologs in chromosome 9 [12]. Interestingly, the
chromosomal region close to the IFN gene cluster on human chromosome 9 con-
tains genes involved in testicular differentiation and hemizygous deletion of this
region results in human XY sex reversal, suggesting parts of chromosome 9 may
have been derived from sex chromosomes of a common ancestor of mammals
and birds in the evolutionary past [12]. Cluster of about 10 IFN-o-like genes and a
single IFN-g-like gene, all of which are intronless, were identified on the short
arms of chicken and long arm of duck Z chromosomes [90, 91]. Induction of
IFN-like activity in other avian species such as turkey, pheasant, bobwhite quail,
guinea fowl and duck has been reported, and IFN genes from numerous bird
species have been cloned [92-94], indicating the presence of these genes in many
avian species. Even though there is no detectable sequence homology between
mammalian and avian IFN promoter sequences [78], genome analysis identified
specific similarities between avian IFN-o-like gene promoters, with promoters of
mammalian IFN-o subtypes. These IFN-a-like genes lack the NF-xB transcription
factor binding elements that are found in mammalian IFN-f and avian IFN-g-like
gene promoter regions [94, 95]. However, phylogenetic analysis supports the hy-
pothesis that the gene duplication event that gave rise to mammalian IFN-z and
-f may have occurred after the last common ancestor of birds and mammals di-
verged. Therefore, the avian and mammalian IFN-« and -§ subtypes are not ortho-
logs, and may have evolved independently from a common ancestor in mammals
and birds to give rise to similar subtype functionality [78].

For many years IFN-like antiviral activity has been observed in virally infected
fish and fish cell lines [96]. The existence of IFN-stimulated genes (ISGs) and
other downstream mediators of IFN activity were identified in a number of fish
species. Homologs of Mx, Vigl, Vig2, IRFs, PKR and ISG15 genes were identified
in fish, and a transcriptome analysis of rainbow trout (Oncorhynchus mykiss) re-
vealed that IFN stimulated genes make a major contribution to response against a
rhabdovirus infection [97, 98]. Interestingly, the promoter of the single fugu Mx
gene can be induced by human IFN, when transfected into human cells [99]. The
first fish IFN gene was identified by searching a zebrafish (Danio rerio) expressed
sequence tag (EST) database [98]. This fish IFN ¢cDNA encoded a 185-amino-acid
protein with a hydrophobic 22-amino-acid signal peptide. These proteins display
only about 15% sequence identity to mammalian and avian IFNs, and unlike the
acidic mammalian and avian IFN proteins the fish proteins are highly basic [98].
Later this zebrafish IFN sequence was used to uncover an IFN gene in puffer fish
(Fugu rubripes) [98], and similar genes have been cloned from channel catfish (Icta-
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lurus punctatus) [100] and Atlantic salmon (Salmio salar) [101]. Unlike in mam-
mals, the presence of introns is characteristic of fish IFNs, with both Atlantic
salmon and zebrafish IFNs having a gene structure of five exons and four introns
[101]. Another IFN gene (TnIFN), which is structurally related to type I and A
IFNs, was cloned from Tetraodon nigroviridis. This TnIFN has four introns similar
to the 4 IFNs, and was shown to induce Mx and PKR genes [102]. Information on
IFN genes in amphibian species is extremely rare. However, xIRF6, which is an
IRF-related gene, expressed during early developmental stage of Xenopus laevis has
been cloned [103]. Existence of reptilian IFNs has been inferred from antiviral
activity mediated by acid-stable, heat-resistant 33-kDa proteins produced by turtle
and tortoise (Testudo graeca) cells infected with virus or stimulated with IFN in-
ducers such as poly(I:C) and LPS [104, 105]. Similar IFN-like activity was seen in
snake (Vipera russelli) VH2, VSW and lizard (Gekko gecko) GI-1 cell lines infected
with the rabies virus [106].

1.5.2
The Expansion and Divergence of the IFN Genes

The type I IFN genes were believed to have originated from a common ancestor
and expanded by successive duplications. Figure 1.3 represents a phylogenetic
tree of type I IFNs, demonstrating the evolutionary relatedness of the IFN subtypes
from different species. Due to the importance of the IFN system in host defense,
expansion of the IFN cluster may have occurred initially by selection for redun-
dancy. Once this selection pressure abated they may have diverged and acquired
specialized functions or degenerated into pseudogenes [107-109]. Analysis of ge-
nomes reveal that newly created genes appear to be governed by positive Darwin-
ian selection, with rapid changes in amino acid sequence and gene structure occur-
ring in very short periods of evolution, particularly within IFN-a subtypes (e.g.
feline IFN-o in Fig. 1.3). This positive selection is important in the interaction
between structure, function, genotype and phenotype [100, 110]. Some viruses en-
code proteins such as soluble receptors that are IFN antagonists or other proteins
that can disrupt IFN signaling pathways, enabling unhindered viral replication.
The presence of multiple IFNs may prevent a viral- or other pathogen-produced
IFN antagonist molecule disabling the IFN system completely. Coevolution of the
IFN genes and the IFNAR receptors may have also resulted in selection for IFNs
with different binding affinities and signaling responses. Thus, the lack of introns
may have been another factor in selective pressure towards gene duplication since
alternative splicing without introns was not an option to generate multiple func-
tional gene products. In addition to differences in protein-coding sequences, differ-
ences between elements in the IFN promoter regions may have evolved a level of
control of tissue- or pathogen-specific and temporal regulation of IFN expression,
and aid in mounting appropriate host defense responses against different micro-
organisms. Differences in promoters may also enable IFNs such as trophoblast
IFN (IFN-7) to play physiological roles. Thus, the development of multiple IFN sub-
types may account for the diverse range of biological roles these cytokines play.
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1.6
Natural and Induced Mutations in IFN Genes

Mutations in type I IFN genes, whether naturally occurring or induced in model
organisms and recombinant experimental systems, have provided important in-
sights into the function of these cytokines.

Molecular genetic analysis aimed at linking disease to chromosomal regions
identified a highly significant association between serum triglyceride levels and
the IFN-« locus on HSA 9p21 in a communal founder population. Alleles at nearby
loci are believed to protect against high triglyceride levels, as homozygocity at this
locus is associated with low triglyceride levels [111].

Mutations within this gene cluster have revealed the tumor suppressor potential
of the IFNs. A number of breakpoints have been identified in the IFN gene cluster,
and IFN gene deletions have been associated with gliomas and leukemias, non-
small cell lung cancers and others [10, 112-114]. A large number of scaffold/
matrix associated regions (S/MARs) flanking functional IFN genes and pseudo-
genes were identified [115]. S/MARs are involved in shaping the chromatin of
DNA into loop domains and in 9p21 these may be involved in organizing the IFN
genes into a series of small 2- to 10-kb DNA loop domains which may predispose
this region to breaks [115].

Functional genomic methods such as gene knockout studies in mice are invalu-
able in determining the function of IFNs in vivo. Due to the large number of IFN-u
genes and their functional redundancies, no Ifna gene knockouts have been gener-
ated; however, Ifnarl-deficient mice have been generated and these are deficient in
their responses to all type I IFNs tested, including multiple IFN-a subtypes and
IFN-p [116, 117]. IFN-f knockout mice have been produced [118, 119] and are
more sensitive to viral infections [119, 120]. When these mice were analyzed,
no abnormalities in their CD4 and CD8 T cell populations in peripheral blood, thy-
mus and spleen was observed; however, activated splenic and lymph node T cells
showed enhanced proliferation and decreased tumor necrosis factor-a production.
A decrease in the number of circulating macrophages and granulocytes was also
seen. Tumor growth was aggressive in these knockout mice, demonstrating the po-
tent tumor inhibitory effects of this cytokine. This study demonstrated that IFN-f
plays a fundamental nonredundant role in lymphoid development and myelopoie-
sis [121]. The IFN-A null mice also demonstrated that IFN-8 production is neces-
sary for generating an IFN-o response, implying the importance of IFN-§ in IFN
priming. These mice were also more resistant to septic shock induced by a high
dose of Gram-negative bacterial LPS, suggesting the involvement of the type I
IFN system in lethality due to septic shock [122]. The IFN-f knockout mice also
demonstrated that IFN f plays an important role in the immunoregulation of aller-
gic responses in mice [123] and in the central nervous system as they are more
susceptible to chronic demyelinating experimental autoimmune encephalomyelitis
[124].

Transgenic mice overexpressing murine IFN-«1 under the control of mouse met-
allothionein I promoter were generated [125]. In these mice, IFN-a1 was only ex-
pressed in the testis, and resulted in degeneration of spermatogenic cells and
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atrophy of seminiferous tubules [125]. Surprisingly, these transgenic mice were
sterile or turned sterile over time. A similar effect was seen when IFN-f was over-
expressed in transgenic mice, where degeneration of spermatids and sterility was
observed [126]. These studies suggest that high levels of IFN expression in testis
lead to male sterility. When transgenic mice expressing the murine active, hybrid
human IFN-o A/D under the control of the human insulin promoter were gener-
ated, pancreatic IFN-« expression led to diabetes. Persistent hyperglycaemia with
polyuria and polydipsia with inflammation centered on pancreatic islets was ob-
served in these transgenic mice [127]. Neutralizing monoclonal antibodies against
IFN-u were able to prevent this inflammation and diabetes [127]. Transgenic mice
with targeted overexpression of murine IFN-x in pancreatic islet 8 cells resulted in
hyperglycaemia [128] and transgenic mice overexpressing IFN-f led to mild hyper-
glycaemia with 9% developing spontaneous diabetes. These mice were more sensi-
tive to the diabetes-inducing agent streptozotocin, compared to normal mice [129].
These studies suggest that the IFN genes may be involved in the pathology of type
I diabetes consistent with [FN-x expression in pancreatic islets seen in human pa-
tients with diabetes.

Mutagenesis studies of IFN genes have been important in the determination of
functionally important domains and residues in the protein. Although all type I
IFNs share five helical bundle structures, subtle structural differences may play a
role in differential receptor interactions resulting in differential biological poten-
cies or functions. Early studies demonstrated the importance of cysteine residues
involved in disulfide bond formation and conserved tyrosine residues for optimal
activity [130]. The role of specific amino acid residues in receptor interaction was
shown by mutagenesis studies where a double substitution (N86E, Y92D) in the C
helix of IFN-g abolished its capacity to induce this receptor association [131]. The
ability of IFN-f and not IFN-z to induce the coimmunoprecipitation of both
IFNAR-1 and -2 receptors suggested sequence differences between IFNs result in
different interactions with the type I IFN receptor complex [132]. The ability of
IFN-« and -# to interact with IFNAR-1 and -2 receptors differentially was further
elucidated by receptor-ligand mutagenesis studies [133].

1.7
Secondary Structural Features of Type | IFNs

1.7.1
Conserved Amino Acid Residues

Conserved residues are critical for structure and function of IFNs, and analysis of
these residues across different species has revealed patterns of evolution of these
critical residues. Distinguishing features of mammalian IFNs include five highly
conserved proline residues in IFN-as, but the genes encoding IFN-w and -7 contain
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only four of these conserved prolines, and lack the proline that immediately pre-
cedes a conserved cysteine at position 139. The feline IFN sequences all follow
the human IFN-uo proline pattern and are thus classified as feline IFN-as [80].
Interestingly, IFN-o subtypes also contain conserved lysine residues near the N-
terminus and tyrosine residues near the C-terminus that are critical to optimal
activity [131]. Almost all IFN-o subtypes within a species have two conserved disul-
fide bonds (Cys1-Cys99 and Cys29-Cys139) [134, 135], while IFN-f forms a single
intramolecular disulfide bridge equivalent to Cys29-Cys139 in IFN-a. Analysis of
position, number and conservation of cysteine residues in different species has as-
sisted in classifying IFN genes found in numerous avian and mammalian (euther-
ian, marsupial and monotreme) organisms. The cysteine pattern in IFN-o is con-
served among mammals with four conserved disulfide bond-forming cysteines
present. Only two of the conserved cysteine residues are present in IFN-f. With
the exception of murine IFN-f and porcine IFN-J, most eutherian IFNs conform
to this characteristic cysteine pattern.

1.7.2
Post-translational Modifications of Type I IFNs

Glycosylation plays a critical role in protein folding, structure, targeting and
pharmacokinetics. Glycosylation is rare among the human IFN-us, with only
two species glycosylated. IFN-02b is O-glycosylated at Thr106 and IFN-x14c is N-
glycosylated at Asn72 [136, 137]. IFN-02b is the only IFN-o species with a threo-
nine residue at position 106 and may be the only O-glycosylated human IFN-u
protein [137, 138]. In virus-infected white blood or lymphoblastoid cells, two differ-
entially glycosylated human IFN-02 exists as a fully glycosylated form and a form
with half the sugar content. In contrast to human IFNs, most murine IFN-« sub-
types have a single putative N-glycosylation site at Asn78. Human IFN-$ has three
putative glycosylation sites at positions 29, 69 and 76, while none are present in the
murine IFN-S. Interestingly, human IFN-f, unlike the murine protein, is glycosy-
lated at Asn80 at the end of helix C [139]. These sugar residues project away from
the core structure and interacts with Asn86 (helix A) and GIn23 (helix C) through
hydrogen bond formation. This glycosylation has been shown to reduce the aggre-
gation properties of IFN-f by shielding a hydrophobic patch implicated in oligome-
rization and is involved in providing temperature stability. When Escherichia coli-
derived unglycosylated and glycosylated forms of recombinant IFN-f produced in
CHO cells were compared, the glycosylated form was 10- to 15-fold more bioactive
[139]. Similarly, the glycosylated form of feline IFN-u6 produced in yeast showed
considerably higher antiviral activity than the E. coli-derived unglycosylated feline
IFN-26 [80]. Thus, glycosylation may contribute to the bioactivity of these proteins.

The two potential N-glycosylation sites present at Asn74 and Asn83 in the short
BC loop seen in the mature sequence of IFN-¢ are similar to those in human IFN-f
and -, which have a single glycosylation site in this region [13]. The human
IFN-w protein is N-glycosylated at a position (Asn78) similar to human IFN-g
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[46]. IFN-( also contains a single putative N-linked glycosylation site at Asn68 [50],
while IFN-¢ is N-glycosylated at Asn79 [140].

1.7.3
Conserved Cysteine Residues and Disulfide Bond Formation

The number and nature of disulfide bonds is critical for maintaining the full bio-
logical activity of IFN-a [141]. Curiously, human IFN-# lacks a second disulfide
bond present in IFN-o structures, which might explain its different interaction
with the receptor [109, 142, 143]. In contrast, murine [FN-f, although structurally
similar to its human ortholog, has no intramolecular disulfide bonds [144]. Three
cysteine residues are present in human and murine IFN-¢, with the predicted di-
sulfide bond (Cys32-Cys140) linking the top of the AB loop to the top of the E
helix. Unlike other IFNs, this protein lacks a disulfide bond connecting the A and
C helices. However, secondary structure analysis indicates both human and mouse
IFN-¢ consist of six and five putative « helices, respectively, whilst the C-terminus
helix of human IFN-¢ is not present in the mouse protein [13]. Interestingly, IFN-«
in mouse and rat is characterized by the presence of a C-terminal cysteine residue
in addition to the four cysteine residues conserved in other type I [FNs [48]. Un-
usually, IFN-{ contains four cysteine residues that demonstrate no conservation to
those in any other type I IEN [50]. When IFN-{ was computationally modeled, it
formed a structure of five long o helices and a short helix within the BC loop. The
Cys52, Cys157 and Cys80, Cys130 residues of IFN-¢ are closer together on the
structure and may form disulfide linkages. The unpaired cysteine residues may be
involved in intramolecular bonding, resulting in dimer formation. Similarly, the
cysteine content in porcine IFN-J is also unusual, with five cysteine residues at
positions Cys9, Cys56, Cys58, Cys107 and Cys145 that are not conserved with those
in any other IFN. Four of those are clustered in the same structural region of the
molecule, and may form possible disulfide linkages [140].

1.8
The Structure of Type | IFNs

Even though IFNs have only slightly different, closely related amino acid se-
quences, they display different biological potencies. The bioactivity of these cyto-
kines is determined through specific high-affinity interactions with their cell sur-
face receptors. The availability of large amounts of IFN proteins due to advances
in recombinant DNA technology made crystallographic studies feasible in the early
1980s. Due to difficulty in crystallization of these proteins, more than a decade
passed before the first IFN crystal structure was determined. The first reported
crystals were for human recombinant IFN-02a [145]. These were of insufficient
quality for crystallography and no useful structural information was obtained. Sub-
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(A) (B)

Fig. 1.4. Representative tertiary structure of ~ The disulfide bonds between cysteine residues
human IFN-o. Tertiary structure of human IFN- are indicated by arrows. (A) Side view of the
o2 represented as a ribbon diagram, showing ~ molecule. (B) View from above. (This figure
the five a-helices connected by loop regions. also appears with the color plates.)

sequently, E. coli-derived recombinant murine IFN- crystals were obtained [146,
147], and the crystal structure for murine IFN-$ was solved at 2.6 and 2.15 A reso-
lution, paving the way for better understanding of type I IFN structure [144, 148|.

The determination of tertiary structure through nuclear magnetic resonance
(NMR) spectroscopy of human IFN-s2a [149], and X-ray crystallographic studies
of human IFN-22b [150], murine and human IFN-8 [144, 151], and ovine IFN-t
[152] have determined that the type I IFNs consist of five o helices (labeled A-E)
which are linked by a long loop (AB loop) and three shorter loops (BC, CD and
DE) (Fig. 1.4). The AB loop contains short segments of 3¢ helices and encircles
helix E with which it is linked by a disulfide bond. In most IFN-a species a second
disulfide bond, which is absent in human IFN-f, connects the N-terminus of the
molecule to helix C. Even though the core structures of IFNs are similar, large
structural differences occur in the AB loops, and at both the C-terminal ends of
helix B and BC loops. Interestingly, the crystal lattice of human IFN-§ consisted
of dimers that contained a zinc atom at the dimer interface. Similar zinc-mediated
dimerization of human IFN-22b was also observed, although murine IFN-§ and
ovine IFN-t were crystallized in the monomer form. The physiological relevance
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of dimer formation has not been determined. Human and murine IFN-8 show
only around 50% amino acid sequence identity to the murine form, and the mur-
ine protein lacks the conserved disulfide bond-forming cysteine residue pair pres-
ent in human IFN-f. A 5-amino-acid deletion in the AB loop region is also seen in
the murine IFN-f protein. These differences seem to have very little effect on ter-
tiary structure, with the crystal structure of the two proteins being very similar
[151]. Human IFN-g displays a tertiary structure typical of type I IFNs, with helix
A and B parallel to each other, and antiparallel to C, D and E helices. According to
the fold classification of Presnell and Cohen, human IFN-g is classified as a left-
handed, type 2 helix bundle that is defined by antiparallel A, B, C and E helices
[151, 153].

Mutagenesis studies have shown that the AB loop is critical for high-affinity
binding and sequence differences in this region may be important for the differ-
ence seen among the IFN subtypes. Hybrid scanning, site-directed mutagenesis
and other techniques have identified three functionally important segments on
the IFN-p polypeptide sequence. These segments are spatially close to each other,
indicating a receptor-binding interface [148]. The NMR structure of IFN-42 bound
to the IFNAR-2 extracellular domain was determined and demonstrated the pres-
ence of a predominantly aliphatic hydrophobic patch on the receptor that inter-
acted with a matching hydrophobic surface of IFN-02 [154]. In addition to this, an
adjacent motif of alternating charged side-chains was involved in guiding the two
proteins together into a complex [154, 155]. Comparison of the structure of ovine
IFN-r with the human IFN-u2b structure enabled the prediction of binding sites of
different IFNs for the IFNAR receptors.

These structural studies, together with mutagenesis and receptor-binding
studies, have provided a basis for understanding how structural differences be-
tween different subtypes affect biological activity. When the antiviral activities of
murine type I IFN subtypes were measured relative to that of IFN-«1, most IFNs
had similar antiviral activity (IFN-02, -5, -26/8, -a6T, -27/10, -9, -213 and -«14);
however, IFN-a4, -211, 212, - and -{ had up to 8- to 10-fold higher antiviral activity
[38, 156-159]. The Arg58 and Asp59 residues have been associated with the high
activity of IFN-04 [38]. Interestingly, the antiproliferative activity of different mur-
ine IFN subtypes correlated with antiviral activity, with [FN-o11, -212, -f and -{
demonstrating up to 100-fold more potent antiproliferative activity relative to that
of IFN-o1 [38]. In addition to differences in their biological potencies, different
murine IFN subtypes have been shown to differentially activate STAT signaling
[160]. Differences in biological activities and potencies of type I IFNs may there-
fore result from a combination of factors, such as subtle differences in sequence
or structure and differences in receptor interaction or binding affinities [161-
164]. Further studies elucidating the structural biology of the ligand—receptor com-
plex will further enhance our understanding of structure—function relationships
of IFNs and our ability to manipulate these proteins to improve therapeutic
outcomes.

Thus structure—function studies together with evolutionary and phylogenetic
analysis of both protein-coding genomic sequences and the regulatory sequences
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that dictate their patterns of expression have assisted in elucidating the biology of
these therapeutically important cytokines.
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Activation of Interferon Gene Expression
Through Toll-like Receptor-dependent
and -independent Pathways

Peyman Nakhaei, Suzanne Paz and John Hiscott

2.1
Introduction

Upon recognition of a specific molecular component of viruses or other pathogens,
the host cell activates multiple signaling cascades, culminating in the production
of cytokines and chemokines that disrupt virus replication, and initiate innate
and adaptive immune responses [1-3]. Antiviral and antimicrobial signaling re-
sults in the activation of host transcription factors such as nuclear factor (NF)-xB,
the interferon (IFN)-regulatory factors (IRF) and activating protein 1 (AP-1) via
post-translational modifications — primarily phosphorylation events — in the ab-
sence of de novo protein synthesis. Once activated via virus-specific signaling mech-
anisms, these cellular proteins are recruited to the promoters of type I IFN and
other immunomodulatory genes in a precise and coordinated manner to establish
the innate antiviral state.

The IFN family is composed of transcriptionally activated and secreted proteins
with pleiotropic biological effects on the host. IFNs play a central role in the resis-
tance of mammalian hosts to pathogens, and modulate antiviral and immune re-
sponse [4, 5]. The IFN family is classified into two subgroups: type I IFNs (IFN-q,
-, -w and -) and type II IFN (IFN-y), characterized mainly by the receptor complex
used for signaling, the cell type from which they are secreted and their intrinsic
biological properties (Tab. 2.1).

Type I IFNs (IFN-f and multiple types of IFN-¢), also referred to as viral
IFNs, play an essential role in the host immune response against viruses. IFN-o,
previously referred to as leukocyte IFN, is comprised of at least (1) 13 IFN-x species,
whereas IFN-f, also known as fibroblast IFN, is a single species. Each subtype of
IFN-« is encoded by its own gene and is regulated by its own promoter sequence,
all lacking introns [6]. Type II IFN, also known as IFN-y, is encoded by one gene
that contains four exons and three introns; expression is controlled by lymphoid
restricted transcription factors such as nuclear factor of activated T cells (NF-AT),

The first two authors contributed equally to the work
The Interferons: Characterization and Application. Edited by Anthony Meager
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2.2 IFN-f Gene Transcription

signal transducer and activator of transcription (STAT), T-bet, CAMP response ele-
ment modulation protein (CREM)/activating transcription factor (ATF), GATA-3
and yin-yang-1 [7-12]. The transcriptional activation of IFN-y is also regulated by
a consensus GATA motif and an NFIL-2-like element, located between amino acids
—108 and —40 of the human IFN-y gene [10].

Once secreted, type I IFNs act in auto- or paracrine fashion through associated
IFN receptors, through Janus kinase (JAK)-STAT signaling to induce a set of IFN-
stimulated genes (ISGs) that require de novo protein synthesis. ISG transcription is
achieved via the JAK-STAT signaling pathway and involves an IFN-a/f-activated
transcription factor complex termed ISGF-3, composed of IRF-9, and STAT-1 and
-2 [13-15]. This complex will subsequently bind to a common enhancer element
referred to as the IFN-stimulated responsive element (ISRE), resulting in the in-
duction of IFNs and other cytokines such as RANTES and interleukin (IL)-15
[16-24]. Another type I IFN involved in the mediation of antiviral protection is
IFN-A (IFN-A1, -/2 and -23) that utilizes a different set of IFN receptors IFN-1R1
(CRF2-12) and IL-10R2 (CRF2-4) [25], receptors that are also shared with the IL-
10 and -22 receptor complex.

IFN-y binds as a dimer to a specific tetrameric receptor composed of IFNGR-1
and two IFNGR-2 chains [26, 27]. Following oligomerization of the receptors, Ja-
nus tyrosine kinase JAK-1 and -2 are activated followed by STAT-1 recruitment,
phosphorylation and dimerization [termed IFN-p-activated factor (GAF)]. The
GAF complex then translocates to the nucleus and binds to GAS motifs, which
leads to transcription of multiple genes. The main route to transcription by IFN-y
is the GAF complex, but ISGF-3 and other transcription factors are also utilized.
Reciprocally, IFN-a/f can also utilize GAF for signaling.

2.2
IFN-$ Gene Transcription

In order for gene activation to occur following appropriate physiological stimula-
tion, a multicomponent transcription enhancer complex composed of transcrip-
tional activators, architectural proteins and coactivators [28, 29] must first assem-
ble. The best characterized model of stimuli-dependent induction of transcription
is the virus-inducible induction of the hIFN-f gene (Fig. 2.1). The virus inducible

&
<

Fig. 2.1. Schematic representation of the IFN- architectural proteins HMGI(Y) and the

B promoter enhanceosome. This diagram transcriptional coactivators proteins p300 and
shows the composition and organization of the CBP. The multiple protein—protein interactions
human IFN-$ enhanceosome. The nucleotide  required for transcriptional synergy of the IFN-
sequence (—110 to —36) is situated upstream 8 promoter derived from the cooperative

from the starting transcription site. The assembly of the enhanceosome, cooperative
positive regulatory sites as well as the negative assembly between the enhanceosome and the
regulatory domain are named PRDs and NRD, USA/BAD complex, and interaction with the
respectively. The transcriptional proteins RNA polymerase || complex [32]. (This figure
binding to the PRDs are also shown (c-Jun, also appears with the color plates.)

ATF-2, IRFs and NF-xB), as well as the

39
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enhancer is a 60-bp region immediately upstream of the TATA box, located be-
tween —110 and —36 relative to the transcription start site of the hIFN-f gene.
The promoter enhancer region contains four positive (PRDI-IV) and one negative
regulatory domains (NRDI); PRDI and III contain the binding sequences for IRF-3
and -7, respectively, as well as for other IRF members; PRDII is recognized by
NF-xB heterodimers, and PRDIV by ATF-2 and c¢-Jun heterodimers (Fig. 2.1). Virus
infection leads to the recruitment of coactivators [GCN5 and CREB-binding protein
(CBP/p300)], as well as the high-mobility-group protein [HMGI(Y)], which binds to
the minor groove of DNA at four sites within the enhancer and contributes to the
formation of a stable nucleoprotein complex called the enhanceosome.

This virus-inducible enhancer is silent in uninfected cells in part through the in-
hibitory effect of an NF-xB-regulating factor (NRF) that overlaps the PRDII site
[30, 31], but is quickly induced to high levels upon viral infection [32, 33]. The
positioning of nucleosomes upstream of the IFN-§ gene is also critical for gene si-
lencing [34-37]. Viral infection results in hyperacetylation of histones H3 and H4
localized in the IFN-8 promoter [38]. Hyperacetylation of histones is known to play
a crucial role in inducible gene expression. Enhanceosome assembly following in-
fection requires precise spacing between the factor binding sites to ensure that
each of the enhanceosome components simultaneously contact one another and
DNA [39]. Another complex, composed of transcription factors TFIIB, A and D,
along with the coactivator complex upstream stimulatory activity (USA), is neces-
sary for enhanceosome-dependent transcriptional synergy [32, 40]. Figure 2.1
illustrates the various protein—protein interactions of the enhanceosome complex,
as well as interactions with the RNA polymerase II complex and the USA/BAD
complex.

The transient transcriptional activation of the different members of the IFN-«
multigene family is a primary cellular response to viral infection and, just as for
IEN-p, virus-induced IFN-o expression is mediated by regulatory sequences within
200 bp of the transcriptional start site which includes a 46-bp fragment called the
virus response element (VRE-A1) [41, 42]. IRF-3 and -7 have been shown to differ-
entially regulate the activation of immediate early and delayed IFN-o gene tran-
scription by binding to the IRF-E elements of the I[FN-x promoter [43-46].

23
IRF Family Members

Nine human IRFs have been identified (IRF-1, -2, -3, -4/Pip/ISCAT, -5, -6, -7, -8/
ICSBP and -9/ISGF-3y/p48); all share homology in the N-terminal DNA-binding
domain (DBD), and contain characteristic five tryptophan repeat elements located
within the first 150 amino acids, each separated by 10-18 amino acids [47]. The
IRF DNA-binding domain mediates specific binding to GAAANN and AANNN-
GAA sequences, termed IRF-E [48]. In addition to their role in immune regula-



2.4 Role of IRFs in Virus-mediated IFN Activation

tion, IRFs are also involved in regulation of cell cycle, apoptosis and tumor sup-
pression (Tab. 2.2). The ISRE-containing genes are regulated by various IRFs
through the JAK-STAT pathway by stimulation of type I or type II IFN stimulation,
although certain genes can also be regulated independently of the IFN-triggered,
JAK-STAT pathway through virus infection.

The C-terminal region of all IRFs contains a unique domain involved in protein-
protein association, termed the IRF-association domain (IAD), which is necessary
for homo- and heterodimerization interactions among IRF family members or
other modulators. Biochemical and structural studies have determined that the
transactivation functions of IRF-3, -4, -5 and -7, which reside in the IAD, are sup-
pressed by autoinhibitory structures [20, 21, 49-51].

24
Role of IRFs in Virus-mediated IFN Activation

241
IRF-3

IRF-3 is a constitutively expressed protein of 55 kDa (427 amino acids) present in
most cell types [52]. In addition to the N-terminal DNA-binding domain, IRF-3
contains a transactivation domain (amino acids 134-394) and two autoinhibitory
domains (IDs), found within the proline-rich sequence (amino acids 134-197)
and at the extreme C-terminal end (amino acids 407-414). These IDs interact to
generate a closed conformation that is likely to mask the C-terminal IAD, the
DBD and the nuclear localization sequence (NLS) (Fig. 2.2). IRF-3 is maintained
in an inactive form in the cytoplasm by its autoinhibitory interactions. Upon virus
infection or double-stranded (ds) RNA treatment of cells, C-terminal phosphory-
lation by TBK1 [tumor necrosis factor (TNF) receptor-associated factor (TRAF)-
family-member-associated NF-xB activator (TANK)]-binding kinase or IKKe/IKKi
[(IkB) inhibitor of NF-«B kinase ¢] occurs at specific serine residues in the C-
terminus of IRF-3 [53-56], resulting in a conformational change that allows dime-
rization, translocation to the nucleus, association with CBP/p300 coactivators and
transcriptional activation of IRF-E-containing promoters [17, 18, 57-59].

IRF-3 phosphorylation was initially detected as posttranslational modification
following Sendai virus infection [17, 18, 60]. Interestingly, two alterations of
the IRF-3 protein were observed: a slower migration form of IRF-3, and an
overall reduction in the amount of IRF-3 in transfected and control cells [17]. The
slower migration was shown to reflect virus-dependent phosphorylation of the
C-terminal domain of IRF-3 protein [17, 18, 58-60]. Yoneyama et al. demon-
strated that virus-induced phosphorylation occurred at residues Ser385 and
Ser386 [17]. The C-terminal region comprises a cluster of phosphoacceptor sites
82GGASSLENTVDLHISNSHPLSITSDQYKAYLQD** (Tab. 2.3). Using various
deletion and point mutations, C-terminal phosphorylation was also localized be-
tween amino acids 395 and 407, a region adjacent to the Ser385/Ser386 residues.
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The generation of point mutations also demonstrated that Ser396 and Ser398 were
also phosphorylated following virus infection [18]. Servant et al. demonstrated for
the first time that IRF-3 is phosphorylated in vivo on Ser396 following Sendai virus
infection, expression of viral nucleocapsid (N) or dsRNA treatment [53]. This site
was identified as the minimal phosphoacceptor site since a single point mutation
of Ser396 to the phosphomimetic Asp was sufficient to generate a constitutively
active form of IRF-3 [53]. Ser396 and Ser398 were also identified as specific targets
of TBK1 and IKKe [54, 61].

Analysis of the crystal structure of the IRF-3 C-terminal domain by Qin et al.
[62] provided insight into the mechanism of IRF-3 activation by phosphorylation.
Interestingly, most of the serine and threonine residues within the C-terminus
are partially buried by hydrophobic residues, and are located adjacent to acidic res-
idues, indicating that phosphorylation may perturb the autoinhibitory interactions
due to charge repulsion [62—64]. The sites of phosphorylation may be grouped into
three clusters. First, the Ser385/Ser386 cluster is located in the H4-$12 turn [62,
64, 65], connecting the IAD to the C-terminal ID, in which phosphorylation of
Ser385 is speculated to lead to local structural destabilization with a profound ef-
fect on the autoinhibitory structure. The second cluster is composed of Ser396
and Ser398, located within the L6 loop, and this location is involved in the interac-
tion with the N-terminal autoinhibitory helix H1. The phosphorylation of Ser396
and Ser398 most likely disrupts the interaction between the N- and C-terminus of
the autoinhibitory structure [18, 62, 65]. The last cluster contains Ser402, Thr404
and Ser405, where Ser402 is located on the 13 strand. Both Thr404 and Ser405
are located on the $13-H5 turn. The 13 strand and the $13-H5 turn form a por-
tion of the hydrophobic core that stabilizes the autoinhibitory structure; phos-
phorylation of this cluster likely contributes to the unfolding of the structure.
These observations generally support the biochemical studies indicating that
IRF-3 phosphorylation leads to structural rearrangement of the autoinhibitory
structures. Nonetheless, the mechanisms of activation and accessibility of the
virus-activated kinases to the sites of phosphorylation remains unclear.

Other interacting molecules may also contribute significantly to the conforma-
tional changes in IRF-3. A novel interaction of cyclophilin B (CypB) with the ID
of IRF-3 was recently described [66]; CypB possesses a cis—trans peptidyl—prolyl
isomerase (PPlase) activity [67], which facilitates protein folding through its
PPlase activity. Knocking down CypB using small interfering RNA (siRNA) in vivo
resulted in the inhibition of virus-induced IRF-3 activation and subsequent IFN-j
induction. Overall, CypB interaction with IRF-3 is reminiscent of the functional in-
teraction described earlier between IRF-4 and FKBP52 [68].

The importance of IRF-3 in regulating the early and late phase of IFN expression
was demonstrated by Sato et al. through the generation of IRF-3 knockout mice.

<
<

Fig. 2.3. Schematic representation of IRF-3, -5 the sequence of amino acids 468491 (IRF-7)
and -7 transcription factors. Different domains are amplified below the schematic. Important
are shown: NLS, NES, DBD, CAD, VAD, IAD amino acids are shown in larger letters with
and the signal response domain (RD). The the respective position number. (This figure
sequence of amino acids 382-414 (IRF-3) and  also appears with the color plates.)
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IRF-3~/~ mice were more susceptible to encephalomyocarditis virus (ECMV) infec-
tion than normal mice and serum IFN levels from EMCV-infected mice were sig-
nificantly lower in the IRF-3~/~ mice than wild-type mice [22]. Additionally, cells
defective in the expression of both IRF-3 and -7 completely failed to induce type I
IFNs in response to infection by many viruses; the lack of IFN responsiveness was
recovered by coexpressing both proteins, clearly demonstrating that IRF-3 and -7
have essential and distinct roles in the transcriptional efficiency of diverse IFN-o/
S genes [22]. Sato et al. found that IRF-3 function was important for early-phase
activation of IFN-£ in an IFN-independent manner, but was also important for the
late-phase potentiation of overall IFN-/f mRNA induction in cooperation with
IRF-7 [22].

242
IRF-5

IRF-5 is another recently characterized participant in the IFN activation pathway;
IRF-5 is constitutively active in B cells as well as dendritic cells (DCs), and is indu-
cible in other cell types [69, 70]. The 57-kDa IRF-5 protein is localized to the cyto-
plasm of unstimulated cells and accumulates in the nucleus following virus infec-
tion. Two NLS elements, necessary for virus translocation to the nucleus, are found
in the IRF-5 protein [51, 71]. Lin et al. also demonstrated that IRF-5 possesses a
nuclear export sequence (NES) element that controls the dynamic shuttling be-
tween the cytoplasm and the nucleus [72]. Although both NLS and NES are active
in unstimulated cells, the NES element is dominant, resulting in the predominant
cytoplasmic localization of IRF-5. Interestingly, coexpression of IKKe or TBK1 re-
sulted in phosphorylation and dimerization of IRF-5, but nuclear accumulation
was not observed, suggesting that aspects of IRF-5 activation may be distinct from
the virus-induced mechanisms used by other IRFs. In contrast, Mandl et al. argue
that TBK1- and IKKe-mediated phosphorylation of IRE-5 is functional, and that iso-
forms V3/4 and V5, and not V1 and V2 used by Lin et al., are targets for functional
phosphorylation by TBK1/IKKe [73, 74]. Whether these kinases truly phosphory-
late IRF-5 in vivo remains to be clarified.

In contrast to IRF-3 and -7, which are activated following viral infection, dsSRNA
or LPS, the activation of IRF-5 has only been observed with viruses such as New-
castle disease virus (NDV), vesicular somatitis virus (VSV), human simplex virus
(HSV) type I [51], while Sendai virus, dsRNA [poly(I:C)] or LPS - activators of
IRF-3 and -7 - do not activate IRF-5 [51], suggesting that the pathway involved
in IRF-5 activation is distinct from that regulating IRF-3 and -7. In keeping with
these distinct functions, IRF-5 mainly induces IFN-a subspecies [69]; in IRF-5-
expressing cells, IFN-u8 was preferentially produced following viral infection, but
when IRF-7 was also expressed, IFN-o1 was induced.

Another study demonstrated that IRF-5 not only activated IFN-o gene induction,
but also repressed IFN gene activity depending on the IRF-interacting partners
[71]. Interaction between IRF-5 and -7 (which was dependent on IRF-7 phosphory-
lation) did not lead to activation, but rather to the repression of IFN-x gene
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transcription. This observation was explained by the formation of IRF-5/7 hetero-
dimers, which altered the composition of the IFN-o enhanceosome complex [71].
In contrast, IFN-o upregulation occurred with the cooperation with IRF-3. Over-
expression of IRF5 also upregulated other type I IFNs, such as IFN-42, -«14 and -g.

Recently, Takaoka et al. assessed the regulation of gene expression by IRF-5 us-
ing IRF-57/~ hematopoietic cells in the context of Toll-like receptor (TLR)-7 and
myeloid differentiation factor 88 (MyD88) signaling (see below). Induction of IL-6,
IL-12p40 and TNF-u were severely impaired, while the induction of IFN-u re-
mained unaffected in the knockout background [75]. It was also determined that
IRF-5 interacted with and was activated by MyD88 and TRAF6; and TLR-4 and -9
engagement resulted in IRF-5 translocation and cytokine gene activation [75].
Thus, IRF5 appears to be selectively involved in the induction of pro-inflammatory
cytokines by TLRs.

243
IRF-7

IRF-7 was first described to bind and repress the Epstein—Bar virus (EBV) Qp pro-
moter which regulates expression of the EBV nuclear antigen 1 (EBVA1) [76] and
the importance of IRF-7 in IFN regulation was recognized shortly after its
discovery [77-79]. IRF-7 is an IFN- and virus-inducible protein in most cells with
transcriptional activity that depends on C-terminal phosphorylation; constitutive
expression of IRF-7 is restricted to B cells and DCs. The IRF-7 protein contains
multiple regulatory domains: a constitutive activation domain (CAD) between
amino acids 150 and 246 of human IRF-7A, located adjacent to the conserved
DBD [77, 80]; an ID that silences transactivation activity; and a region that in-
creases basal and virus inducible activity termed the virus-activated domain (VAD)
located between amino acids 278 and 305 [80]. Interestingly, removal of the amino
acids 248-467 region creates a highly active form of IRF-7 (Fig. 2.3).

The serine-rich C-terminal region between amino acids 471 and 487 (Fig. 2.2) is
the target of virus-induced phosphorylation [44, 76, 78] by TBK1 and IKKe [54, 81].
Ser477 and Ser479 appear to be critical targets for TBK1 and IKKe, since their sub-
stitution to Ala resulted in an IRF-7 that was unable to respond to virus challenge
[21]. Substitution of Ser471 and Ser472 with the phosphomimetic amino acid Asp
did not lead to the expected increased transactivation activity, but rather decreased
activity, whereas the same phosphomimetic substitution of Ser477 and Ser479 led
to a constitutively active IRF-7 [20, 81]. IRF-7 protein has a short half-life of approx-
imately 30 min, which may represent a mechanism that ensures transient IFN in-
duction [22].

A comprehensive structure—activity analysis of murine IRF-7 phosphorylation
sites using mutant proteins, two-dimensional analysis and transcriptional readout
assays was recently reported [82]. Essential phosphorylation events were mapped
to amino acids 437-438 and a redundant set of sites at either amino acids 429—
431 or 441. IRF-7 was heterogeneously phosphorylated and greater phosphoryla-
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tion correlated with increased transactivation. Interestingly, a distinct serine cluster
at amino acids 425 and 426 was also essential for IRF-7 activation, although the
essential role of this motif did not involve phosphorylation. Rather, these serine
residues appear to represent a conformational element required for IRF-7 function
or a recognition motif for the virally activated kinases.

Using IRF-77/~ mice, Honda et al. demonstrated that IRF-7 is essential for the
induction of type I IFN via virus-mediated, MyD88-independent and -dependent
TLR signaling pathways. The IRF-7~/~ mice developed normally with no overt
differences in the hematopoietic cell populations [83]. However, [FN-o mRNA in-
duction was completely inhibited and IFN-f levels were significantly reduced in
IRF7~/~ cells. Also, serum IFN levels were significantly lower in IRF-7/~ MEFs
[83]. In the double IRF-3/7 knockout, IFN-§ levels were completely abrogated. In
contrast, MyD88~/~ mouse embryonic fibroblasts (MEFs) induced IFN-/f mRNA
to similar levels as wild-type MEFs in response to virus, suggesting that IFN induc-
tion was MyD88 independent, but IRF-7-dependent [83].

Plasmacytoid DCs (pDCs) are major IFN-producing cells and stand out amongst
other cells in their ability to produce high amounts of IFN-«/f following engage-
ment of TLR-9 by unmethylated DNA or stimulation of human TLR-7/murine
TLR-8 by single-stranded (ss) viral RNA [84-88]. pDCs utilize a MyD88-dependent
pathway of IFN-o/f induction, which is also dependent on IRF-7 [83]. Further-
more, induction of IFN-a by TLR-9 in pDCs as well as the induction of CD8" T
cell responses was completely dependent on IRF-7. Therefore, IRF-7 is not only
important in the development of innate immunity, but also clearly plays a central
role in adaptive immunity. Comparison between IRF-3~/~ and -7/~ pDCs re-
vealed that IFN induction through TLR-7/8 or -9 was normal in IRF-37/~ cells,
but completely ablated in IRF-77/~ cells, thus demonstrating that IRF-7 is essen-
tial and IRF-3 dispensable for the MyD88-dependent induction of IFN-o/f genes
via the nucleic acid-recognizing TLR subfamily [83].

2.5
IFN Signaling Pathways

2.5.1
TLR-dependent Signaling to IFN Activation

2.5.1.1 TLR Overview

The primary role of the innate immune response is to limit the spread of invading
pathogens such as viruses and bacteria. Invading pathogens are recognized by spe-
cific motifs or pathogen-associated molecular patterns (PAMPs) through different
TLRs [89-91]. The Toll receptor was originally identified as an essential receptor
for the establishment of a dorso-ventral pattern in Drosophila [92]. Subsequently,
multiple homologs of the Toll receptor were identified in mammalian cells and
have been designated TLRs. The TLR family now consists of 11 members; of these,
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Tab. 2.3. TLRs and their ligands

Receptor Ligand Origin of Ligand

TLR-1 triacyl lipopetides bacteria and mycobacteria
Soluble factors Neisseria meningitidis

TLR-2 heat shock protein 70 host
peptidoglycan Gram-positive bacteria
lipoprotein/lipopeptides various pathogens
HCYV core and nonstructural 3 protein hepatitis C Virus

TLR-3 dsRNA viruses

TLR-4 LPS Gram-negative bacteria
envelope protein mouse mammary tumor virus
taxol plants

TLR-5 flagellin bacteria

TLR-6 Zymosan fungi
lipoteichoic acid Gram-positive bacteria
diacyl lipopetides mycoplasma

TLR-7 ssRNA viruses
imidazoquinoline synthetic compounds

TLR-8 ssRNA viruses
imidazoquinoline synthetic compounds

TLR-9 CpG-containing DNA bacteria and viruses

TLR-10 not determined not determined

TLR-11 profilin-like molecule Toxoplasma gondii

TLR-2, -3, -4, -7 (human)/-8 (murine) and -9 have been implicated in the recogni-
tion of different viral nucleic acid and/or protein motifs. In addition, TLR family
members are expressed differentially among immune cells and respond to dif-
ferent components of invading pathogens [93] (Tab. 2.3). The cytoplasmic intra-
cellular tail of TLRs shows high homology with that of the IL-1 receptor family,
although the leucine-rich repeat (LRR)-containing extracellular domains are un-
related. Within the intracellular Toll-interacting region (TIR) domain, there are
three well conserved regions which are essential for TLR signaling [94, 95]. The
surface expression of TLRs on immature DCs is low, with only a few hundred mole-
cules per cell, whereas TLR expression levels are more prominent on monocytes
and can number up to a thousand molecules per cell. Upon stimulation with their
appropriate ligand, TLRs in general form either homodimers or heterodimers in
order to induce an effective signaling cascade [61]. Over the past several years, it
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has become evident that TLR signaling plays an important role in the induction of
IRFs and TLR-responsive genes (see figure 2.4) [90].

2.5.1.2  TLR-3 Signaling

TLR-3 is a receptor for dsRNA - long considered a functional byproduct of intra-
cellular virus replication — and TLR-3 engagement transmits signals that activate
IFN and inflammatory cytokines through IRF and NF-«B signaling pathways. Early
after infection, incoming virus particles or ribonucleoprotein complexes may be
recognized within the endosomal compartment, while late after infection following
replication and cell lysis, viral dsRNA is released into the extracellular space where
it is available to bind the 904-amino-acid TLR-3. TLR-3 is expressed in intracellular
vesicular compartments in DCs and on the cell surface in intestinal epithelial cells,
but not in monocytes, polymorphonuclear leukocytes, or B, T and natural killer
cells [96-98].

IRF-3 phosphorylation is mediated by the TLR-3-associated molecule TRIF/
TICAM-1 and functions independently of the MyD88 pathway. TRIF consists of
an N-terminal proline-rich domain, a TIR domain and C-terminal proline-rich do-
main [99]. The N-terminal region of TRIF directly associates with TBK1 [61, 100];
resulting in IRF-3 phosphorylation. TRAF6, a ubiquitin ligase also interacts with
the N-terminal region of TRIF [101]. Following virus infection, this association
leads to the activation of IKK«/f and NF-xB, which upregulates the transcription
of pro-inflammatory genes such as IL-6, IL-1 and TNF-u (Fig. 2.6). The recruit-
ment of TBK1 to the N-terminal of TRIF initiates a signaling cascade that culmi-
nates in IRF-3 activation and induction of IFN-8, RANTES and IP-10. In addition,
the phosphatidylinositol-3-kinase pathway (PI3K) also contributes to dsRNA- and
TLR-3-dependent IRF-3 phosphorylation. Specific mutations of the tyrosine resi-
dues of TLR-3 Tyr759 and Tyr858 inhibit the recruitment of PI3K to the receptor
and TBK1 activation, respectively [102]. As a result, partial IRF3 phosphorylation,
dimerization and nuclear translocation occur, but activation of the IFN-f promoter
is inhibited, suggesting that the PI3K/Akt pathway is essential for full dsRNA sig-
naling to IRF-3. This blockade is reversed with TRIF overexpression, indicating
that TRIF is downstream and/or independent of the PI3K pathway. Assembly of a
multiprotein complex containing TLR-3, TBK1, IRF-3 and PI3K may be essential
for complete TLR-3 signaling pathway [102, 103].

For NF-xB activation, both the C- and N-terminal of TRIF independently activate
an NF-xB response. The N-terminal region of TRIF contains three TRAF6-binding
motifs that associate with the TRAF-C domain of TRAF6, leading to NF-xB induc-
tion [101, 104]. Mutation of the TRAF6-binding motifs of TRIF abolished binding
between TRIF and TRAF6, and partially reduced NF-xB promoter activity [100].
The C-terminal region of TRIF also recruits the kinase receptor-interacting protein
(RIP-1) through its RIP homotypic interaction motif and induces the NF-xB path-
way, whereas RIP-3 inhibited this pathway [105-107].

As mentioned before, TLR-3 localizes to the intracellular vesicular compartment
in DCs and is not present on the cell surface [108]. Additionally, DC populations
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differentially express TLR-3 along with -7 (human)/-8 (murine) and -9. TLR-3 is not
expressed in pDCs, but is highly expressed in human monocyte-derived DCs (Tab.
2.3). Upon TLR-7 and -9 stimulation with their respective ligand, pDCs produce a
high level of Type I IFN, mainly IFN-«, whereas myeloid DCs mainly produce IL-
12 and IFN-B upon TLR-3 stimulation, suggesting a differential response in dis-
tinct DC subtypes [109, 110]. Furthermore, upon poly(I:C) stimulation of TLR-3,
DCs produce IFN-f and IL-12p70, and also upregulate costimulatory molecules
such as CD80, CD83 and CD86 by a mechanism dependent on TRIF [108, 111].

2.5.1.3 TLR-4 Signaling
LPSs are major components of the outer membrane of Gram-negative bacteria.
The host defense response to LPS includes the production of a variety of pro-
inflammatory cytokines, such as TNF-x, IFN-$, as well as inducible NO (iNOS).
TLR-4, the receptor for LPS, was the first mammalian homolog of Drosophila Toll
discovered [112] and is a type I transmembrane protein; the cytoplasmic domain
contains a TIR domain which is shared by all TLRs. Upon bacterial infection, a
lipid-binding protein (LBP), an acute-phase protein that circulates in the liver,
binds to the lipid A moiety of LPS [113]. Soluble CD14 binds and concentrates
LPS present outside the cell. LBP-bound LPS forms a ternary complex with CD14,
enabling the transfer of LPS to the TLR-4-MD2 complex [114]. MD2 is a secreted
glycoprotein that acts as an extracellular adaptor protein that binds LPS and is es-
sential for TLR-4 signaling to occur [115]. Upon binding of LPS, the TLR-4-MD2
complex homodimerizes and initiates the ensuing signaling cascade which bifur-
cates into two distinct pathways: MyD88 dependent and independent (fig. 2.5).
MyD88 is an adaptor protein which contains a C-terminal TIR domain and an N-
terminal death domain [116]. MyD88~/~ mice have revealed that the activation of
NF-xB and mitogen-activated protein kinase (MAPK) still occurred in response to

<&
<«

Fig. 2.4. Overview of the TLR dependent
signaling of the IFN response. TLR3

subtypes and amplification of the IFN
response. pDCs express on their endosomes

stimulation with dsRNA on the cell membrane
or the endosomal compartment leads to the
recruitment of the TRIF adaptor molecule and
the activation of TBK1 and IKKe kinases that
phosphorylate IRF-3 and induce the
transcription of IFN-f. TRAF6 association with
the TRIF complex results in NF-xB induction
via IKKa/B/7. IFN-B is released from infected
cells, recognized by specific IFN receptors on
adjacent cells and triggers the JAK/STAT
pathway. Among the genes activated by the
JAK/STAT pathway, IRF7 is induced and
activated by phosphorylation. IRF7 expression
results in the production of multiple IFN-«

hTLR7/mTLR8 and TLR9 that recognize ssRNA
and CpG DNA, respectively. The recognition of
specific PAMPs results in the recruitment and
formation of a complex composed of MyD88,
IRAK4, IRAKT leading to IRF7 phosphorylation
and induction of type | IFN in a MyD88-
dependent fashion. TRAF6 association with the
MyD88 complex leads to the activation of the
signalosome complex (IKKe, IKKS, IKKy),
which initiates the NF-xB signaling cascade
and subsequent inflammatory response.

(This figure also appears with the color
plates.)
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LPS, but in a delayed manner. In addition, it was shown that IRF-3 phosphoryla-
tion, as well as IFN-§ induction were all unaffected in MyD88~/~ mice, thus sug-
gesting that MyD88 is an adaptor protein involved in the early host response to
infection [103] (fig. 2.5a). A second adaptor protein, MyD88 adaptor-like protein
(MAL), also known as TIRAP, was identified and found to be indispensable along
with MyD88 in TLR-4 signaling for NF-«B activation [117]. Initially, IRAK4, a prin-
ciple mediator in TLR-4 signaling in the MyD88-dependent signaling pathway,
phosphorylates IRAK1 forming a complex which interacts with TRAF6 [118]; auto-
phosphorylation then leads to the disassociation of the negative regulator of
IRAK1, Tollip. Hyperphosphorylated IRAK1 dissociates from the receptor complex
to form a new complex with IRAK2 and TRAF6 [119]. Subsequently, TRAF6 phys-
ically interacts with the ubiquitin conjugating enzyme complex Ubc13/UevlA to
catalyze the formation of a unique Lys63-linked polyubiquitin chain that positively
regulates the NF-xB signaling pathway [120]. TRAF6 then becomes activated, asso-
ciates with TAK1-binding protein (TAB2), which in turn activates MAPK kinase
TAK1 (transforming growth factor-f# activated kinase) which is constitutively asso-
ciated with its adaptor protein TAB1 [121, 122]. This leads to the activation of
MAPKs, such as extracellular signal-regulated kinases (ERKs), p38, and c-Jun N-
terminal kinase (JNK). In addition, TRAF6 activates the IxBa kinase complex
(IKK), leading to the phosphorylation and degradation of IxBa, and finally the acti-
vation of NF-«B (Fig. 2.5a) [123, 124].

In the MyD88-independent signaling pathway, TRIF-related adaptor molecule
(TRAM) along with TRIF recruit the TBK1/IKKe complex to activate IRF-3, leading
to induction of IFN-u/f [125] (fig. 2.5b). Following the discovery of TRIF, TRAM
was also identified as an essential adaptor protein in the MyD88 independent sig-
naling cascade. TRAM was shown to activate IRF-3 and -7, and NF-xB indepen-
dently of MyD88. In addition, TRAM is upstream of TRIF in the signaling cascade,
as TRAM cannot restore IFN-f induction in response to LPS stimulation when
overexpressed in TRIF~/~ cells [126]. TRIF also binds to TRAF6 via N-terminal
TRAF6-binding domains leading to the activation of the signalosome, followed by
ubquitination and degradation of IxB, culminating in late phase NF-xB activation.
Furthermore, TRIF recruits and binds the heterodimer TBK1 and IKKe [61]. This
complex phosphorylates IRF-3, which dimerzies and translocates to the nucleus to
bind the ISRE to induce IFN-f production (Fig. 2.5b).

LPS mediates the maturation of DCs via a MyD88-independent pathway [127].
When MyD88-deficient bone marrow-derived DCs were cultured with LPS, cell sur-
face expression of costimulatory molecules, such as CD40, CD80 and CD86 was
upregulated, as well as T cell proliferation. By comparison, TLR-4 knockout DCs
were unable to upregulate costimulatory molecules expression when cocultured
with LPS. However, when wild-type DCs were stimulated with TLR-4 (MyD88
dependent) and TLR2 ligands (MyD88 independent), costimulatory molecule ex-
pression was upregulated by both MyD88-dependent and -independent pathways
[127]. In sum, the innate immune response to LPS is highly complex and con-
trolled, and includes two types of responses that are characterized by the early acti-
vation of pro-inflammatory cytokines as well as a late activation of IFN-f.
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2.5.1.4 TLR-7 Signaling

While most cell types are able to produce type I IEN, pDCs are particularly
adept at secreting very high IFN levels [86]. pDCs survey their environment for
viruses by endocytic uptake, and TLR-7 is required in the recognition of ssRNA
viruses such as VSV and influenza [128]. Single-stranded oligoribonucleotides
introduced into the endosomal, but not cytoplasmic, compartment trigger TLR-7
activation [87, 88]. In TLR-7 signaling, type I IFN secretion by pDCs is MyD88
dependent [128], and both MyD88 and TRAF6 are essential to induce IFN-u
production.

Upon stimulation of TLR-7 by ssRNA, IRAK1 is recruited to the complex with
MyD88, TRAF6 and IRAK4 (fig. 2.4). IRAK4 phosphorylates IRAK1, triggering
autophosphorylation of IRAK1 and increasing its affinity for TRAF6 [129]. In vitro
studies demonstrate that IRAK1 binds and phosphorylates IRF-7, although to date
endogenous IRF-7 phosphorylation by IRAK1 has not been shown. In IRAK1
knockout mice, both TLR-7- and -9-mediated IFN-o production was abolished.
In addition, TLR-9 stimulation by A/D-type CpG oligodeoxynucleotides (ODN5)
activated IRF-7 in pDCs [129]. Hence, IRAK1 is a key regulator for TLR-7- and
-9-mediated IFN-o production. Furthermore, while MyD88 interacts with and acti-
vates IRF-7, it fails to activate IRF-3, thus indicating that IRF-7 is a key regulator of
type I IFN in pDCs. IRF-7~/~ mouse-derived pDCs demonstrated complete IFN
nonresponsiveness upon TLR-7 and -9 stimulation, whereas pDCs from IRF-37/~
mice showed normal induction. Hence, IRF-3 appears dispensable for the induc-
tion of type I IFN in pDCs [83].

TLR-7 can also induce type I IFN via IRF-5 [74]. Both IRF-5 and -7 regulate the
expression of distinct and overlapping IFN-a subsets. Upon TLR-7 stimulation,
IRAK1 and TRAF6 are required for IRF-5 activation. Recently, our laboratory dem-
onstrated that IRF-5 is phosphorylated by TBK1, yet this does not lead to nuclear
translocation and activation [72]. IRF-5 was not only important for IFN-«, but also
for IFN-f induction. In contrast, IRF-3 is not activated in the TLR-7 signaling path-
way. Thus, IRF-5 and IRF-7 may function as heterodimers to regulate IFN-u
gene transcription [74]. Takaoka et al. showed that in IRF5S~/~ mice had a marked
decrease in the levels of pro-inflammatory cytokines in serum when induced with
either unmethylated DNA or LPS. Specifically, the induction of IL-6, IL-12p40 and
TNF-o were severely impaired, while the induction of IFN-o remained unaffected
in IRF5~/~ mice. IRF-5 interacts with and is activated by MyD88 and TRAF6, and
TLR-4 and -9 activation result in the IRF-5 translocation and cytokine gene activa-
tion [75].

2.5.1.5 TLR-9 Signaling

Bacterially derived or synthetic DNA that contains unmethylated CpG is highly
immunostimulatory, and binds TLR-9 in the endosomal compartment [130, 131].
CpG-containing DNA activates TLR-9, which in turn recruits MyD88 and IRAK
family members through homophilic interactions between their death domains
[132] (fig. 2.4). IRAK4 phosphorylates IRAK1, which enables IRAK1 to interact

57



58

2 Activation of Interferon Gene Expression

with TRAF6, leading to the phosphorylation of IRF-7 and subsequent production of
type I IEN [129]. In vitro studies demonstrate that TBK1 and IKKe phosphorylate
IRF-7 [54]. However, TBK/~ or IKKe/~ pDCs stimulated with CpG ODNs have
normal IFN-a production, and thus other kinases appear to be involved in IRF-7
phosphorylation in TLR-7 and -9 signaling. In vivo studies in IRAK~/~ pDCs
stimulated with A/D-type CpG ODNs demonstrate that IRAK1 is dispensable for
TLR-9-mediated induction of NF-xB. In sum, IRAK1 seems to play an important
role in the induction of IFN-o in pDCs but is not a factor in the induction of pro-
inflammatory cytokines such as TNF-o, IL-6 and IL-12p40. In contrast, the kinase
activity of IRAK4 is essential for the optimal induction of pro-inflammatory cyto-
kines and NF-xB [133]. In DCs, IRF-8 is essential in NF-«B activation in TLR-9 sig-
naling [134]. IRF-8 is an important factor for the development and activation of
DCs, and IRF-8 /- mice are completely unresponsive to CpG and fail to induce
NF-xB. However, this type of regulation is restricted to TLR-9 signaling in DCs
[134].

252
TLR-independent Signaling

2.5.2.1 Retinoic Acid Inducible Gene (RIG)-I Signaling
Recently, Yonemaya et al. discovered a separate pathway utilizing the retinoic acid
inducible gene I (RIG-I) that activates virus and dsRNA-induced innate antiviral re-
sponses. RIG-I contains two caspase activation and recruitment domains (CARD)
at its N-terminus and a DExD/H box RNA helicase activity in the C-terminal part
of the molecule. CARD motifs were first identified in caspases, and are known to
be involved in homophilic protein-protein interactions found in many signaling
pathways. The discovery of RIG-I demonstrated the importance of this RNA heli-
case in the production of IFN-B upon infection with Newcastle disease virus
(NDV) [135]. NDV enters the cell by membrane fusion, releasing its nucleocapsid
into the cytoplasm and initiating a signaling cascade that leads to the production of
type I IFN. Using a deletion construct that encompasses only the CARD domain,
Yoneyama et al demonstrated that the truncated form of RIG-I induced IRF-3
phosphorylation, dimerization, nuclear translocation and transactivation of IFN
genes [135]. The helicase domain expressed alone prevented IRF-3 activation
upon viral infection thus functioning as a dominant negative mutant that was ca-
pable of binding synthetic RNA and 5" or 3’ nontranslated region of Hepatitis C
Virus (HCV) RNA [136, 137] . RIG-I recognition of dsRNA in the cytoplasm causes
a structural change that enables the CARD domain to interact with other adaptor
protein(s), initiating downstream events that lead to IRF-3 activation and IFN-f
production (Fig 2.6).

The importance of the RIG-I pathway in antiviral immunity was demonstrated
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with the generation of RIG-I-deficient mice, revealing that this sensor, and not the
TLR system, is required for development of the antiviral response in most cells,
with the exception of plasmacytoid dendritic cells (pDCs). Reciprocally, the TLR
system, but not RIG-I, is required for IFN secretion in pDCs [142]. Whether RIG-
I and TLR represent complementary pathways required for full antiviral immunity
remains to be investigated.

The adaptor molecule that links RIG-I sensing of incoming viral RNA and down-
stream activation events was recently elucidated by four independent groups (Fig.
2.6) [142-146]. MAVS/IPS/VISA/Cardif contains an amino-terminal CARD do-
main and a carboxyl-terminal mitochondrial transmembrane sequence that local-
izes this protein to the mitochondrial membrane, thus suggesting a novel role for
mitochondrial signaling in the cellular innate response [142-146]. The fact that
MAVS functionality requires mitochondrial association suggests a linkage between
recognition of viral infection, the development of innate immunity and mitochon-
drial function.

In the context of hepatitis C virus infection, the RIG-I pathway is a target for
viral evasion by the viral NS3/4A protease [136-138]. Significantly, the study by
Meylan et al. demonstrated that Cardif is cleaved at its C-terminal end — adjacent
to the mitochondrial targeting domain — by the NS3/4A protease of Hepatitis C
virus [145]. An important prediction from these studies is that NS3/4A cleavage
of MAVS/Cardif at cysteine- 508 results in its dissociation from the mitochondrial
membrane and disruption of signaling to the antiviral immune response. Using
a combination of biochemical analysis, subcellular fractionation and confocal
microscopy, Li et al. demonstrated that NS3/4A results in the cleavage of MAVS/
Cardif and causes relocation from the mitochondrial membrane to the cytosolic
fraction of the cytoplasm. These results provide an example of host-pathogen inter-
action in which the virus evades innate immunity by dislodging a pivotal signaling
adaptor from the mitochondria [146].

2.5.2.2 Melanoma Differentiation-associated Gene-5 (mda-5)

mda-5 was first discovered by subtraction hybridization as a gene induced during
differentiation, cancer reversion and programmed cell death [139]. Like the RNA
helicase RIG-I, this gene contains CARD and DExH group RNA helicase domains.
IFN-B induces mda-5 expression in a dose-dependent manner and, based on the
absence of prior protein synthesis, mda-5 is an early type I IFN-inducible gene
which may contribute to the induction of apoptosis during IFN treatment [140].
Both mda-5 and RIG-I are IFN inducible, and result in a more robust IFN output
upon recognition of viral dsRNA in cells pretreated with IFN. mda-5 stimulates the
basal activity of the IFN-f promoter and mda-5 overexpression enhances the activa-
tion of the IFN-f promoter in response to intracellular viral dsRNA [141]. It is un-
clear at this point whether mda-5 represents a redundant or parallel pathway of
CARD-mediated signaling to IFN activation.
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2.6
Conclusions

IFN activation in response to viral pathogens is a tightly regulated response that
induces the production of IFNs to limit virus multiplication and reduce the severity
of infection. The IFN family is meticulously regulated by postranscriptionally
modified proteins such as the IRF family. IRF-3, -5 and -7 play critical roles in the
virus-mediated regulation of IFNs. TLR-dependent and -independent signaling
play an important role in the induction of IRFs and IFN-responsive genes. Recent
evidence suggests that the TLR-independent molecule RIG-I is the primary sensor
of viral dsRNA that induces the transcription of IFN-f by activating the TBK1 and
IKKe kinases that phosphorylate IRF-3. It is likely that the secretion of these pri-
mary IFNs “prime” neighboring cells to induce a more robust IFN response by
TLR-dependent pathways. TLR expression in human and mouse pDCs is limited to
TLR-7/8 and -9. As a consequence, pDCs may represent the major sentinel in the
production of type I IFN.
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3
Interferon Proteins: Structure, Production
and Purification

Dimitris Platis and Graham R. Foster

3.1
Introduction

The type I interferons (IFNs) are a family of closely related cytokines consisting of
12 different IFN-« subtypes, one IFN-S subtype and one IFN-w subtype [1, 2]. Of
the many different type I IFNs that are produced naturally, only IFN-22 and -g are
currently in widespread clinical use. In recent years, modified artificial IFNs have
been produced and one of these, consensus IFN, is currently in clinical use [3].
Type I IFNs, chiefly IFN-02, are used clinically to treat a variety of hematological
malignancies and viral hepatitis, and a great deal of effort and ingenuity has been
spent in determining optimal production and purification approaches. In this
chapter, we will briefly review the structure of the type I IFNs before describing
the historical development of production systems for the manufacture and purifi-
cation of type I IFNs.

3.2
The Structure of Type | IFNs

All of the naturally occurring IFN-o subtypes have a similar amino acid sequence
(they are over 70% similar) and Fig. 3.1 illustrates the amino acid sequence of the
different subtypes along with the sequence of IFN-f. It is probable that the struc-
ture of the other type I IFNs will be very similar, although this has not yet been
formally proven.

The three-dimensional structure of the type I IFNs was first resolved for murine
IFN-f [4] in 1992. Subsequent studies on crystallized human IFN-a2b in the form
of a zinc-mediated dimer allowed the structure of the human type I IFN to be de-
termined to a resolution of 2.9 A [5], and this structure has now been confirmed
and extended using high-resolution nuclear magnetic resonance [6]. Based on the
sequence similarity of the other type I IFNs (see Fig. 3.1) it is probable that the
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Fig. 3.1. Multiple amino acid sequence alignment of all the
natural IFN subtypes. All the amino acid sequences of the
natural IFN subtypes (including IFN-$, TAU1) have been
aligned using ClustalW multiple alignment (Bioedit sequence
analysis package).

structures of other human type I IFNs will be similar. The type I IFNs form a cu-
boidal structure composed of five « helices (termed A—-E) with their associated link-
ing loops. The cuboidal IFN binds to the heterodimeric receptor that consists of
receptor components termed IFNAR-1 and -2. Based on studies of modified and
mutated IFNs, Uze et al. [7] have put forward a model for the receptor-ligand in-
teraction in which the A helix initially binds to IFNAR-1 and the D helix binds to
IFNAR-2. Rotation of the IFN and, possibly, changes in the receptor lead to an
“active complex” in which helices A and C bind to IFNAR-1, and the AB loop and
D helix bind to IFNAR-2. This model remains hypothetical and further crystallo-
graphic studies will be required to define the events that take place when the cuboi-
dal IFNs interact with their receptor.
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3.3.1
Leukocyte-derived IFN - First Steps in Producing Commercial IFN

The type I IFNs were first clearly identified in 1957 when Isaacs and Lindenmann
[8] demonstrated that an ‘“interfering factor” which inhibited viral replication
could be produced by cells that were exposed to inactivated virus. Early attempts
to produce large quantities of the “interfering protein” focused on exposing cells
to active or inactive virus in the hope of producing large quantities of this “interfer-
ing factor”. Initial attempts were met with very limited success, but persistence
eventually paid off and it was found that infecting human leukocytes with Sendai
or Newcastle disease virus led to the production of substantial amounts of IFN [9—
11]. In collaboration with the Finish blood transfusion service, Kari Cantell was
able to develop conditions that maximized the production of type I IFNs from
Sendai-treated human leukocytes and this allowed the production of sufficient ma-
terial to perform early clinical studies [12] that confirmed the therapeutic potential
of this exciting new molecule.

Early efforts to purify IFN from crude extracts relied upon the remarkable stabil-
ity of IFN at low pH. IFN was initially dissolved into a solution of acidic ethanol
and, by slowly raising the pH of the solution, early workers managed to gradually
remove any impurities by precipitation. By repeating the process several times,
considerably pure IFN could be obtained (P-IF) compared to the initial crude ex-
tracts or slightly processed samples containing concentrated preparations of IFN
(C-IF). By taking advantage of the robustness of the IFN molecule under extreme
conditions of pH, detergents and temperature, crude protocols were formulated
which allowed partial purification of IFN from leukocytes [13]. However, the purity
did not exceed 0.1-1% by weight and, in fact, the IFN used in the early clinical
trials in the 1970s consisted of IFN of extremely low purity. As well as antiviral
properties, these early crude preparations exhibited additional antiprotozoal and
antibacterial properties, and inhibited cellular proliferation. However, these prop-
erties could not be definitively ascribed to IFN since contaminating proteins were
present. Although partial purification of IFN on sodium dodecylsulfate polyacryla-
mide gels was achieved in the 1970s [14], it was not until 1978 when type I IEN
was isolated in homogeneity and in sufficient quantities that complete chemical,
functional and physical characterization of molecule was possible [15-17]. This
was achieved by the introduction of chromatographic methods, such as high-
pressure liquid chromatography (HPLC) [18-20].

The production of leukocyte-derived IFN continues to the present day. The type I
IEN that is produced is a mixture of different IFN-« subtypes; there are some who
claim that this “natural” IFN-o has beneficial properties and in vitro studies sug-
gest that this may indeed be the case [21]. However, no controlled clinical trials
have compared leukocyte-derived IFN-o with the recombinant form and therefore
it is unclear whether leukocyte-derived IFN-u really does have beneficial properties
or not.
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33.2
Lymphoblastoid IFN — Towards more Reliable Supplies of IFN

Large-scale production of human IFN from leukocytes clearly requires the use of
large numbers of white blood cells derived from volunteer blood donors. A major
advance in the production of type I IFN involved a switch from leukocytes to lym-
phoblastoid lines [22-25] which markedly increased the potential for commercial
production. Initially, there were hesitations about the use of human “immortal”’
cell lines because of fears that any product derived from these cells might cause
cancer to its recipient. However, these fears subsided and a lymphoblastoid cell
line (Namalwa) was identified that produced large amounts of IFN after Sendai
virus induction. The IFN produced from these cultured cells could be purified rel-
atively easily by employing standard chromatographic methods, such as gel filtra-
tion or anion/cation-exchange chromatography already developed for leukocyte
IFN. The resulting product, lymphoblastoid IFN, was produced commercially for
many years and marked under the trade name Wellferon. Production continues
today in Japan where the product is marketed under the brand name Sumiferon.

333
Cloned Type | IFNs — An Inexhaustible Supply of Therapeutic Material

The development of gene cloning technology in the 1970s led to the possibility of
producing human proteins in bacteria. Introduction of the IFN genes initially in
bacteria [26, 27], and later in a variety of expression systems including yeast [28],
insect cells [29] mammalian cells [30] and even in transgenic plants [31], has al-
lowed for commercial production of IFN in almost limitless amounts. The rela-
tively small size and compactness of the IFN protein combined with the lack of
any functional glycosylation (unglycosylated IFNs are functionally identical to their
glycosylated counterparts in so far as studies have been performed) certainly con-
tributes to high yield and bioactivity in a variety of production platforms. More
importantly, more economically viable production approaches can be used since
proper glycosylation is not an issue. Bioactive IFN has been obtained from several
expression systems using a combination of different chromatographic techniques
[32, 33]. In addition to chromatographic purification of the type I IFNs, the pro-
teins can be purified to a greater or lesser extent by the use of affinity-binding tech-
niques. As well as the natural IFN-binding protein ligand, the IFN receptor, several
compounds have been shown to bind IFN and can, potentially, be used as an af-
finity chromatography ligand [34-37]. In addition, monoclonal antibodies raised
against partially purified IFN recovered from induced leukocytes and immobilized
on cross-linked agarose can be used to separate and purify type I IFNs [38]. In the
laboratory a wide variety of different approaches have been used to prepare small
amounts of IFN for experimental use and some of these are listed in Tab. 3.1.

A necessary prerequisite for the use of IFN in clinical practice is its production
in large quantities, i.e. at a medium and large scale. Significant progress has been
made towards the scaling-up of the IFN production process [9, 24, 44—47], and ad-
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Tab. 3.1. Different protocols utilized for the purification of
IFN-as under laboratory-based conditions

Activity [(U/mg) x 108 Purification steps

32 cation exchange, metal chelation, gel filtration [33]
2.5 immunoaffinity, cation exchange, gel filtration [32]
2.8 mimetic ligand-affinity chromatography [37]

1 metal chelation, reverse-phase HPLC [39]

1.7 gel filtration [40]

1.8 metal chelation [41]

1.1 metal chelation [42]

30 ion exchange [43]

vances in laboratory-scale production and purification of IFN have been adopted by
the pharmaceutical industry in an effort to achieve more economic production and
downstream processing. Industrial-scale production and purification of IEN is
often hampered by economic factors and patents restricting its choice of produc-
tion and purification methods; however, in general, a common approach is fol-
lowed and this is illustrated in Fig. 3.2. Crude material derived, usually, from ge-
netically engineered bacteria acts as the starting point for the purification process.
Unfortunately the crude IFN derived from bacteria is usually present in insoluble
aggregated particles (inclusion bodies) within the bacteria. This crude material is
inactive and has to be renatured to acquire its full biological activity [48]. A variety
of tricks have been used to renature and refold the crude IFN, and these essentially
involve the use of compounds that reduce protein aggregation and assist refolding
[49] followed by refolding in appropriate buffers. Optimized, commercially sensi-
tive, approaches are now in widespread use. The crude, refolded IFN can be iso-
lated using a variety of immunoadsorbants. However, even pure IFN extracts are
not totally homogeneous and are comprised of IFN oligomers, monomers of differ-
ent molecular forms or even fragments of the molecule [50] and final purification
usually involves a combination of the chromatographic techniques mentioned
above to obtain a homogeneous well-characterized product.

This multiple-step approach has been used from the 1980s and has certainly
been refined in recent years. Its main drawback is that product loss increases geo-
metrically with each step, resulting in reduced final yield. However, significant
advances in our knowledge of protein expression (vectors, protein secretion) and
refinement of chromatography techniques have minimized product losses or have
even allowed for the purification of IFN in a single step.

In all cases, a basic production protocol is followed which is composed of the fol-
lowing steps: fermentation, cell separation, extraction, purification and formulation.

Industrial-scale production of IFN utilizes a protocol comprised of series of back-
to-back clarification steps designed to achieve not only higher purity, but also the
production of properly formulated product through a totally controlled process. Be-
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Fig. 3.2. Schematic diagram of the IFN production process.

cause of the clinical use of the final product, strict Good Clinical Practice protocols
have to be applied during the entire production and purification procedure, and
the purified IFN has to be free of toxins, chemicals or other biological pathogens,
such as viruses and bacteria (formulated product). Such exhaustive downstream
processing protocols are certainly followed by considerable losses in the amount
of the final product. Nevertheless, the development of computer-assisted fermenta-
tion processes coupled to high-density cell cultivation techniques have considerably
contributed to the production of pure IFN at an industrial scale by offering an un-
precedented level of control of the fermentation and the subsequent downstream
processes, ensuring high product quality and process reproducibility.

3.4
Long-acting IFNs

The natural type I IFNs are rapidly degraded by proteolytic breakdown in the
kidneys and the resulting cleavage products are excreted. This rapid metabolism
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leads to a very short half-life for unmodified IFNs which requires frequent dosing
intervals. To overcome the problems associated with their short half-lifes a number
of different approaches have been developed to reduce the excretion of the type I
IFNs and increase their serum half-life.

Polyethylene glycol (PEG) is an inert molecule that can form long, covalent
chains. Using a variety of different approaches, PEG chains of various lengths can
be attached to biological proteins. The resulting proteins retain their biological
activity, but have greatly reduced rates of degradation and hence much longer
half-lives. To improve the biostability of the type I IFNs, pegylated versions have
recently been developed and these are now widely licensed for the treatment of
hepatitis C [51]. Two different pegylated IFNs are currently available. One consists
of a 12-kDa PEG chain linked by a cleavable bond to an IFN-«2b. This cleavable
bond breaks down in solution liberating unmodified IFN-«2b. Hence, this PEG
IFN is probable best regarded as a slow-release preparation that liberates active
drug in solution. The alternative pegylated IFN consists of a long, branched PEG
chain that is covalently linked to the IFN-02a molecule. This pegylated IFN has
a long half-life and circulates intact [51]. The pegylated IFNs that are currently
available are derived from standard IFN-«2a and -22b (produced as outlined above)
that has been chemically linked to the PEG chain and then purified for clinical
use.

The currently available pegylated IFNs are used in once-weekly dosing and at-
tempts are currently being made to produce active type I IFNs that can be admin-
istered less frequently. The natural protein albumin can be linked to IFN to gener-
ate a very long-acting IFN which requires dosing as infrequently as once a week.
This novel compound (Albuferon) is currently undergoing clinical trials [52].

3.5
Summary

The type I IFNs are a family of structurally related, cuboidal proteins that can be
produced by viral stimulation of mammalian cells or generated from appropriately
modified, genetically engineered, bacteria. Early commercial IFNs were produced
from stimulated cells, but refinements in recombinant protein production techni-
ques have led to bacterially derived IFNs dominating the therapeutic market place.
The bacterially derived IFNs are purified to homogeneity using an iterative process
involving a variety of purification steps and the resulting products have now been
in widespread clinical use for over a decade with striking success. Recent advances
in our understanding of the limitations of short-acting IFNs have led to the devel-
opment of modified IFNs, chiefly pegylated IFNs, that have enhanced pharmaco-
kinetic properties and are clinically beneficial. It seems likely that further refine-
ments to both the structure and production of the type I IFNs will lead to further
clinically beneficial advances in the foreseeable future.
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Interferon-y: Gene and Protein Structure,
Transcription Regulation, and Actions

Ana M. Gamero, Deborah L. Hodge, David M. Reynolds,
Maria Cecilia Rodriguez-Galan, Mansour Mohamadzadeh
and Howard A. Young

4.1
Introduction

In 1965, E. F. Wheelock reported in the journal Science [1] on an interferon (IFN)-
like virus inhibitor induced in human leukocytes by phytohemagglutinin. This re-
port is generally accepted as being the first description of IFN-y. Also designated as
“immune” or type II IFN, due to its production by leukocytes (in contrast to the
cell sources for IFN-« and -f) and its immunoregulatory effects, IFN-y has since
been reported to have many additional properties beyond its antiviral activity. Des-
ignated as IFN-y in 1980 by an international committee [2], one of the first activ-
ities attributed to this protein that was distinct from its antiviral activity was that
of macrophage-activating factor (MAF) [3], but it was not until 1983 that IFN-y
was determined to be the molecule exhibiting this biological activity [4].

IFN-y genes have been identified in all mammals, birds and even the fugu fish.
However, no such distantly related gene has been reported in lower eukaryotes.
The cDNA is not known to undergo alternate splicing and is approximately 1.2—
1.3 kb in length. Although not definitively demonstrated, the gene is thought to
be transcribed from both alleles, which puts it in contrast to interleukin (IL)-2 and
-4. IFN-y mRNA is induced by many extracellular signals, including soluble medi-
ators (e.g. IL-2, -12, -15 and -18) and by crosslinking of cell surface receptors (e.g.
CD3, CD16 and LY49 activating receptors), and when multiple signals are com-
bined a synergistic induction of the mRNA is observed — a response seen with
few other cytokines. While the major cell types that express IFN-y are T cells (both
CD4 and CDS8), natural killer (NK) cells and NKT cells, numerous other cell types
have been reported to express this mRNA, including macrophages, B cells and
neutrophils. However, other than a report demonstrating that autocrine secretion
of IFN-y negatively regulates immature B cell homing [5], the physiological signif-
icance of IFN-y expression by alternate cell types has remained elusive.

The human protein is 166 amino acids, of which 23 amino acids represent a
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hydrophobic signal sequence. While a viable and fertile IFN-y null mouse has been
created [6], as yet there have been no reports of humans born without an intact
IFN-y gene. In contrast, there are a number of reports of humans born with a de-
fective IFN-y receptor (IFN-yR) chain, and these defects sensitize these individuals
to Mycobacterium and Salmonella infections (for a review, see [7]).

In this chapter, we shall cover a number of aspects of IFN-y biology, including
the epigenetic and molecular regulation of IFN-y gene transcription and protein ex-
pression, the pathways involved in IFN-y signaling, its role in innate and cellular
immune maturation and function, and the effects of IFN-y on tumor development
and growth.

4.2
IFN-y Gene Structure and Regulation

IFN-y is a single-copy gene that has been identified in mammals, birds and fish.
The human IFN-y gene and cDNA sequences were initially reported in the early
1980s [8-10]. The human gene is located on chromosome 12 and the mouse gene
on chromosome 10. Although sequence analysis of the IFN-y gene from many
species revealed that the gene structure is highly conserved, and consists of four
exons and three introns (Fig. 4.1), the nucleotide sequence is less conserved and
there is only 40% similarity at the amino acid level among human, mouse and
rat. In humans, the IFN-y coding sequence is invariant [11]; however, several
single nucleotide polymorphisms (SNPs) exist in the promoter, intron 1 and 3'-
untranslated regions (UTRs) [12-15]. Of these, the IFN-y promoter SNP, which
consists of a G to T transition at position —179, influences IFN-y transcription
through the creation of a potential AP-1 site and increased IFN-y transcription in
response to tumor necrosis factor (TNF)-o [12]. Another highly polymorphic CA
microsatellite nucleotide repeat is located in the first intron, and is linked to altered
IFN-y production and the development of a variety of diseases, including rheuma-
toid arthritis [16] lung transplant allograft fibrosis [17] and acute graft-versus-host
disease [18].

4.2.1
Transcriptional Regulation

Careful examination of the proximal promoter region (—300 to —1) of the mouse
and human genes reveals an approximate 80% identity between species, suggest-
ing that this region is significant for the regulation of IFN-y gene transcription. Re-
cently, two highly homologous and evolutionarily conserved noncoding sequence
(CNS) elements were identified within the IFN-y locus [19, 20]. The first CNS site
is situated approximately 5 kb upstream of the IFN-y transcriptional start site, and
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binds NFAT and T-bet, two transcription factors that are essential for IFN-y expres-
sion and T helper (Ty,) 1 cell development [21]. The second CNS is located approx-
imately 18 kb downstream of the initiation codon. DNA-protein interactions in
this region have not been extensively characterized; however, T-bet-dependent his-
tone modifications have been mapped to this region [20]. Regulatory elements in
the proximal IFN-y promoter and intronic regions enhance IFN-y expression, but
do not influence its cell-specific expression. Thus, newly described distal CNSs
may exist to facilitate high levels of cell- and tissue-specific expression of IFN-y.

The proximal IFN-y promoter and intervening sequences contain binding sites
for many trans-activating regulatory factors that in part include T-bet, GATA-3, nu-
clear factor (NF)-xB, NF-AT, yin-yang-1 (YY-1), signal transducers and activators of
transcription (STATS), Jun, AP-2, OCT-1, peroxisome proliferator-activated receptor
(PPAR)-y, and cAMP response element-binding protein (CREB)/activating tran-
scription factor (ATF)-2. These factors act as enhancers with the exception of the
negative regulatory factors YY-1 and PPAR-y. YY-1 represses IFN-y transcription
by binding to several sites in the IFN-y promoter and by competing with AP-1 for
binding to overlapping sequence elements [22]. PPAR-y repression activity local-
izes to the IFN-y proximal promoter and interferes with c-Jun activation of the
IFN-y gene [23]. T-bet acts as an enhancer and regulates lineage specific expression
of IFN-y as demonstrated by its requirement for IFN-y expression in CD4* derived
Tu1 cells [21]. In contrast, CD8" T cells require both T-bet and Eomesodermin
(Eomes), a T-bet paralog, for elevated cell-specific expression of IFN-y. This is dem-
onstrated by a severe reduction in IFN-y expression in CD8* T cells from T-bet~/~
mice that can be restored by overexpression of Eomes in the CD8" T cells from
these animals [24, 25]. A number of putative T-bet response elements have been
identified within the first 2300 nucleotides of the IFN-y promoter [21, 26, 27]. Of
these, several T-bet half sites within the first 300 bp upstream of the transcriptional
start site appear to be most critical for T-bet-specific activation of IFN-y expression
[26] GATA-3 is a complex regulatory factor in that it suppresses IFN-y expression
in Ty, cells but enhances expression in natural killer (NK) cells [28, 29]. The mech-
anism by which GATA-3 suppresses IFN-y expression does not depend on direct
binding of GATA-3 to the IFN-y promoter but instead acts through a GATA-3-
mediated downregulation of STAT-4. An alternative pathway for GATA-3 upregula-
tion of IFN-y is unknown.

4.2.2
Epigenetic Regulation

Epigenetic changes that include chromatin remodeling, DNA methylation and his-
tone acetylation provide stable and long-term transcriptional control of the IFN-y
gene locus. To identify regulatory regions of the IFN-y gene, early chromatin re-
modeling studies examined the accessibility of DNase I to the IFN-y gene. Regions
of highly condensed chromatin containing nontranscribed DNA are not readily ac-
cessible to limited DNase I digestion. However, DNase I cleavage will occur at so-
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called hypersensitive sites (HSs) where the chromatin unwraps and DNA becomes
accessible. Stimulated T cells, nonstimulated T cells and non-T cells have distinct
patterns of IFN-y DNase I hypersensitivity, suggesting that alterations in chroma-
tin structure do influence a cells ability to produce IFN-y [30, 31]. In addition, Rao
et al. have demonstrated that new and permanent DNase I HSs develop in the
IFN-y gene upon T cell differentiation of naive Ty, cells into IFN-y-producing Ty 1
cells. These HSs do not appear during T cell differentiation into Ty2 cells that pro-
duce interleukin 4 (IL-4) in lieu of IFN-y [32].

Recently, a chromatin conformation capture assay (3C assay) was used to exam-
ine in vivo alterations in the IFN-y gene during T cell differentiation. It was found
that after 5 days in either neutral, Ty1 or T2 culture conditions, the IFN-y locus
from the differentiated Ty, 1 and Ty2 cells had undergone conformational changes
that were distinct not only from one another, but also from undifferentiated cells.
Moreover, these changes were enhanced following a secondary restimulation by
anti-CD3 [33]. Ultimately, the conformational changes reflected an IFN-y gene
structure that is more open in effector Ty, 1 cells and highly compact in Ty2 cells.

DNA methylation is a robust regulator of gene expression where the nucleotide
cytosine is modified to 5-methylcytosine at CpG residues resulting in reduced or
silenced gene expression directly by blocking DNA—protein interactions or indi-
rectly by recruiting corepressors such as histone deacetylases. In contrast, DNA
demethylation allows access of regulatory proteins to chromatin sequences to up-
regulate gene transcription. Several reports show that hypomethylation of the
IFN-y promoter between positions —200 and +1 contributes to [FN-y gene tran-
scription [34-37]. Furthermore, a SnaBI recognition site (TACGTA), which is
highly conserved among all species, is a critical methylation target. Hypomethyla-
tion at this site correlates with high levels of IFN-y expression in both Ty, cell lines
and in newly activated primary T cells [34, 35, 37, 38]. Dissection of the IFN-y locus
has revealed this region to be highly methylated in nonactivated T cells. However,
antigen activation, cellular differentiation and proliferation of T cells result in a
rapid demethylation of the IFN-y locus [39]. Unlike T cells, NK cells produce IFN-
y without prior cellular preactivation. Direct cytokine stimulation of NK cells re-
sults in rapid transcriptional activation of the IFN-y gene that coincides with a
constitutively demethylated IFN-y locus [40]. Thus, epigenetic modifications, in
particular CpG methylation, identify fundamental molecular differences between
T and NK cells with regard to their ability to produce IFN-y.

Histone acetylation is a reversible modification that is associated with increased
transcriptional gene activation. Using a Ty, cell differentiation model, it was shown
that T cell receptor stimulation of naive T cells results in rapid acetylation of both
IFN-y and IL-4 loci irrespective of the Ty, 1 and Ty,2 culture conditions [41]. Yet, con-
tinued culturing in T}, 1- or Ty, 2-polarizing conditions leads to selective, specific and
distinct acetylation patterns for the IFN-y and IL-4 genes. An in-depth analysis of
the IFN-y locus shows that Ty2 polarization results in hyperacetylation of at least
50 kb of DNA sequence upstream and downstream of the IFN-y gene. Moreover,
this extended pattern of histone acetylation is highly dependent on the Ty, 1-polariz-
ing cytokine IL-12 [42].
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423
Post-transcriptional Regulation

Post-transcriptional regulatory control of IFN-y expression is the least understood.
Stabilization of IFN-y mRNA expression [43] induced by the combination of IL-2
and -12 indicates that regulation of this gene is controlled by both transcriptional
and post-transcriptional mechanisms. One proposed mechanism by which IL-12
controls IFN-y mRNA expression is by nuclear sequestration of pre-existing IFN-y
transcripts that is relieved in response to secondary stimulation resulting in rapid
nucleocytoplasmic shuttling of the IFN-y mRNA with subsequent protein synthesis
[44]. A different study found that IFN-y mRNA can autoregulate its own translation
through a pseudoknot located in its 5’-UTR. The RNA pseudoknot activates protein
kinase PKR that in turn phosphorylates initiation factor elF-2, which results in a
strong reduction in mRNA translation [45]. Supporting evidence for IFN-y post-
transcriptional control is derived from IFN-y reporter mice where the I[FN-y 3'-
UTR sequence is replaced with a Yellow Fluorescent Protein (YFP) sequence, and
NK and NKT cells from these mice are spontaneously fluorescent. Unlike wild-type
mice, these mice show basal IFN-y protein expression that in parallel displays con-
stitutive IFN-y mRNA accumulation [46].

The signaling pathways responsible for post-transcriptional control of IFN-y
are not entirely elucidated. Several studies demonstrate IL-12 and -18 signal
through the mitogen-activated protein kinase (MAPK) p38 pathway to regulate
IFN-y expression at the transcriptional and post-transcriptional levels, with the
post-transcriptional regulation mediated through sequence elements found within
the 3’-UTR of the IFN-y mRNA [47, 48|. Overall, post-transcriptional control of
IFN-y expression is not due to a single mRNA conformation or a single sequence
element, but instead requires the involvement of both 5’- and 3’-UTRs to confer
stimulus-specific control of IFN-y at multiple locations within the cell.

IFN-y is an important immunomodulator, and thus it is not surprising that the
IFN-y gene is highly conserved and regulated through complex and multifaceted
mechanisms that include DNA/histone modifications, tissue-specific protein—
DNA interactions and mRNA control. Much progress has been made in recent
years to delineate the mechanisms underlying the regulation of IFN-y expression.
Future in vivo studies using a combination of transgenic, targeted DNA deletion
and knockout approaches may allow a more complete understanding of how ex-
pression of this complex gene is regulated.

4.3
IFN-y Signal Transduction

The antiviral, antigrowth and immunoregulatory effects IFN-y exerts on cells were
believed to be mediated by a specific set of genes induced by this cytokine. How-
ever, how IFN-y delivered an intracellular signal from engaging the receptor at the
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Fig. 4.2. Signal transduction of IFN-y. IFN-y receptor, dimerizes with another STAT-1 and

binding to its receptor causes JAK-1 and -2 translocates to the nucleus to drive ISG

auto and trans tyrosine phosphorylation, expression. Inactivation of the JAK—STAT
respectively. Activated JAK-1 phosphorylates pathway is controlled by PTPs, SOCS-1 and
IFN-yR1 and STAT-1 becomes recruited to PIAS-1. (This figure also appears with the color
the receptor to be phosphorylated by JAK-1. plates.)

Activated STAT-1 dissociates from the

cell surface to the nucleus to activate gene transcription was initially not readily un-
derstood. The primary signaling pathway activated by IFN-y was uncovered in the
early 1990s and since then has been known as the Janus kinase (JAK)-STAT path-
way, as depicted in Fig. 4.2. In this section, we will present a description of our cur-
rent understanding of the JAK—STAT signal transduction pathway and the signifi-
cance of additional signaling cascades that lead to the biological effects of IFN-y.

431
The JAK-STAT Signaling Pathway

IFN-y signals primarily via the JAK-STAT transduction pathway to induce most of
its biological activities. This involves the participation of a preassembled IFN-yR
which consists of two ligand-binding IFN-yR1 chains each associated with one
IFN-yR2 chain. IFN-yRs belong to the class II cytokine receptor family and are con-
stitutively expressed on virtually all cells. The IFN-yR1 gene is located on human
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chromosome 6 and murine chromosome 10, and encodes a 90-kDa protein. The
IFN-yR2 gene is located on human chromosome 21 and murine chromosome 16,
and encodes a 62-kDa protein [49]. As both IFNy-R chains lack intrinsic kinase and
phosphatase activity, additional molecules are recruited for signal transduction.
Two members of the family of Janus kinases, JAK-1 and -2, are constitutively asso-
ciated with IFN-yR1 and -yR2 respectively. Biologically active IFN-y is a noncovalent
homodimer that upon binding to its receptor causes the intracellular domains of
both receptors to open, recruit signaling molecules and then induce JAK-2 auto-
phosphorylation and the subsequent JAK-1 transphosphorylation by JAK-2. Acti-
vated JAK-1 phosphorylates tyrosine residues 440 and 419 of each IFN-yR1 subunit
in human and mouse, respectively, that serves as docking sites to recruit STAT-1.
JAK-1 phosphorylates STAT-1 on Tyr701 that causes STAT-1 to dissociate from the
receptor and form dimers via SH2 domain-phosphotyrosyl interactions. STAT-1
dimers translocate to the nucleus to bind DNA at y-activated sequence (GAS) ele-
ments with the consensus sequence TTCN(;_4 GAA that is found in the promoters
of IFN-inducible genes (ISG). Biochemical and genetic analysis support the signif-
icance of the JAK-STAT pathway in mediating IFN-y signaling. Cells lines lacking
IFN-yR, STAT-1, or JAK-1 or -2, when complemented with the missing gene, show
restoration of IFN-y mediated biological responses [49, 50]. Deficiency of either
JAK-1 or -2 genes in mice is embryonic lethal [51, 52]. Although mice deficient in
STAT-1 or IFN-yR are viable, they remain highly susceptible to viral, bacterial and
parasitic infections, and are more prone to form tumors [53-56]. In addition, nat-
urally occurring, heterozygous loss-of-function mutations in IFN-yR as well as in
STAT-1 have been found in individuals who are susceptible to mycobacterial infec-
tion [57-63].

432
Activation of Alternate Signaling Pathways

Several signaling pathways, in addition to the JAK—STAT pathway, are activated by
IFN-y. Serine phosphorylation of STAT-1 at residue 727 is essential for maximal
gene expression and occurs independently from STAT-1 tyrosine phosphorylation
[64, 65]. This allows for the interaction of STAT-1 with MCM5 and BRCAI1 to
augment IFN-y-mediated gene transcription [66]. Other studies have shown that
stress, lipopolysaccharide (LPS), and inflammatory cytokines like TNF-8 and IL-1
induce serine phosphorylation of STAT-1, and synergize with IFN-y to enhance
STAT-1-mediated gene activation [67]. Evidence to support the biological impact
of STAT-1 serine phosphorylation in IFN-y signaling comes from mice expressing
a Ser727 to Ala STAT-1 mutation. These mice not only show defective STAT-1-
mediated gene expression, but most importantly they fail to clear bacterial infec-
tions [68]. Identification of the kinase responsible for the serine phosphorylation
of STAT-1 has remained elusive. Several studies indicate the involvement of
the MAPK pathway in serine phosphorylation of STAT-1 [64]. IFN-y activation of
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serine/threonine kinase p42/ERK-2 mediates serine phosphorylation of STAT-1
that when inhibited, impairs gene transcription [69, 70]. Raf-1, the upstream kin-
ase responsible for the activation of ERK-2 not only is activated by IFN-y, but also
requires STAT-1 and JAK-1 to properly function [71, 72]. In addition, p38MAPK is
also activated by IFN-y, yet it remains unclear whether this kinase is directly in-
volved in the serine phosphorylation of STAT-1 [67, 73, 74]. Work from several
groups has also demonstrated that phosphatidyliositol-3-kinase (PI3K) and its
effector kinase AKT [75, 76], protein kinase C J [77] and calmodulin-dependent
kinase (CAMKII) [78] are activated by IFN-y, and play a role in the serine phos-
phorylation of STAT-1. Furthermore, IFN-y also promotes the phosphorylation of
the p65 subunit of NF-xB, thus increasing the transactivation potential of NF-xB
[79]. More recently, the inhibitor of xB kinase (IKK) was reported to be required
for the transcription of a subset of ISGs, that occurs independently of NF-xB acti-
vation and is downstream of STAT-1 tyrosine phosphorylation [80].

IFN-y also activates a STAT-l-independent signaling pathway. Cells deficient
in STAT-1 remain responsive to IFN-y as these cells proliferate and are protected
from apoptosis, even though they remain more susceptible to viral infection. In
the absence of STAT-1, IFN-y upregulates the expression of c-myc and c-jun — genes
that are implicated in promoting cell growth and survival [81, 82]. Furthermore,
IFN-y also weakly induces the activation of STAT-3, which antagonizes the activities
of STAT-1 and competes for binding to Tyr419 of IFN-yR1. However, in the absence
of STAT-1, STAT-3 activation is stronger and prolonged in response to IFN-y and
drives the expression of genes such as suppressor of cytokine signaling (SOCS)-3
and C/EBP-§ whose promoters contain GAS elements [83].

433
Regulation of IFN-y Signaling

Distinct mechanisms exist that regulate IFN-y activation of the JAK-STAT pathway.
For instance, IFN-y contains a nuclear localization signal (NLS) in the C-terminus
[84, 85], and a model of nuclear translocation of IFN-y has been proposed wherein
IFN-y assists STAT-1 localization to the nucleus and binding to DNA to activate
gene expression [86, 87]. As described, IFN-y forms a complex with IFN-yR. Re-
cruitment of STAT-1 to the complex occurs next via association with IFN-yR1,
resulting in endocytosis of the receptor and translocation of IFN-:IFN-yR1:STAT-
1 to the nucleus while IFN-yR2 is maintained on the cell surface. In contrast, for-
mation of an IFN-y:IFN-y)R1 complex can lead to IFN-yR desensitization. IFN-y
binding to its receptor promotes the internalization of IFN-yR1 resulting in down-
regulation of surface receptor expression. The internalized receptor can enter the
endosomal pathway where IFN-yR1 either dissociates from IFN-y and is recycled
to the cell surface, while IFN-y is degraded [88, 89] or IFN-yR1 is targeted for deg-
radation [90].

Another key regulatory control involves the IFN-y inducible gene, SOCS-1 [91].
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IFN-y creates its own negative feedback mechanism with SOCS-1, as it associates
with activated JAK-2 to inhibit its kinase activity [92]. For instance, overexpression
of SOCS-1 in cells results in loss of IFN-y responsiveness, and mice deficient in
SOCS-1 develop a complex fatal neonatal complex and show hypersensitivity to
IFN-y [93-95]. The mechanism by which SOCS-1 regulates STAT-1 activation was
recently elucidated. In addition to phosphorylation of Tyr419 of the IFN-yR1 in
mice, IFN-y also phosphorylates Tyr441. Mutation of this residue inhibits SOCS-1
from binding to IFN-yR1 and JAK-2, and prolongs STAT-1 activation after IFN-y
stimulation [96].

Protein tyrosine phosphatases (PTP) also play a crucial role in downregulating
IFN-y signaling. At the receptor level, SHP-2 is a PTP that acts as a negative regu-
lator of the JAK-STAT pathway by inducing JAK dephosphorylation, thus in-
hibiting further STAT-1 phosphorylation [97]. Cells deficient in SHP-2 display en-
hanced STAT-1 binding to DNA, augmented antigrowth activity to IFN-y and
increased caspase-1 expression [97]. In contrast, inactivation of STAT-1 by distinct
PTPs takes place in the nucleus [98, 99]. Recently, TC-45, the nuclear form of TC-
PTP, was identified as a nuclear PTP responsible for the dephosphorylation of
STAT-1 [100]. TC-PTP directly dephosphorylates STAT-1 and, to a lesser extent,
STAT-3. As demonstrated in cell lines deficient in TC-PTP, dephosphorylation of
IFN-y induced tyrosine phosphorylated STAT-1 is defective, but can be restored
when cells are complemented with TC-PTP [100].

Protein inhibitor of activated STAT (PIAS)-1 also negatively regulates IFN-y-
mediated STAT-1 signaling. Support for this observation and its significance in
IFN-y-mediated immune responses come from mice deficient in PIAS-1 wherein
mice show enhanced antimicrobial activity [101]. It was proposed that PIAS-1 se-
lectively regulates the expression of a subset of ISGs by interfering with STAT-1
binding to the gene promoter. Furthermore, PIAS proteins can also function as
regulators of small ubiquitin-like modifier (SUMO) modification. Like ubiquitina-
tion, SUMO modification targets proteins for degradation. PIAS1 was recently re-
ported to enhance the SUMO modification of STAT-1. Although Lys703 of STAT-1
was mapped as the site for SUMO modification, mutation of this residue neverthe-
less abolished STAT-1 SUMO modifications, but did not abrogate the inhibitory
activity of PIAS-1 [102].

Most recently, arginine methylation of STAT-1 was discovered as another post-
translational modification required for IFN-mediated gene activation [103]. STAT-
1 arginine methylation appears to control the rate of STAT-1 dephosphorylation.
Inhibition of STAT-1 arginine methylation not only leads to defective STAT-1 tyro-
sine dephosphorylation, but also abrogates gene transcription. This seems to occur
by the enhanced association of PIAS1 with activated STAT-1, that in turn prevents
TC-PTP from binding to STAT-1 to be inactivated [104].

In summary, [FN-y activates and orchestrates several signaling cascades that
together lead to the manifestation of the biological effects of this cytokine. Pertur-
bation in any of these signaling events leads to cytokine signaling de-regulation,
resulting in either a gain or loss of function that can be deleterious to the host.
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4.4
IFN-y in T,, Cell Development

IFN-y is an important mediator in the development of host defense where both in-
nate and adaptive immunity become integrated. Adaptive immunity is heavily de-
pendent on the generation of antigen-specific CD4" and CD8" T cells to fight dis-
ease. CD4™ T cells act as a bridge that helps shape the development of an immune
response and have been designated T, cells. Mosmann et al. classified Ty, cells into
two subgroups, Ty 1 and T2, based on their cytokine production profiles [105]. Ty, 1
cells secrete IFN-y, IL-2, TNF-a and TNF-p, all of which affect cellular immunity,
whereas T},2 cells produce IL-4, -5, -6 and -13 that in turn regulate B cell function
affecting humoral immunity. Naive CD4™ T cells, the Ty, precursor, can differenti-
ate into either Ty, 1 or Ty,2 effector cells. This decision is not only determined by T
cell receptor (TCR) engagement of antigen bound to major histocompatibility com-
plex (MHC) class II molecules on the surface of antigen-presenting cells (APCs),
but is also strongly influenced by concentration of antigen, the nature of the APC
and the existent cytokine milieu. Importantly, numerous laboratories have demon-
strated that IFN-y and IL-12 primarily determine T,1 development, whereas IL-4
promotes Ty,2 development. Furthermore, IFN-y secreted by APCs, NK, CD8" and
CD4* T cells can directly influence naive CD4™ T cells toward a Ty, 1 phenotype by
establishing a positive feedback mechanism to amplify the T}, 1 response and inhib-
iting production of IL-4 by Ty,2 cells. Moreover, among the repertoire of APCs, den-
dritic cells (DCs) have been implicated as the primary type of APC involved in pre-
senting MHC class II antigenic peptides to the naive CD4™ T cells, based on their
potent antigen-presenting capabilities, high MHC class II expression and are local-
ized to sites where they can encounter naive CD4" T cells [106]. Specific subsets of
DCs produce factors that stimulate production of cytokines such as IL-12 (impor-
tant for T,1) and IL-6 (T,2), and recently it has been shown that APCs (DCs and
macrophages) can produce IFN-y — a potent signal for T, 1 development [107].

4.4.1
Signaling Pathways Involved in T Cell Development

Signaling pathways that promote T}, differentiation are activated by specific cyto-
kines or upon APCs interaction with naive T cells. One of these pathways involves
members of Tec family of nonreceptor tyrosine kinases. Txk in humans and RIk,
the mouse homolog, are implicated in T,1 development. Txk expression was
shown to be restricted to T,0 and Ty 1 cells, and transfection of Txk transactivated
an IFN-y promoter construct along with elevating endogenous IFN-y levels [108,
109]. Conversely, Itk has been implicated in T2 development; in particular, the
regulation of IL-4 with no visible effects on IFN-y [110]. This role for the Tec family
in T cell differentiation is supported by in vivo studies of infectious disease models
[111]. Studies looking at JNK-1 and -2, p38MAPK, and GADD45 have implicated
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the MAPK pathways in Ty, 1 signaling (specifically IL-12 mediated) and IFN-y pro-
duction with little to no effects on T2 cytokine production [112].

The significance of IFN-y in Ty 1-mediated immune responses is exemplified in
IFN-y, -yR1 and -yR2, and STAT-1 knockout mice. These mice have impaired im-
mune responses and increased susceptibility to microbial pathogens and viruses
[6, 53-55], also seen in humans with natural occurring mutations in the IFN-yR
signaling pathway [61-63]. One of the major roles for IFN-y in the Ty1 response
is activation of macrophages resulting in increased phagocytosis, upregulation of
MHC class I and II, and production of IL-12, nitric oxide (NO) and superoxides to
eliminate intracellular pathogens [113]. Mice infected with Leishmania major
mount a Ty1 response; however, administration of anti-IFN-y antibodies antago-
nized this response and instead generated a Ty,2 response that failed to clear the
infection [114, 115]. To further support the role of IFN-y in T,1 development, in
vitro studies showed IFN-y-stimulated naive CD4" T cells differentiated along the
T, 1 pathway in the absence of IL-12 [116]. Furthermore, CD4™ T cells deficient in
IFN-yR2 show impaired Ty 1 responses to anti-CD3/CD28 stimulation in vitro and
in vivo [117]. Through these studies, IFN-y has been shown to be essential for IL-12
induced Ty, 1 development, partly through the maintenance of I1L-12Rf2 expression
[118-120]. The absence of IFN-y stabilizes T2 development, in part through the
downregulation of the IL-12RA2 chain, and hence the loss of IL-12 responsiveness,
and addition of IFN-y into developing T2 cultures restores IL-12RfS2 expression
and IFN-y secretion by these cells [119].

IFN-y signaling also promotes the activation of the transcription factor T-bet, a
member of the T-Box family of transcription factors. T-bet regulation in T}, 1 devel-
opment is controlled primarily by IFN-y signaling through STAT-1 which causes
chromatin remodeling and activation of IFN-y and IL-12Rf2 gene expression,
thus establishing a positive feedback loop and commitment to T, 1 development
[21, 121, 122]. Simultaneously, a negative feedback loop is also created in part by
T-bet resulting in inhibition of T2 development/cytokine production and down-
regulation of IL-4R activation through the inhibition of the T2 transcription factor
GATA-3 [123-126]. T-bet inhibition of GATA-3 is due to Itk kinase-mediated inter-
action of T-bet with GATA3 interfering with GATA-3s ability to bind its target DNA
[127]. Conversely, activation of GATA-3 during T2 lineage commitment through
IL-4/STAT-6 activation can directly or indirectly establish a negative feedback loop
to inhibit IFN-y secretion and subsequently IL-12R 2 expression [123, 128]. Overall,
after TCR engagement, IFN-y in the cellular environment appears to be a vital trig-
ger to polarize naive CD4" T cells toward Ty,1 development. IFN-y pathway activa-
tion upregulates T-bet, which in turn establishes IFN-y production in the CD4* T
cell and creates a positive feedback loop, where IFN-y up regulates IL-12Rf2 ex-
pression, establishes IL-12 responsiveness and the cell becomes committed to the
T,1 lineage pathway. Finally, IFN-y establishes a negative feedback loop to inhibit
Ty2 development stabilizing the Ty 1 lineage.

Similar to T cells, human NK cells undergo a linear development passing
through stages that resemble Ty1 and Ty2 cytokine phenotypes [129]. Further-
more, it has recently been shown that IFN-y directly affects the IL-4-dependent pro-
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liferation of these NK cells [130]. In summary, IFN-y, through its expression and
direct effects on key lymphoid cell populations, represents a critical bridge between
the innate and adaptive host immune response.

4.5
IFN-y and DCs

As discussed in this chapter, IFN-y is involved in the modulation of MHC class I
and II cell surface expression, enhancement of cytotoxic killing by antigen-specific
T cells, and activation of macrophages. In this section, we discuss the role of IFN-y
following T and NK cell activation after their encounter with professional APCs,
specifically DC subsets.

DCs, widely distributed in lymphoid and nonlymphoid tissue, are a complex,
heterogeneous group of multifunctional APCs that comprise an essential compo-
nent of the immune system [131]. DC differentiation, governed by several cyto-
kines, results in the development of myeloid DCs (MDCs), lymphoid DCs (LDC)
and Langerhans cells (LCs). In addition, plasmacytoid DCs reside in various organs
that are specialized to secrete high levels of type I IFN in response to viral infection
[132]. Thus DCs have become recognized as being an essential component of the
both the host innate and adaptive immune response.

4.5.1
IFN-y and T Cell-DC Crosstalk

DCs, by way of cytokine secretion, shape the phenotype and functional properties
of Ty, cells; in contrast, T cells profoundly affect the function of DCs. For example,
DCs present processed immunogenic peptides on MHC class II to precursor Ty
cells [133], which are activated by costimulatory signals (e.g. CD40, CD86) deliv-
ered from DCs in lymphoid organs. The T cell/DC dialog via CD40/CD40 ligand
[134] triggers DC maturation [135] followed by IL-12 and -18 secretion, which pro-
motes IFN-y production in pre-Ty,1 cells [134, 136]. T, 1-derived IFN-y then signals
through STAT-1, which induces the activation of the T-box transcription factor T-
bet, which is a critical Ty,1/IFN-y inducer (described above). Even though T-bet
acts before IL-12 signaling, DC-derived IL-12 activates STAT-4 and stabilizes IFN-y
expression in terminally differentiated Ty 1 cells. Furthermore, T cell-derived IFN-y
upregulates the expression of MHC class I and II, induces the production of IL-6,
and arrests IL-8 production in DCs and macrophages [137]. Moreover, induced
IFN-y plays an essential role in enabling the functional priming of already com-
mitted Ty1 cells. IFN-p-primed Ty1 cells preferentially express several unique
molecules such as IL-12Rf2 chain, IL-18 receptors, P-selectin glycoprotein ligand-
1, Chandra, CXCR3 and the CXCR5 chemokine receptors that ultimately enable
them to migrate to B cell follicles [138-140] and interact with naive antigen-
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immunogenic antigens, but this cannot be

presenting B cells [141]. As summarized in Fig. 4.3(A), IFN-y production is indi-
rectly influenced by crosstalk between DCs and T cells. DC presentation of antigen
and release of IL-12 and IL-18 to T cell subsets induce a Ty, 1 stimulatory response
with IFN-y production. The release of this T cell-derived IFN-y then positively acti-
vates DCs and fuels a robust T, 1 immune response.

Generally, cross-presentation by professional APCs requires that immunogenic
antigens gain access to the machinery that is strongly involved in endogenous
MHC class I processing. Studies have focused on the unique capacity of DCs
to process soluble exogenous immunogens and their subsequent presentation to
killer T lymphocytes as a method to enhance the antitumor response in the host.
Recently it has been demonstrated that immature LCs are completely deficient in
cross-presentation of immunogens [142]. Exogenous IFN-y compensates for this
deficiency in LCs by allowing LCs exposed to peptides derived from exogenous
tumor antigen to cross present to CD8" T cells. Thus, when antigen-specific
CD8" T cells are activated by DCs, the ensuing release of IFN-y, by CD4" and
CD8*' T cells promotes antigen-specific T cell proliferation and recruitment of
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other APCs to the site of infection as summarized in Fig. 4.3(B). This feature of
IFN-y may be important to limit other cell types in the microenvironment where
DCs can induce specific cell-mediated immune responses.

4.5.2
Signals through Toll-like Receptors (TLRs) Activate DCs and Influence IFN-y
Expression

Sensing and recognition of microbial subunits by innate molecular components di-
rectly triggers various immune responses that regulate adaptive immune response.
Pattern recognition receptors (PRR) known collectively as TLRs signal through
myeloid differentiation factor 88 (MyD88) in DC subsets. Signaling through one
or a combination of certain TLRs activates and biases antigen-presenting DCs to
prime either T,1 or Ty2 responses as depicted in Fig. 4.4. It leads to differential
expression of phenotypic markers and cytokines that ultimately modulate early im-
mune responses. The ultimate release of IFN-y by DC-stimulated T cells is influ-
enced by both the type of pathogen and the type of engaged DC. Accordingly, it
has recently been shown that DC subsets express distinct repertoires of TLRs that
enable them, when engaged by a pathogen, to become activated and subsequently
secrete cytokines. For example, studies show that Bordetella pertussis binds TLR-4
and induces DC maturation with IL-12 secretion, leading to IFN-y expression by T
cells, NKT cells and NK cells [143]. In contrast, a TLR-4 deficiency enhanced IL-10
release and established a microenvironment that was favorable for proliferation of
T regulatory (T,) and Ty2 cells [144]. In another set of experiments, activation of
TLR-3, -4, -7 and -9, but not -2, on DCs, through the use of TLR agonists, activated

Pathogeni®y
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Fig. 4.4. Recognition of conserved subunits -18, or IFN-2/f). Such cytokines induce the

of infectious pathogens by TLRs induces expression of IFN-y in T and NK cells. This

DC maturation resulting in critical pro- IFN-y can affect further DC and T activation.
inflammatory cytokine production (e.g. IL-12 or (This figure also appears with the color plates.)
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naive and memory T cells and this T cell activation was directly mediated by IFN-
o/f, and IL-12 and -18 secreted by DCs and IFN-y produced by NK cells [145].
Furthermore IFN-o/f was found to be critical for T cell bystander activation and
production of IFN-y by NK cells in vivo [145].

Taken together, these data indicate that triggering of multiple receptors on DCs
associated with the innate immune system influences the type and magnitude of
immune response to a pathogen, and the subsequent triggering of IFN-y gene
expression.

4.6
IFN-y — Role in Tumor Development and Growth

IFN-y was approved for clinical use in 1986 as an antitumor and antiviral therapeu-
tic agent. Despite the remarkable antitumor responses reported in various animal
studies [146-151], data obtained from clinical trials of IFN-y have been thus far
disappointing. As described above, IFN-y signals primarily through the JAK-
STAT pathway and experimental studies performed in mice deficient in IFN-yR «
subunit (IFN-yR1), IFN-y or STAT-1 demonstrate the crucial role of IFN-y in medi-
ating rejection of transplantable tumors and in preventing primary tumor develop-
ment [149, 151].

The diversity of mechanisms through which IFN-y exerts its antitumor activity is
quite broad, and includes a direct toxic effect on tumor cells, inhibition of angio-
genesis during tumor development, and induction of a potent innate and adaptive
immune response to the tumor cells. In this section, we review the most important
mechanisms wherein IFN-y participates as an essential mediator of the antitumor
immune response.

4.6.1
IFN-y in Tumor Growth and Survival

STAT-1, a component of the IFN-y signaling cascade, has been proposed to act as a
tumor suppressor gene and is required for the direct apoptotic effects that IFN-y
exerts on a wide variety of tumor cell lines [147, 152-155]. For instance, while a
number of human tumor cell lines express Fas receptor, most of them are resistant
to Fas-mediated cell death. However, IFN-y can sensitize tumor cells to rapidly un-
dergo apoptosis via activation of the Fas signaling pathway [156, 157]. This effect
has been proposed to occur by the synergistic actions of caspase-1 activation and
the induction of the IFN-y-inducible gene IFN consensus sequence-binding protein
(ICSBP) [156]. Another group has reported that cleavage of the antiapoptotic pro-
tein Bcl-2 can be detected in apoptotic melanoma cells due to IFN-y mediated up-
regulation of Fas expression [158]. IFN-y can also restore TNF-related apoptosis-
inducing ligand (TRAIL)-induced apoptosis in resistant neuroblastoma (NB) cells
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by upregulating caspase-8 expression [159]. IFN-y-mediated tumor apoptosis is not
the only mechanism by which this cytokine restricts tumor growth. It has also
been postulated that IFN-y can exert direct antiproliferative effects on a wide variety
of tumor cells [147, 151, 152, 155]. Two molecular models have been proposed
for this antiproliferative effect. One model is based on the STAT-1-dependent acti-
vation of the cyclin-dependent kinase inhibitors, CDKIs (e.g. p21WAFI/CIP1) [152],
whereas the other demonstrates CDKI independence [155]. Furthermore, it has
been demonstrated that a continuous interaction of IFN-y with its receptor is nec-
essary for sustained expression of p21 and the transcription factor IRF-1, whose ex-
pression is associated with growth inhibition in ovarian cancer cells [160].

4.6.2
Inhibition of Angiogenesis by IFN-y

Establishment of solid tumors in vivo requires the formation of new blood vessels
in order to provide a continuous blood supply and this process, known as angio-
genesis, has become an important target for the treatment of solid tumors. In this
context, IFN-y induced antiangiogenesis represents another mechanism of tumor
rejection [161-163]. It remains unresolved, however, whether IFN-y inhibits angio-
genesis by acting directly on endothelial cells or indirectly through activity on other
nonhematopoietic cells in the tumor stroma. Another controversial issue is the cell
source of IFN-y in the antiangiogenic response. Qin et al. showed that in the J558L
myeloma tumor model, depletion of CD8", but not CD4*, T cells in immunized
mice restored blood vessel formation in the tumor [163], while other studies have
revealed the importance of CD4" T cells in the IFN-y-dependent inhibition of tu-
mor angiogenesis [161]. IFN-y produced by NK and NKT cells can inhibit murine
endothelial cell proliferation in vitro, and depletion of NK cells caused a significant,
but partial, inhibition of tumor growth and angiogenesis in vivo [162]. Interest-
ingly, the in vivo efficacy of CD8" cells in tumor rejection seems to correlate with
IFN-y production rather than cytolytic activity as demonstrated in perforin and Fas
ligand null mice [164, 165].

The timely recruitment of T cells to the tumor site and their IFN-y production
appears to be crucial for the inhibition of angiogenesis in the tumor microenviron-
ment. In naive mice, tumor-specific immunity develops concomitant with tumor
growth. Before T cells are recruited to the primary tumor site, they must be primed
with tumor antigen and this process does not always develop early enough to
prevent rapid tumor growth; therefore, angiostasis might be ineffective. Strong
support for this model came from experiments conducted in mice bearing a 1- to
2-week-old tumors. Mice rechallenged with the same tumor in a distant site
showed continuous growth of the primary tumor, while rejection of the secondary
tumor and this rejection occurred in a T cell-dependent manner. Overall, these ob-
servations support the model of IFN-y-induced angiostasis as a general mechanism
involved in tumor rejection, where T and/or NXK cells can participate, but do not act
exclusively, as tumor cell killers.
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4.6.3
Role of IFN-y in Promoting Immune Responses against Tumors

IFN-y is recognized as an important mediator of immunosurveillance. The concept
of “immunosurveillance” represents only one phase of the broader term better
known as “cancer immunoediting”. This concept is based on the notion that the
immune system continuously defends the host against tumor development. This
process consists of three phases: elimination, equilibrium and escape. In some
instances, the immune system of a normal individual can promote tumor devel-
opment because tumor cells with reduced immunogenicity manage to escape
immune recognition and death [166]. For example, tumors overexpressing a
dominant-negative form of the IFN-yR1 display enhanced tumorigenicity and re-
duced immunogenicity when transplanted into naive syngeneic hosts [167]. In ad-
dition, mice deficient in IFN-yR1 and STAT-1, in contrast to their wild-type counter-
parts, are far more sensitive to the tumor-inducing capacity of methylcholanthrene
(MCA) as these mice develop more tumors and have a shortened tumor latency pe-
riod [149]. In this context, although IFN-y contributes to the prevention of tumor
development, immunoediting can sometimes be deleterious to the host because it
selects for tumor variants that have adapted to survive in an immunocompetent
host.

NK and NKT cells are the earliest producers of IFN-y [168, 169]. These cells pro-
liferate, produce cytokines and acquire killing competency from exposure to IFN-y
and IL-12 [170]. Acting as early suppliers of IFN-y, they bridge the initiation of a
general antitumor innate immune response to the specific activation of cytolytic T
lymphocytes (CTL) [169]. IFN-y is a powerful activator of macrophages [168, 171,
172] and these activated macrophages provide activation signals to T cells. As de-
scribed earlier, T cell activation is dependent on the engagement of the TCR by an-
tigen presentation in complex with MHC class II molecules displayed on macro-
phages. Expression of MHC class II molecules is low on resting macrophages,
but is upregulated after exposure to IFN-y [172]. Incubation of macrophages with
IFN-y also enhances respiratory burst and NO secretion, and upregulates expres-
sion of cytotoxic ligands of the tumor necrosis family, including TNF-o, Fas ligand
and TRAIL [171, 172]. IFN-y-mediated recruitment and activation of macrophages
to the tumor site has been demonstrated in a rat glioma model [173], and is also
proposed to occur in humans as one mechanism in the host antitumor response
[174, 175]. IFN-y facilitates the trafficking of leukocytes to the tumor site by induc-
ing the expression of adhesion molecules, including intercellular adhesion mole-
cule (ICAM)-1, vascular cell adhesion molecule (VCAM)-1 and the lymphocyte
function-associated antigen (LFA)-1 on the surface of the vascular endothelium,
and inflammatory leukocytes. Additionally, IFN-y directs gene induction of chemo-
attractants including MIG and IP-10, chemokines that participate in the recruit-
ment of activated T cells to sites of tumor growth and inflammation [113, 176].

The importance of the IFN-y signaling pathway in establishing a protective adap-
tive antitumor immune response has been addressed by different laboratories
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[177-179]. Shankaran et al. have shown a correlation between lack of expression of
antigens in IFN-y-insensitive tumor cells lines (RAD.gR28 and 30) and poor induc-
tion of a protective adaptive antitumor immune response. When RAD.gR38 cells
were transfected with molecules that participate in the antigen presentation pro-
cess (i.e. TAP-1 and H-2Kb) and then injected into immunocompetent mice, tumor
rejection was complete. This process required the participation of both CD4" and
CD8" T cells since tumor rejection was not evident in RAG-27/~ mice that are de-
void of T cells [179]. Furthermore, it has been demonstrated that T cells derived
from immunized STAT-1-deficient mice produced half the levels of IFN-y and
lacked cytolytic activity when compared with wild-type mice [177]. Other groups
have also confirmed these data using STAT-6-deficient mice where Ty,2 develop-
ment is blocked and the T;,1 immune response is exacerbated [178]. In this model,
tumor rejection was accompanied by enhanced tumor-specific IFN-y production
and CTL activity [178]. These results suggest that IFN-y plays an important role in
directing the appropriate T, 1/T,2 balance during the development of an effective
anti-tumor immune response.

As summarized in this section, IFN-y can mediate antitumor immunity in
mouse models by diverse mechanisms; however, immunotherapeutic strategies
utilizing IFN-y in human cancer therapy remain elusive. Thus, the role of IFN-y
as a critical player in preventing tumor growth and mediating tumor destruction
needs to be more thoroughly analyzed in order to facilitate its future therapeutic
applications.

4.7
Summary

As discussed in this chapter, IFN-y has multiple biological features that demon-
strate its importance in host innate and adaptive immune responses. The expres-
sion of IFN-y can affect all host cells and as prolonged expression is deleterious,
mechanisms are in place for the transcriptional and post-transcriptional regulation
of this gene. The width breath of IFN-y biological activity is perhaps best high-
lighted by the fact that IFN-y gene expression can be induced in NK and T cells by
many diverse signals, and this induction is controlled by regulatory elements that
have been highly conserved through evolution. The fact that Mother Nature has
seen fit to conserve the nucleic acid regulatory elements that control its expression
more strongly than the primary amino acid sequence suggest that maintenance of
the regulation of IFN-y gene expression is essential to the development of host im-
munity to prevent cancer and infectious disease. Thus, IFN-y has evolved to repre-
sent a critical element in uniting the innate and adaptive immune response.
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5
Interferon and Related Receptors

Sidney Pestka and Christopher D. Krause

5.1
Introduction

The mammalian interferons (IFN-a, -8, -¢, -k, -, -J, -7, -v and -y) and IFN-like
molecules [limitin, and interleukin (IL)-28A, -28B and -29] are a subset of the class
2 o-helical cytokines. Their corresponding receptors consist of three different
groups that are activated by three groups of ligands: IFN-a, -8, -¢, «, -o, -0, -z, -v
and limitin, [FN-y, and IL-28A, -28B and -29. This chapter summarizes the current
understanding of the receptors for these ligands.

5.2
IFNs and IFN-like Molecules in Brief

Type I IENs consist of eight classes [1-11]: IEN-a, -f, -¢, -k, -o, -4, -t and -v. Type II
IFN consists of IFN-y only. Four IFN-like cytokines — limitin (found only in mice),
IL-28A, -28B and -29 — found in human and other mammals are functionally re-
lated to the Type I IFNs (Tab. 5.1). IFN-o, -, -¢, -k, -@ and -v, and IL-28A, -28B
and -29 are found in humans [11-13], whereas IFN-6 [14] and -7 [15], and limitin
[8] are not. IFN-7 was described first as ovine trophoblast protein-1 and is found in
ungulates where it is required for implantation of the ovum [15], but there is no
direct human homolog. Human IFN-k, although it exhibits low specific anti-
viral activity, is expressed in human keratinocytes [10]. IL-28A, -28B and IL-29
are found in humans, and in other mammals, birds and amphibians [11, 16, 17],
and function like Type I IFNs. Human IFN-¢ [18] has not been characterized in
significant detail, but an implication in reproductive function is possible [19].
IFNs were the first cytokines discovered and the first to be used therapeutically [4,
9, 20, 21].

The Interferons: Characterization and Application. Edited by Anthony Meager
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Tab. 5.1. IFNs and IFN-like molecules

Ligand Common Gene locus Receptor Receptor Signal
alternate complex complex transduction
names/members chain1 chain2 pathways
employed
Type I IFN  IFN-a, -f, -0, 9p21 + 3 (T) (o, w), IFN-aR1 IFN-0R2 JAK-1+ TYK-2,
-8, K, T, -, 9p21 + 3 (T) (B), STAT 24143 +5,
-y, limitin mitogen-activated

Type I IFN IFN-y 12q14 + 3 (C)

IL-28A, IL-28R1

-28B, -29

IFN-/2, -13,
-1 [17]

19q13+2 (T, C, T)

IFNyR1 IFN-yR2

IL-10R2

protein kinase
(MAPK),
PRMT1 [148]

JAK-1 + JAK-2,
STAT 14345,
Akt, MAPK [148]

JAK-1 + TYK-2,
STAT 2414345
(17, 18, 146)

This table delineates the genome-encoded ligands (or their close
orthologs). IL-28A, -28B and -29 are clustered together. Also, Type I
IFN members have been clustered together. The columns from left to
right indicate standard names for the ligand or ligand family, alternate
names for the ligand (or major subgroups of the Type I IFN family),
the location of the genes in the human genome, the components of its
receptor complex (the receptor chain predicted or known to bind JAK-1
is listed first) and signal transduction initiated by the ligand receptor.
Only locations of the human genes are indicated. “(C)” indicates
transcription occurs toward the centromere, while “(T)” indicates
transcription occurs away from the centromere. Although most [FN-«
genes are transcribed toward the telomere, some are transcribed
toward the centromere. Data were obtained from: http://
www.ncbi.nlm.nih.gov/mapview/map_search.cgi?taxid=9606.

53
The Receptors

This chapter focuses on three groups of receptors that are activated by three classes
of ligands: the Type I IFN receptor complex that is activated by numerous ligands
(IEN-a, -B, -¢, -k, -w, -0, -, -v and limitin); the Type II receptor complex activated only
by IFN-p; and the IL-28R1/10R2 receptor complex activated by IL-28A, -28B and
-29. Similar to most cytokines and growth factors, the actions of IFNs are mediated
by an interaction with specific cell surface receptors and the Janus kinase (JAK)-
signal transducers and activators of transcription (STAT) signal transduction path-
way [4, 22-27]. Competition binding studies demonstrated that Type I ligands
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share the same receptor complex, whereas Type II IFN (IFN-y) binds to a distinct
receptor [4, 24, 28-31].

5.3.1
Receptor Nomenclature

The designations of the IFN receptor components are given in Tab. 5.2. These re-
ceptor complexes consist of two or more components. It also appears that the indi-

Tab. 5.2. The receptors for IFNs and IFN-like molecules

Standard Common Gene locus? Ligands
name alternate
names/members
IFN-yR1 IFN-R [106], 6923 + 2 (C) IFN-y
TFN-R« [152]
IFN-yR2 AF-1 [87], 21922 + 11 (T) [FN-y
IFN-yRp [122]
IFN-oR1 IFN-oR [72], 21922 + 11 (T) IFN-0, -8, -, -, -,
IFN-aRa, IFNAR-1 -k, -T, -v, limitin
IFN-aR2 IFN-0/8R [93], 21922 + 11 (T) IFN-¢, -8, -, -0, -&,
IFN-zR2a [34], -k, -T, -v, limitin

IFN-xR2b, IFN-
aR2c, IFN-oR2;
[95], IFN-oR2s,
IFN-0R2-1 [96],
IFN-aR2-2, IFN-
aR2-3, IFNAR-2

IL-10R2 IL-10Rp [147], 21922 + 11 (T) cellular and viral IL-10,
CRFB4 [153], .22, 26, -28A, -28B, -29
CRF2-4 [154]

IL28R1 CRF2-12 [155], IL- 1p36 + 11 (T) IL-28A, -28B, -29
28R« [18], IFN-/R1
[17], LICRII [146]

The columns from left to right indicate the currently accepted name
for the receptor, alternate names or physiologically relevant splice
variants for the receptor, the location of its gene in the human genome
and ligands which signal through that receptor chain when it is part of
an intact receptor complex. Only locations of the human genes are
indicated. “(C)” indicates transcription occurs toward the centromere,
while “(T)” indicates transcription occurs away from the centromere.
Data were obtained from: http://www.ncbi.nlm.nih.gov/mapview/
map_search.cgi?taxid=9606.
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vidual components may contribute to one extent or another to ligand binding so
that designations such as an « subunit for the ligand binding component and the
S subunit for the signal transduction subunit are not warranted. Particularly, in the
case of the human Type I IEN receptor complex, the IFN-zR2 (also designated IFN-
oRp, IFNAR-2) chain is the major ligand-binding chain, not chain 1 (IFN-¢R1; also
designated IFN-oRa, IFNAR-1). The subunits were named in the order in which
they were cloned and discovered as distinct entities. Alternative designations for
the subunits that have been used are also given (Tab. 5.2).

5.4
The Type | IFN Receptor

The receptor complex for the Type I IFNs consists of two chains — I[FN-aR1 and
-aR2 (Tab. 5.2 and Fig. 5.1). The IFNs and IFN-like molecules signal through the
JAK-STAT pathway [21, 32, 33]. IFN-o, -f, -¢, -k, -w, -6 and -7, and limitin signal
through the Type I receptors IFN-aR1 and -oR2c, and very likely do IFN-¢ and -v,
although the pathway of IFN-¢ and -v has not yet been defined (Tabs. 5.1 and 5.2).
All the Type I IFNs activate STAT-1 and -2, TYK-2, and JAK-1, and induce genes
that have the IFN-stimulated response element (ISRE) in the promoter [34, 35].
IFN-y uses the unique receptor chains IFN-yR1 and -yR2 (Tabs. 5.1 and 5.2, and
Fig. 5.3), and activates JAK-1 and -2, and STAT-1 that in turn induces genes con-
taining the y activation sequence (GAS) in the promoter [35, 36]. In addition to
the JAK-STAT pathway, the Type I IFNs utilize other pathways, some of which are
noted in Tab. 5.1. Other pathways independent of the JAK-STAT pathway can ini-
tiate signal transduction by the Type I IFNs (Tab. 5.1). For example, cells from mice
lacking STAT-1 can still respond to Type I IFNs: IFN-« and -f can modulate prolif-
erative responses in phagocytes from STAT-1-deficient mice, and STAT-1 is not nec-
essary for some functions of the IFN-y [37-39]. Understanding of these events is
further complicated by the multiplicity of the Type I IFNs [12] that exhibit different
activities, although they interact with the same receptor. This is an area that needs
to be explored in great detail to understand this family of proteins and their mech-
anisms of action.

The Type I IFNs exhibit a wide breadth of biological activities: antiviral, antiproli-
ferative, stimulation of cytotoxic activity [40—46] of a variety of cells of the immune
system [T cells, natural killer (NK) cells, monocytes, macrophages, dendritic cells
(DCs)], increasing expression of tumor-associated surface antigens [46—49], stimu-
lation of other surface molecules such as MHC Class I antigens [47, 50, 51], induc-
tion and/or activation of proapoptotic genes and proteins [e.g. tumor necrosis fac-
tor (TNF)-related apoptosis-inducing ligand (TRAIL), caspases, Bak and Bax] [52],
repression of antiapoptotic genes [e.g. Bcl-2, inhibitor of apoptosis protein (IAP)]
[52], modulation of differentiation [53-55] and antiangiogenic activity [56, 57]. All
these actions make IFN a most promising agent to treat various diseases. The
challenge is to be able to use this enormous potential of the IFNs without the de-
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Fig. 5.1. Model of the Type | IFN receptor
complex. The IFN-« receptor complex consists
of two different chains, IFN-oR1 and -uR2c [67,
70, 88, 93, 94]. The ligand IFN-« is a monomer
that binds to the two-chain complex [153].
Upon entry of IFN-a into the complex, STAT-2
binds to IFN-aR2c and recruits STAT-1. STAT-1
and -2 are phosphorylated, then released,
associate with IRF-9, translocated to the
nucleus and activate genes that contain the
ISRE as described [26]. It is reported that
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limitin uses the Type | IFN receptor complex
[154, 155]; however, although limitin requires
TYK-2, it does not require STAT-1 for B cell
growth inhibition where Daxx may replace the
need for STAT-1 [155, 156]. Based on homology
with the IFN-y receptor complex [143], we
believe that the Type | IFN receptor complex is
preassembled and that a conformational
change accompanies the activation of the
receptor complex by Type | IFN. (This figure
also appears with the color plates.)

bilitating side-effects. Appropriate technology to deliver locally the IFNs in tumors
could overcome the problem of systemic side-effects. Overall, it is highly likely that
IFNs will play a major role in the next generation of novel antitumor and antiviral

therapies.

5.4.1

Discovery of the Type | Receptor Complex

Somatic cell genetic studies with human x rodent hybrid cells containing various
combinations of human chromosomes provided evidence that the presence of hu-
man chromosome 21 confers sensitivity of the rodent cells to human Type I IFNs
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[58-63], and the region was later localized to a 3-Mb segment of chromosome 21q
around 21q22.1 [64-67]. Mouse cells with functional human IFN Type I IFN recep-
tors were first isolated by Jung and Pestka [68] and by Revel et al. [69]. The mouse
cells transfected with total human DNA exhibited the properties of a Type I IFN
receptor in that they responded to both Type I IFNs tested: human IFN-o and -f.
Although primary transformants were obtained by these groups, no molecular
clone was obtained that provided Type I IFN receptor activity. Employing the pro-
cedures of Jung and Pestka [68], Uzé et al. [27], by switching the selection proce-
dure from human IFN-0A and - to human IFN-28 (human IFN-¢B2), were able to
obtain a molecular clone that they designated the Type I IFN receptor. However,
this cDNA clone (now known as human IFN-oR1) did not significantly bind Type
I IFNs other than human IFN-«8 and yielded very little response even to human
IFN-08 when expressed in cells [70-72]. Results with polyclonal and monoclonal
antibodies began to suggest that two separate subunits might be involved [73-77].
During this period, however, a number of groups obtained antibodies suggesting
that the Type I receptor consisted of multiple components [63, 67, 73-81] — an hy-
pothesis consistent with the inability of Jung and Pestka [68] to obtain stable sec-
ondary transformants.

Since the IFN-2R1 chain required an additional component to complete a func-
tional Type I IFN-« complex, a number of groups began to search for the additional
chain. With the use of the yeast artificial chromosome F136C5 (YAC) containing a
segment of human chromosome 21 introduced into Chinese hamster ovary (CHO)
cells [82-87], it was demonstrated that cells containing this «YAC responded to all
human Type I IFNs tested: human IFN-0A (IFN-02), -08B2, -w, -0A/D (Bgl) and -f.
With cells containing this «YAC clone [67, 83, 85], the Type I IFNs exhibited anti-
viral activity, MHC class I induction and binding of the IFNs to the cells.

Direct proof of the requirement for the IFN-«R1 chain for Type I IFN receptor
function was demonstrated by experiments disrupting the IFNARI (IFN-aR1)
gene of the «YAC clone [88]. The resultant AuYAC with a deletion of the segment
expressing the IFN-oR1 chain was transferred to CHO cells, and eliminated the
ability of Type I IFNs to induce MHC class I antigens and exhibit antiviral activity
[67, 88]. By subsequent transfection of the cDNA for human IFN-xR1 into the cells
containing the AaYAC, activity of Type I IFNs was reconstituted. Furthermore, ho-
mozygous deletions of IFNAR1 in mice (IFN-«R1%°) were reported to cause en-
hanced susceptibility to several viruses, and eliminate antiproliferative activity of
[FN-o and IFN-g [89, 90]. Thus, the human IFN-¢R1 subunit plays a critical role
in the functional human Type I IFN receptor complex and the additional compo-
nent necessary for activity together with IFN-2R1 gene was encoded in this o YAC.

The results indicated that all the genes necessary to reconstitute a biologically
active Type I human IFN receptor complex are located within the human DNA in-
sert of this «YAC clone. Although the human IFN-aR1 subunit plays a critical role
in the functional human Type I IFN receptor complex whose components are en-
coded on this «YAC, because binding of ligands was retained in the cells contain-
ing the A«YAC with the deletion, it was clear that one or more additional subunits
encoded on the «YAC were primarily responsible for the ligand binding.
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Shortly after the studies describing the o YAC, a second chain, IFN-aR2b, was re-
ported, but it exhibited no intrinsic activity alone or together with the human IFN-
«R1 chain [91]. The human gene IFNAR2 encoding this chain is located on the
oYAC and also localized to the 3 x 1S region of chromosome 21. This human
IFN-0R2b chain was reported to bind Type I IFNs and antibodies to this chain
were able to coimmunoprecipitate JAK-1 [91]. However, expression of neither
IFN-aR1 nor -aR2Db chains, nor the combination of both, in hamster cells was able
to reconstitute functional human receptor activity [85, 92]. In addition, the CHO
cells containing the AdYAC with the disrupted IFNARI gene retained the ability
to bind human IFN-zA and human IFN-¢B2 [88]. This paradox was partially re-
solved when U5 cells [26] that do not respond to Type I IFNs were able to be recon-
stituted to respond to the IFNs by introduction of the «YAC (Cook et al., unpub-
lished). Unfortunately, no stable transformants were obtained with the «YAC in
U5 cells. The data indicated, however, that another component encoded on the
oYAC was necessary for response to Type I IFNs. This component was sub-
sequently cloned [93, 94] and shown to be a long form of the human IFN-aR2b
chain called human IFN-oR2c¢ (Tab. 5.2). All three chains (human IFN-aR2a,
-aR2b and -aR2c) are encoded by the same IFNAR2 gene. The human IFN-aR2c
chain contains a large intracellular domain compared to the short intracellular do-
main of the human IFN-aR2b chain. The human IFN-aR2c chain reconstitutes U5
cells for responses to Type I IFNs. The human IFN-zR2a protein is a soluble form
of the receptor consisting of the extracellular domain of the human IFN-aR2b and
-aR2c chains. Thus, it was established that the functional Type I receptor consists
of the IFN-oR1 and -2R2c chains (Fig. 5.1).

The data show that hamster cells containing the «YAC exhibit the properties ex-
pected for a functional Type I human IFN receptor complex. The «YAC provides
genes which are necessary and sufficient to encode this functional Type I IFN re-
ceptor complex as measured by three distinct biological assays. Also the specific
binding of both 32P-labeled IFN-0A and IFN-xB2 to hamster cells fused to this
«YAC demonstrated that the biological functions induced by these IFNs were re-
flected in the interaction between the ligand and receptor complex. Since this
«YAC contains the entire gene for the cloned human IFN-aR1 receptor subunit
(~30 kb) and for the human IFN-¢R2 chains [67, 88], there may be other genes re-
sponsible for the formation of the receptor complex present in this «YAC. The re-
sults suggest that a high-affinity receptor is composed of the cloned human IFN-
«R1 and -aR2c receptor subunits (Fig. 5.1).

5.4.2
Diversity of the Interaction of Type | IFNs with the Receptor

As noted above, hamster cells containing the yeast artificial chromosome «YAC re-
spond to all Type I human IFNs including IFN-«A, -f and -w [67, 88, 95]. The «YAC
contains at least two genes encoding IFN-oR chains that are required for response
to Type I human IFNs: human IFN-¢R1 and -«R2c. A splice variant of the human
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Fig. 5.2. Schematic lllustration of the human IFN-aR1 chain
and the splice variant human IFN-aR1s. The domains of the
human IFN-oR1 chain are shown. The splice variant chain,
human IFN-aRT1s, lacks exons IV and V. (This figure also
appears with the color plates.)

IFN-aR1 chain designated human IFN-oR1s or -aR1b [95] (Fig. 5.2) was isolated.
CHO cells containing the disrupted «YAC, which contains a deletion in the human
IFN-0R1 gene, AaYAC, were transfected with expression vectors for the human
IFN-0R1 and -2R1s chains yielding cells AuYAC/«R1 and AaYAC/aR1s, respectively.
With these cells, two Type I IFNs were identified that can interact with the splice
variant (human IFN-oR1s) and with the human IFN-aR1 chains: human IFN-0A (-
02) and -w [95]. Two other Type I IFNs, human IFN-08 (-2B2) and -021 (-oF), are
capable of signaling through the human IFN-aR1 chain only, but cannot utilize
the splice variant human IFN-oR1s [95]. Human IFN-zR1 and -oR1s differ in that
the latter is missing a single subdomain of the four subdomains of the receptor
extracellular domain encoded by exons 4 and 5 of the IFNARI gene expressing hu-
man IFN-«R1 (Fig. 5.2). Therefore, different Type I IFNs can interact differently
with the human IFN-zR1 receptor chain and the splice variant chain (human
IFN-0R1s) is functional. All the Type I IFNs tested bind to the hamster AaYAC/
oR1s cells that contain the splice variant so that the differences in functional activ-
ity do not reflect gross differences in binding to the receptor components. It thus
appears that some Type I IFNs (e.g. human IFN-B2, -oF) require the two sub-
domains absent in the splice variant (Fig. 5.2) and some can function without
these domains (e.g. human IFN-0A and -w) as described [95]. The results indicate
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that the various human IFN-u species and other Type I IFNs interact with the re-
ceptor differently, thereby accounting to some degree for their differential activ-
ities. The conservation of the multitude of Type I IFNs, but not their sequences,
throughout evolution of the mammals is consistent with unique functional roles
for each of the Type I IFNs [11]. However, the mechanisms by which the various
IFNs exhibit different patterns of activity are poorly understood [42, 43, 46, 96,
97].

5.5
The Type Il IFN (IFN-y) Receptor

5.5.1
Chromosomal Localization of the IFN-y Receptor Ligand-binding Chain
and Discovery of Two Chains Required for Activity

It was shown by study of ligand-binding competition that the IFN-y receptor was
distinct from that of the receptor that bound IFN-« and -# [28, 98]. Through so-
matic cell genetic techniques, Rashidbaigi et al. [101] demonstrated that the gene
for the ligand-binding chain of the human IFN-y receptor was localized to human
chromosome 6q. Nevertheless, although somatic cell hybrids that contain this re-
gion of or the entire chromosome 6 exhibited excellent binding of IFN-y, the ligand
was unable to initiate any biological activities. This study led Jung et al. [100, 101]
to the discovery that an additional component located on human chromosome 21q
was required for function together with the IFN-yR1 chain encoded on human
chromosome 6. Thus, two species-specific components were involved as part of
the functional IFN-y receptor: the ligand-binding chain of the receptor (IFN-yR1)
and the second chain of the receptor (IFN-yR2) we initially designated accessory
factor-1 (AF-1) that is required for signal transduction. These somatic cell genetic
experiments led to the discovery of the location of the ligand-binding chain (IFN-
yR1) to chromosome 6 and the location of the second chain (IFN-yR2) to human
chromosome 21, and set the stage to isolate and clone these components. The
comparable mouse chains were localized to mouse chromosomes 10 and 16, re-
spectively [102, 103]. Table 5.2 summarizes the nomenclature for these chains.
Subsequent to the localization of the ligand-binding chain, both the human [104]
and mouse [105-109] IFN-yR1 chains were cloned and shown to bind ligand. In
addition, these studies confirmed the observations that the ligand-binding compo-
nent was insufficient for generating a biological response. To generate a biological
response, it was necessary to have the ligand-binding chain plus the second chain
IFN-yR2 (AF-1). It should be noted that the biological response measured in these
assays was induction of class I MHC antigen expression. By reconstituting func-
tional activity with the cloned human IFN-yR1 and human chromosome 21, it
was definitively demonstrated that the ligand-binding chain was the necessary
and sufficient component contributed by human chromosome 6 [110]. It was thus
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Fig. 5.3. Model of the IFN-yR complex. The
IFN-yR complex consists of two different
chains, IFN-yRT and -yR2 [9, 33, 85, 99-101,
110, 120, 121, 152, 157-164]. The ligand IFN-y
is a dimer that binds to two IFN-yR1 chains,
but does not directly bind to the IFN-yR2 chain
in the absence of the IFN-yR1 chain. The two
receptor chains are preassembled prior to
binding of IFN-y [143]. Upon ligand binding,
the JAK kinases cross-phosphorylate each other
(solid circles). The activated JAK kinases then

Nuclear Translocation ()

phosphorylate Tyr457 of each IFN-yR1 chain
that serves as the recruitment site for STAT-1a
which, in turn, attaches to phosphotyrosine
Tyr457 of IFN-yR1, moves the receptor chains
apart [143] and is phosphorylated by

the JAK kinases. Once phosphorylated, the
phosphorylated STAT-1 proteins detach from
each IFN-yR1 chain, forming the transcription
factor that is translocated to the nucleus to
activate IFN-y regulated genes. (This figure
also appears with the color plates.)

concluded that the functional receptor consisted of two chains that are now desig-
nated IFN-yR1 and -yR2 (Tab. 5.2 and Fig. 5.3).

Study of chimeric human and mouse IFN-yR1 chains demonstrated that the
ability of mouse and human IFN-y species to stimulate MHC class I antigen induc-
tion in various cells transfected with the chimeric receptors required the homolo-
gous extracellular domain of the receptor. For example, the chimeric receptor
HMM (human extracellular, murine transmembrane and murine intracellular do-
mains, respectively) was able to respond to human IFN-y only in mouse cells or
hamster cells containing human chromosome 21 or 21q [111-114].
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5.5.2
The IFN-yR1 Chain

The IFN-yR1 chain binds the ligand IFN-y. The functional architecture of the IFN-
yR1 intracellular domain is concentrated in two specific regions. Distal from the
membrane, a five-residue sequence (Y#’DKPH*?!) is required for all signal trans-
duction [115-117]. This sequence is completely conserved in mammals, birds and
frogs receptors. Y+’ is phosphorylated upon ligand binding, and serves as a re-
cruitment site for STAT-10 [118]. The function of the other residues in the YDKPH
motif are not known, but D*® and H**! are required [116, 117]. Specific mutations
have shown that the C-terminal 29 amino acids have no apparent function [116]. A
membrane-proximal L26PKS2% motif is required for receptor activity and JAK-1
binding [119].

5.5.3
The Second Receptor Chain (IFN-yR2)

The second chain of the human IFN-y receptor was isolated by Soh et al. [83, 85]
and Cook et al. [84], and the mouse chain by Hemmi et al. [120]. The ¢cDNA clones
encode the necessary species-specific factor and are able to substitute for human
chromosome 21 to reconstitute the human IFN-y receptor-mediated induction of
class I HLA antigens. However, the factor encoded by the cDNA does not confer
full antiviral protection against encephalomyocarditis virus (ECMV), suggesting
that an additional factor encoded on human chromosome 21 may be required for
reconstitution of full antiviral activity against EMCV [83-85, 121]. Similar observa-
tions were made with the mouse IFN-yR1 and -yR2 chains. Substitution of each of
the tyrosine residues of the intracellular domain by phenylalanine did not alter the
ability of the mouse IFN-yR2 chain to support signal transduction [122]. Kotenko
et al. [92] showed that the intracellular domain of the human IFN-yR2 chain lack-
ing the terminal 49 residues was totally inactive in MHC class I antigen induction,
JAK-1 and -2 phosphorylation, STAT-1« activation, and tyrosine phosphorylation of
the IFN-yR1 chain. Furthermore, cells expressing the human IFN-yR2 chain alone
did not crosslink or bind ligand; however, when both human IFN-yR1 and -yR2
chains were coexpressed in hamster cells, the association constant for binding of
ligand increased about 3-fold and a specific band of a crosslinked human IFN-
y:human IFN-yR2 complex was observed [92, 123, 124]. This indicated that the two
chains of the receptor must be in close proximity as suggested by experiments with
chimeric receptors noted above. JAK-2 was found to associate with the IFN-yR2 in-
tracellular domain [92]. Residues 263-267 and 270-274 of the intracellular domain
of IFN-yR2 act as a JAK-2-binding site [124]. The cytoplasmic domains of the IFN-
yR2 subunits, like the cytoplasmic domains of the IFN-yR1 chains, can be inter-
changed between species with no loss of biological activity, confirming that the
species-specific interaction of the IFN-yR1 and -yR2 chains involves only the extra-
cellular domains of the two proteins [125].
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5.5.4
The Functional IFN-yR Complex

A model for the functional IFN-yR is shown in Fig. 5.3. The IFN-yR1 chains bind
the ligand, whereas the IFN-yR2 chains serve to complete the complex for signal
transduction.

5.5.4.1 Specificity of Ligand Binding

There are two distinct interactions which underlie species specificity: the binding
of ligand to the IFN-yR1 chain, and the interaction of the IFN-yR1 and -yR2 chains,
independent of ligand. The interaction of IFN-y with the IFN-yR1 chain is highly
species specific. Human IFN-y stimulates no activity on rodent cells whatsoever
and rodent IFN-y exhibits no activity on human cells. This effect is attributed to
the interaction of the ligand with the IFN-yR1 chain. The presence of the second
chain IFN-yR2 increases the overall affinity of the ligand to the receptor complex
slightly [92, 123, 126].

5.5.4.2 Specificity of the Interactions of the Two Chains

Chimeric receptors were constructed between the mouse and human IFN-yR1
chains [111-114]. The extracellular, transmembrane and intracellular domains
were swapped between the human and mouse IFN-yR1 chains. The chains were
introduced into mouse—human and hamster—-human somatic cell hybrids that con-
tained human chromosome 21 which expressed the human IFN-yR2 chain. These
results established that the extracellular domains of the two chains must be
matched from the same species to enable the ligand to initiate signal transduction.
In a complementary series of experiments with hamster-mouse somatic cell hy-
brid cells, it was shown that mouse IFN-y could only activate the hybrid cells
when the mouse chromosome 16 was present in the hybrids and the IFN-yR1
chain contained the extracellular mouse domain of this chain [103, 113].

5.5.5
Specificity of Signal Transduction

Each cytokine that utilizes the JAK-STAT signal transduction pathway activates a
distinct combination of members of the JAK and STAT families. Thus, either the
JAKs, the STATs or both could contribute to the specificity of ligand action. With
the use of chimeric receptors involving the IFN-yR complex as a model system, it
was demonstrated that JAK-2 activation is not an absolute requirement for IFN-y
signaling [127]. Other members of the JAK family can functionally substitute for
JAK-2. IFN-y can signal through the activation of JAK family members other than
JAK-2 as measured by STAT-1a activation and MHC class I antigen expression.
This indicates that JAKs are interchangeable in the JAK-STAT signal transduction
pathway. The necessity for the activation of one particular kinase during signaling
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can be overcome by recruiting another kinase to the receptor complex. The results
suggest that the JAKs do not contribute significantly to the specificity of signal
transduction.

The STATS represent proteins containing SH2, SH3 and DNA-binding domains
(for reviews, see [26, 128]). The highly selective and specific interaction between
STAT SH2 domains and the phosphotyrosine-containing STAT recruitment sites
on the intracellular domains of the cytokine receptors determines which STATSs
are to be recruited to a particular receptor complex [129, 130]. Thus, the major spe-
cificity of the pathway is likely due in large part to the specificity of the STAT re-
cruitment sites on the receptor chains. Other molecules that interact with JAKs
and STATSs may contribute to the specificity and range of the interaction [131, 132].

Patients with a deficiency in the IFN-yR (-yR1 or -yR2 chains) are susceptible to
mycobacterial infections [133—139]. Bacille Calmette-Guerin (BGC) vaccine is often
fatal in children with deficiencies in the IFN-yR1 chain.

5.5.6
Receptor Structure

Crystallographic analysis of the IFN-»:IFN-yR1 complex suggests that each mono-
mer of the IFN-y homodimer binds one IFN-yR1 and one IFN-yR2 subunit [140].
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Fig. 5.4. Comparison of fluorescence EBFP and FL-IL-10R2/GFP (blue curve). The
emission spectra of cells expressing the fluorescence emission spectra in response to
matched and mismatched pair of receptor two-photon excitation at 760 nm are shown.
chains. The matched receptor chains are FL- (Figure modified from data of Krause et al.

IFN-yR2/GFP and IFN-yR1/EBFP (green curve); [143].) (This figure also appears with the color
the mismatched receptor chains are IFN-yR1/  plates.)
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Fig. 5.5. Comparison of fluorescence spectra  the medium and the spectrum taken (blue

of cells expressing the matched pair of curve) of the same region in the same cell. The
receptor chains in the presence and absence fluorescence emission spectra in response to
of IFN-y. The matched receptor chains are two-photon excitation at 760 nm are shown.
FL-IFN-yR2/GFP and IFN-yR1/EBFP. The (Figure modified from data of Krause et al.

spectrum in green was taken in the absence of [143].) (This figure also appears with the color
IFN-y. IFN-y (3500 U mL™") was then added to plates.)

Biochemical analyses [141, 143] showed that one IFN-y homodimer binds two IFN-
yR1 chains. Thus the signal-transducing complex of IFN-y consists of the IFN-y ho-
modimer bound to two IFN-yR1 and two IFN-yR2 chains (Fig. 5.2) which recruit
JAK-1 and -2, respectively [92, 125, 127, 132], and JAK-2 phosphorylates JAK-1
following which the kinases phosphorylate Tyr457 of the IFN-yR1 chain. The phos-
phorylated segment of each IFN-yR1 chain recruits STAT-1o, which is then phos-
phorylated by JAK-1 or -2, then released to form the active STAT-1o transcription
factor.

5.5.7
Preassembly of the Receptor Complex

A series of experiments were designed to test the hypothesis that the cell surface
IFN-yR chains are preassembled rather than associated by ligand that has been
the general belief. To evaluate this in live cells, fluorescence resonance energy
transfer (FRET), a powerful spectroscopic technique that has been used to deter-
mine molecular interactions and distances between the donor and acceptor, was



5.6 The IL-28R1 and -10R2 Receptor Complex

used [143]. The IFN-yR1 and -yR2 chains were labeled with Blue and Green Fluo-
rescent Proteins (BFP and GFP) by fusing the BFP and GFP to the receptor pro-
teins, then transfecting the chains into cells. In contrast to the prevailing view, the
results demonstrated that the receptor chains are preassociated (Fig. 5.4) and that
the intracellular domains move apart on binding the ligand IFN-y (Fig. 5.5) [143].

5.6
The IL-28R1 and -10R2 Receptor Complex

IL-28A, -28B and -29 are induced by virus infection, exhibit antiviral activity, and
use the JAK-STAT pathway and ISRE [16, 17, 144]. The IFN-like molecules IL-
28A, -28B and -29 use the receptor complex consisting of IL-10R2 and -28R1 chains
(Tabs. 5.1 and 5.2). Discoveries of the IFN and many cytokine receptors set the

IL-2BR1 1 IL-10R2

Stat1

/Racruitment,
ﬁaphowlatiun

Stat2

Fig. 5.6. Model of the IL-28R1/10R2 receptor  transcription factor. Based on analogy with the

complex. This receptor complex consists of
two chains, IL-28R1 and -10R2, that are
associated with JAK-1 and TYK-2, respectively,
as shown. The STAT-1/2 heterodimer appears
to function together with IRF-9 as the latent

IFN-yR complex, we believe that this receptor
complex is preassembled and undergoes a
conformation change after its contact with
ligand. (This figure also appears with the color
plates.)
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groundwork for discovery of other receptors [12], so that it was not necessary to use
the difficult procedures that were required to identify the IFN receptor compo-
nents. Thus, the discovery of the IL-28/29 cytokines and their receptor were re-
ported at the same time [16, 17]. The IL-10R2 chain was discovered as the second
chain of the IL-10 receptor complex [145, 146]. IL-10R2, the common chain of the
class 2 cytokines, serves as the second chain of this complex. A summary of the IL-
28R1/10R2 receptor complex and its signal transduction is shown in Fig. 5.6.

5.7
Overview of Multichain Receptors

The multichain cytokine class II receptors have two major chains exemplified by
the IFN-yR complex (Fig. 5.3). The ligand-binding chain (IFN-yR1) and the acces-
sory chain (AC; IFN-yR2) serve as a foundation for the functional IFN-yR complex
[92, 125, 127, 132]. The question arises why should two separate chains have
evolved when one in the correct configuration would suffice as for growth hor-
mone. We postulate that the presence of two distinct chains provides for more ef-
fective control and fine tuning of responses to ligand. For example, the differences
in response of T helper (Ty,) 1 and T2 cells to IFN-y results from the lack of ex-
pression of the IFN-yR2 chain in the T,1 subset [147, 148], and allows exquisite
fine-tuning of sensitivity to IFN-y. Receptor preassembly [11] can allow multichain
receptor complexes to function as a single entity and enable a rapid activation after
contact with ligand. It is also possible that receptors with multiple chains could re-
cruit additional factors into the complex to generate a wider variety of intracellular
signals. This could explain how receptors with multiple subunits could activate a
greater number of specific pathways and signals than those with fewer elements
in the receptor complex.

5.8
Global Summary

The Type I and II IFN receptors have been substantially delineated so they have
served as a base to understand other class 2 cytokine receptors. In particular, IFN-
y and the IFN-yR1 chain have been crystallized as singular entities and as a dual
structure that has provided some insight into the interaction. Furthermore, fluores-
cent resonance energy measurements of the IFN-y receptor chains have shown
they are preassembled and are beginning to provide insight into the details of the
events underlying the multiple interactions of the ligand, receptor and associated
components. The IL-28R1/10R2 receptor complex is likely to fit reasonably well
into the general structure of the IL-10 and IFN-y receptors. Surprisingly, while the
Type I IFN receptor has been generally outlined, there are many gaps that need to
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be filled to understand how this complex group of ligands produces so many differ-
ent patterns of activity. It would be a major achievement to fill these gaps — an
achievement that would have a significant impact on developing new generations
of Type I IFNs.
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6
Type Il Interferons: The Interferon-A Family

Sergei V. Kotenko and Raymond P. Donnelly

6.1
Introduction

Hundreds of different viruses are able to infect humans and cause various dis-
eases. Depending on the type of virus, the severity of the disease may range from
an asymptomatic opportunistic viral infection to a life-threatening disease. Impor-
tantly, there are no absolute remedies to cure viral infections. In most cases the
outcome of viral infections depends entirely on the ability of the immune system
to recognize, restrain and, ultimately, to eliminate the virus. Therefore, the best
therapeutic strategy to effectively deal with viral infections is to enhance the protec-
tive antiviral forces of the immune system, rather than to directly target the virus
that is actually causing the disease.

The biology, life cycle and pathogenesis of different viruses are widely divergent.
Nevertheless, based on current knowledge, it seems that the immune system em-
ploys essentially the same mechanisms of antiviral protection to battle many types
of viruses. This mechanism relies entirely on the action of interferons (IFNs).
These small secreted proteins are released by virus-infected cells to warn neighbor-
ing cells about viral presence and to force these cells to deploy various means of
antiviral protection. The robust production and secretion of IFNs in response to
viral infections is currently considered to be a key event for the establishment of a
multifaceted antiviral response.

Until recently, our understanding of the rapid, innate response to viruses fo-
cused on the classical type I and II IFNs. Type I IFNs (IFN-o/p) are well known
for their ability to induce potent antiviral protection in a wide variety of cells (see
other chapters for details). However, recently, a new type of IFN, the type III IFNs
(IFN-2s), has been identified nearly 50 years after the term “IFN” was first used to
describe a group of proteins (factors) produced by virus-infected cells and capable
of interfering with viral replication [1-3]. A family of proteins, distinct from type I
IFNs, which are capable of inducing antiviral protection was discovered simultane-
ously by two research teams [2, 3]. Both groups found that three genes encode
distinct, but highly homologous, proteins; based on their antiviral activity, we des-
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ignated these as a novel group of IFNs as IFN-11, -12 and -23 [3]. These proteins
were also alternatively designated as interleukin (IL)-29, -28A and -28B, respec-
tively, by the other group who identified them [2]. Consistent with their antiviral
activity, the expression of IFN-1 mRNAs is inducible by viral infections in various
cell lines. All three IFN-/ proteins utilize the same receptor complex for signaling
and this receptor is distinct from the type I IFN receptor complex. Although IFN-
/s do not use the IFN-u/f receptor complex for signaling, the engagement of either
the IFN-Z or -o receptor complex results in activation of overlapping Janus kinase
(JAK)-signal transducers and activators of transcription (STAT) signal transduction
events, including formation of the IFN-stimulated gene factor 3 (ISGF-3) transcrip-
tion factor complex. Therefore, the IFN-A ligand-receptor system, upon engage-
ment, leads to the establishment of an antiviral state by a mechanism similar to,
but independent from, that used by type I IFNs. The discovery of this novel anti-
viral system represents a new direction in antiviral research and may lead to a
better understanding of the complex nature of virus-host interactions. The dis-
covery of the IFN-1 family may also lead to the development of novel antiviral ther-
apeutic agents.

6.2
The Class 1l Cytokine Receptor Family (CRF2) and their Ligands

IFN-4s belong to a family of 27 related human cytokines which share common
functional and structural features [4-14]. Because all of these cytokines use recep-
tors from the class II CRF for signaling, these cytokines were collectively desig-
nated CRF2 cytokines. The CRF2 cytokines fall into four structurally related
groups: the IL-10 family, the type I IFNs (IFN-o/f), type II IFN (IFN-y) and, more
recently, the type III IFNs (IFN-A). The family of IL-10-related cytokines consists of
six members of cellular origin: IL-10, -19, -20, -22, -24 and -26, as well as several
viral cytokines. The type I IFN family consists of 13 IFN-o species, and a single
species of IFN-$, -k, -w and -¢ [6, 9, 15, 16]. There is also a mouse protein desig-
nated “limitin” with homology to type I IFN that apparently has no known human
counterpart [17]. Type II IEN is represented by a single member, IFN-y. IFN-y is
quite distinct in its primary structure from all other CRF2 ligands, although its ter-
tiary structure is very similar to that of IL-10. The recently discovered IFN-4 family
is comprised of three distinct, closely related proteins, IFN-/1, -A2 and -3 ([2, 3];
these cytokines are also referred to as IL-29, -28A and -28B, respectively, by some
laboratories [2]).

Although their sequences and receptors are distinct from both type I IFN and
the IL-10 family members, several observations indicate that the IFN- family is
phylogenetically related to both the IL-10 and type I IFN families. I[FN-As demon-
strate a clear, albeit very limited, sequence relationship (about 10-18% identity) to
members of both the type I IFN and IL-10 families. IFN-1 genes are composed of
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five exons, thereby resembling the structural organization of genes encoding IL-10-
related cytokines [7], while the genes encoding type I IFNs lack introns. Further-
more, the positions of the introns with respect to the protein reading frames are
conserved for the IFN-2 genes and for the genes of the IL-10-related cytokines. As
discussed below, IFN-is signal through a receptor complex composed of the
unique IFN-AR1 chain and the IL-10R2 chain — a protein that is also a component
of the IL-10, -22 and -26 receptor complexes. These structural features make the
IFN-Zs seem more closely related to members of the IL-10 family. However, unlike
the other cytokines in the IL-10 family, IFN-As possess antiviral activity, which is
considered to be a “unique family business” of the IFN family. Such “confused”
identity of the IFN-/s is reflected in their nomenclature, being simultaneously des-
ignated as “IFNs” by our group [3] and as “ILs” by Sheppard et al. [2].

The functions of the CRF2 members and their ligands have been defined to dif-
fering degrees. All CRF2 cytokines mediate important biological activities associ-
ated with the induction and regulation of immune and inflammatory responses.
While the anti-inflammatory and T cell-regulatory activities of IL-10 are well char-
acterized [18], the functions of other IL-10-related cytokines are less well defined.
IL-22 upregulates expression of several acute phase proteins in hepatocytes, in-
duces expression of the pancreatitis-associated protein (PAP)-1 in pancreatic acinar
cells and increases expression of f-defensin 2 and S-defensin 3 in keratinocytes
[19-21]. Adenovirus-mediated delivery of IL-22 into mice induced systemic acute-
phase response [22, 23]. IL-22 and -22R1 mRNAs were upregulated in diseased
joints of animals with collagen-induced arthritis and IL-22 neutralizing antibody
decreased severity of joint pathology [22]. Increasing evidence suggests a potential
role for both IL-22 and -20 in the pathogenesis of psoriasis [21, 24, 25]. IL-20 and
-22 receptor chains are expressed in keratinocytes from the lesional and non-
lesional skin biopsies of patients with psoriasis, and IL-20 and -22 gene expression
is elevated in the lesional psoriatic skin [21, 24, 25]. In addition, both IL-22 and -20
transgenic mice died within days after birth, sharing similar skin abnormalities
comparable to those observed in psoriasis [24, 25]. However, the immune infil-
trates commonly present in psoriatic skin were observed only in the skin of IL-22
transgenic mice [24, 25]. Subcutaneous administration of IL-22, but not -20, caused
epidermal thickening and immune cell infiltration, which were neutralized by IL-
22-binding protein (IL-22BP), a naturally occurring soluble receptor that acts as IL-
22 antagonist [25-28]. The functional activities of IL-19 and -24 are not yet fully
understood, but IL-19 expression is inducible by a variety of proinflammatory
stimuli in human monocytes [29-31]. Because IL-19 and -24 use the same recep-
tors that are used by IL-20 and -22, they may also share at least a subset of biolog-
ical activities. The function of IL-26 is currently unknown. IFNs are major players
in the establishment of a multi-faceted antiviral response. Type I IFNs induce po-
tent antiviral activity. However, they also stimulate an increasing list of activities
which link innate and acquired immunity, including dendritic cell (DC) matura-
tion, T helper (T},) cell biasing, B cell differentiation and natural killer (NK) activa-
tion. Although IFN-y has weak intrinsic antiviral activity, it plays a stronger role
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in protection against intracellular parasites and is a major activator of antitumor
defenses [32-34]. IFN-y affects diverse aspects of innate immunity, such as the
activation of macrophages. It also has strong effects on acquired responses, partic-
ularly in cell-mediated immunity, where it promotes the development of CD4" Ty, 1
cells and cytotoxic CD8" T cells, while suppressing CD4* Ty,2 cells. Thus, IFN-y is
more commonly thought of as a Ty1 cytokine that functions in both innate and
adaptive immunity.

Several structural and functional features unite the CRF2 cytokines. They all use
CRF2 receptor proteins for signaling and these receptor proteins share homology
in their extracellular domains. CRF2 cytokines also demonstrate limited primary
and structural similarity. Although these cytokines regulate a broad array of bio-
logical activities, it is possible to ascribe a common function to these diverse
cytokines. First of all, all of them are involved in the regulation of inflammatory
responses. Some cytokines such as IFN-y and type I IFNs promote inflammation,
whereas IL-10 has strong anti-inflammatory activity. Second, the primary cellular
source of all these cytokines is leukocytes such as lymphocytes and macrophages
[29, 30]. A variety of microorganisms and their associated toxins are able to induce
expression of these cytokines by leukocytes. For example, lipopolysaccharide (LPS),
a component of all Gram-negative bacteria, induces coexpression of IL-10, -19, -20
and -24 mRNAs in monocytes [29-31]. Treatment of NK cells with formalin-
fixed Staphylococcus aureus in the presence of IL-2 and -12 results in expression of
IL-10, -22 and -26 mRNAs. T cells stimulated with anti-CD3 [T cell receptor (TCR)
crosslinking] induce coexpression of IFN-y, and IL-22 and -26 mRNA [29, 30].
Although IFNs (IFN-z/f and -is) are produced by a wide variety of cells in re-
sponse to viral infections, the most potent source of types [ and III IFNs are plas-
macytoid DCs (pDCs), which are also known as natural IFN-producing cells
(NIPC) [35].

Thus, the CRF2 cytokines can be produced by various leukocyte populations in
response to both antigen-specific (acquired) and nonspecific (innate) immune
stimuli. In contrast, the primary targets of these cytokines are nonhematopoietic
tissues and organs such as skin, lungs, gastrointestinal tract, liver and pancreas.
The ability of the IL-10-related cytokines to activate gene expression in these target
tissues is determined by the pattern of CRF2 receptor expression. Keratinocytes,
hepatocytes and epithelial cells from various organs demonstrate a high level of
expression of IL-20R1, -20R2 and 22R1, and IFN-AR1 mRNAs [29, 30]. However,
immune cells are unresponsive to many of the CRF2 cytokines [29, 30]. A major
exception to this paradigm is IL-10, which primarily acts on leukocytes such as
monocytes and lymphocytes to inhibit inflammation [18]. IFN-y is also produced
primarily by T and NK cells. It promotes T,1-type immune responses and has
broad effects on a wide variety of nonhematopoietic cell types: upregulation of
MHC class I expression and changes in proteosomal machinery induction of sev-
eral angiostatic chemokines. Thus, a common functional scheme emerges for
CRF2 cytokines: they are often produced by immune cells in response to non-
specific damage to the host, and they regulate inflammatory and native immune
responses in damaged tissues.
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schematic structure of the genes for IFN-/s.
The National Center for Biotechnology
Information database was used to determine
the chromosomal localization of the genes
encoding IFN-4s and their receptor subunits
(Fig. 6.2), and to generate the ideograms of
chromosomes. (A) Chromosome 19 (Ch19)
encodes three IFN-1 genes which are
transcribed in the direction indicated by
arrows. (B) Approximate sizes of the genes
and intergenic distances are shown (in kb).
Unspliced transcripts are schematically shown

interrupted by lines (introns). Spliced
transcripts are also shown as shaded/open
boxes with vertical lines indicating relative
positions of former introns. The coding regions
of exons are shaded and the segments
corresponding to 5'- and 3’-UTRs are left
open. The IFN-A2 and -3 genes have an
additional exon (exon 1a) positioned upstream
of their first coding exons (exon 1). Translation
from the ATG codon within the exon 1a
generates extra amino acids within the signal
peptide of IFN-A2 and -A3 (hatched areas).

6.3
Genomic Structure

Genes encoding all three members of the novel IFN-4 cytokine family are clustered
on human chromosome 19 (19q13.13 region; Fig. 6.1). The coding region of each
of the genes is divided into five exons (exons 1-5 on Fig. 6.1). However, it appears
that the IFN-A2 and -A3 genes have an additional exon (exon 1a) positioned
upstream of their first coding exons (exon 1). Exon 1a contains an upstream ATG
codon in-frame with the ATG codon encoded in exon 1. Translation from this up-
stream ATG codon generates four extra amino acids within the signal peptide of
IFN-A2 and -A3. MetLysLeuAsp are the 4 amino acids which are added at the N-
terminus of the IFN-A2 and -13 sequences shown in Fig. 6.5 (below). Overall
intron/exon organization of the genes encoding IFN-As correlates well with the
common conserved architecture of the genes encoding IL-10-related cytokines [7].
In contrast, the genes for the type I IFNs lack introns (Fig. 6.5 below).

The high degree of homology between human IFN-1is suggests that their genes
derived from a common predecessor quite recently. It appears that, after the diver-
gence of the IFN-11 and IFN-A2 genes, there occurred a more recent duplication
event in which a fragment containing the IFN-A1 and -A2 genes was copied and
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integrated back in to the genome in a head-to-head orientation with the IFN-A1—
IFN-22 segment. This duplication created the IFN-A3 gene, which is almost iden-
tical to the IFN-A2 gene not only in the coding region, but also in the upstream
and downstream flanking sequences. Thus, promoters of the IFN-A2 and -3 genes
are very similar, and share several common elements with the IFN-/1 promoter,
suggesting that all three genes are likely to be regulated in a similar manner. In
the duplicated fragment, a part which contained the IFN-11 gene was extensively
mutated so that only separate pieces which do not encode a functional gene can
be found in this region. Whereas the IFN-11 and -12 genes are transcribed towards
the telomere, the IFN-A3 gene is transcribed in the opposite direction. The IFN-11,
-22 and -13 genes are separated from each other by 26 and 23 kb, respectively.

The genes encoding the IFN-4 receptor subunits, IFN-AR1 (also designated as IL-
28R, LICR or CRF2-12 [2, 3, 36]) and IL-10R2 [2, 3, 37], are positioned on human
chromosome 1 and 21, respectively (Fig. 6.2). The IFN-/R1 gene is positioned in
close proximity to the IL-22R1 gene (1p36.11 chromosomal region). Both the IFN-
JR1 gene and the adjacent IL-22R1 gene are transcribed towards the telomere and
are positioned approximately 10 kb apart from one another. The IL-10R2 gene is
clustered together with three genes encoding other members of the class II cyto-
kine receptor family, IFN-«R1, -2R2 and -yR2, and all four genes are located on
chromosome 21 (21q22.11 chromosomal region). All four genes are transcribed in
the same direction toward the telomere. The IL-10R2 gene is surrounded by the
IFN-0R2 gene 2 kb apart on one side and the IFN-aR1 gene 28 kb apart on another
side. The IFN-AR1 and IL-10R2 genes have a similar intron/exon structure which is
also shared by other genes encoding CRF2 proteins [7]. The coding regions of the
receptor genes are composed of seven exons (exons 1 through 7, Fig. 6.2). Exon 1
encodes the 5’-untranslated region (UTR) and the signal peptide, the extracellular
domain is encoded by exons 2, 3, 4, 5, and part of the exon 6. Exon 6 also encodes
the transmembrane domain and the beginning of the intracellular domain. Exon 7
covers the rest of the intracellular domain and the 3’-UTR. The positions of the in-
trons are highly conserved.

Interestingly, IFN-AR1 has three splice variants similar to those of IFN-aR2.
Splice variants of both receptors may also be functionally similar [2, 3, 36, 38-40].
When all seven exons of the IFN-0R2 gene are present in the transcript, a signaling-
competent IFN-aR2c splice variant is produced. Differential mRNA splicing gener-
ates two other variants, IFN-oR2a and -2R2Db. A secreted soluble IFN-«R2a protein
is a result of splicing out exon 6. A membrane-bound IFN-zR2b chain, with a
shorter cytoplasmic domain than that in the IFN-«R2c chain, is encoded by the
transcript lacking exon 7. The IFN-aR2b does not appear to stimulate intracellular
activities and may function as a dominant-negative molecule. All three of these
variant forms of IFN-2R2 have the same extracellular domain and all three can ef-
fectively bind IFN-u/f. IFN-/R1 appears to have analogous variants: one that en-
codes a full-length (seven exons) membrane-associated, functional receptor; a sec-
ond that encodes a soluble receptor due to skipping exon 6; and a third that
encodes a membrane-bound receptor with modified intracellular domain which is
likely to be signaling-incompetent, that is generated by a distinct splicing event.
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localization (Ch1) of the IFN-ART gene and its  sizes of the genes and intergenic distances are
close neighbor, the IL-22R1 gene (A), and the  shown (in kb). (B and D) Schematic exon/
chromosomal localization (Ch21) of the IL- intron structure of the gene is shown. Figure
10R2 gene and its neighbors, the genes details are as described for Fig. 6.1.

encoding IFN-2R2 and IFN-2R1 (C), as well as

IL-10R2 (CRF2-4), which is a part of the IL-10, -22 and -26, and IFN-2 receptor
complexes, is ubiquitously expressed. Its mRNA is detectable by Northern blotting
in most tissues albeit with very low level of expression in the brain [19, 29, 30, 41].
It appears that IFN-AR1 is constitutively expressed across a broad range of cell lines
and tissues [2, 3]. The IFN-AR1 message is detectable in various normal tissues,
including heart, kidney, skin, small intestine, lung, skeletal muscle and liver. The
major [FN-AR1 transcript appears to be about 5 kb long. However, several IFN-AR1
transcripts of different sizes than the major transcript were observed in RNA de-
rived from heart, skin and the MOLT-4 cell line, indicating alternative splicing
and/or transcriptional termination variants. Among cell lines examined, hemato-
poietic (HL-60, K-562, MOLT-4 and Raji) and nonhematopoietic (HeLa S3, SW480,
A549 and G-361) cell lines both express IFN-/AR1 transcripts. Of these cell lines,
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Raji cells expressed the highest levels of IFN-AR1. In general, all epithelial-like cell
lines are responsive to IFN-1. These include epitheloid carcinoma HelLa S3 cells,
lung carcinoma A549 cells, keratinocyte HaCaT cells, hepatoma HuH?7 cells and
colorectal carcinoma HT-29 cells. However, several cell types such as fibroblast-
like cell lines, primary fibroblasts and endothelial cells do not express IFN-AR1,
and, therefore, are not responsive to IFN-/s.

6.4
Receptor Complex and Signaling

IFN-0/f and IFN-4s utilize distinct receptor complexes for signaling. Whereas type
I IFNs exert their biological activities by signaling through a heterodimeric re-
ceptor complex composed of IFN-¢R1 and -aR2c, IFN-2s bind and signal through
a receptor complex formed by I[FN-AR1 and IL-10R2 |2, 3] (Fig. 6.3).

IFN-/ ligand-receptor complex shares a common structure-functional architec-
ture with other class II cytokine receptor complexes [4, 5, 7, 9, 42—44]. Ligands sig-
naling through CRF2 activate predominantly the JAK-STAT signal transduction
pathway, and require two distinct receptor subunits for signaling. The receptor
chains within a given receptor complex can be divided into two types denoted R1
and R2. An R1 type subunit has a long intracellular domain which is associated
with JAK-1 tyrosine kinase. The intracellular domain of an R1 subunit is phos-
phorylated on tyrosine residues after receptor engagement. This process facilitates
recruitment of various SH2 domain-containing proteins, particularly STATS, to the
receptor complex. Thus, the R1 chain defines the specificity of signaling. The
STATs are then activated by JAK-mediated tyrosine phosphorylation, form homo-
or heterodimers, dissociate from receptors and translocate to the nucleus. Various
STAT combinations are activated in response to different cytokines and this in part
determines the specificity of signaling. In the nucleus, the STAT dimers, in combi-
nation with other factors, modulate the finely tuned and well-orchestrated tran-
scription of cytokine-inducible genes. In contrast, an R2-type subunit possesses a
short intracellular domain which is associated with JAK-2 or TYK-2 tyrosine kin-
ases and does not recruit STATS. It seems that the only function of the R2 subunit
is to initiate signal transduction events by recruiting an additional tyrosine kinase
to the receptor complex and, thus, allowing JAK cross-activation. Based on the
length of their intracellular domains and participation in the STAT recruitment
process, the receptor pairs within a given complex can be well defined according
to the R1/R2 type division. IFN-aR1 is the only exception to the rule to a certain
degree. It was reported that the IFN-aR1 intracellular domain can modulate type I
IFN signaling: the deletion of a region within the IFN-aR1 intracellular domain
created a receptor which produced an enhanced response [45].

The crosslinking pattern of radioactively labeled IFN-A1 indicated that it is a
monomer in solution [3]. IFN-A2 is also a monomer (Zdanov, unpublished).
Thus, binding of a monomeric IFN-/s is likely to engage one molecule of each
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IFN-Zs are likely to be monomers. The IL-T0R2 chain is associated with TYK-2 [60] and
functional IFN-A receptor complex consists of  the IFN-AR1 chain is likely to interact with JAK-
two receptor chains — the unique IFN-/R1 1. Upon the ligand-induced heterodimerization
chain and the IL-10R2 chain. The IL-T0R2 chain of IFN- receptor chains receptor-associated
is a shared common chain in four receptor JAKs crossactivate each other, phosphorylate

complexes, the IL-10, -22 and -26, and IFN-2 the IFN-ART intracellular domain and, thus,
receptor complexes. Expression of both chains initiate the cascade of signal transduction
of the IFN- receptor complex is required for events. STAT-1, -2, -3, -4 and -5 are activated by

ligand binding and for assembling of the IFN-Z leading to activation of biological
functional receptor complex. Ligand binding activities, such as upregulation of MHC class |
leads to the formation of the heterodimeric antigen expression and induction of antiviral
receptor complex, and to the initiation of a protection. (This figure also appears with the
signal transduction cascade involving color plates.)

members of the JAK protein kinase family and

IFN-AR1 and IL-10R2 subunits (Fig. 6.3). IFN-/s require both receptor chains for
high-affinity binding and do not detectably interact with either single subunit ex-
pressed on the cell surface [3]. However, IFN-11 can form a complex with soluble
IFN-ZR1 in solution (Zdanov, unpublished results).

Despite signaling through distinct receptor complexes, type I IFNs and IFN-1s
activate similar signaling events and biological activities, consistent with their com-
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mon ability to induce an antiviral state in cells (Fig. 6.3). In both cases, receptor
engagement leads via the activation of the JAK kinases JAK-1 and TYK-2, to the
tyrosine phosphorylation of latent transcriptional factors of the STAT family:
STAT-1, -2, -3, -4 and -5 [3, 46]. Phosphorylated STATs form various homo- and
heterodimers and translocate to the nucleus, where they bind to specific DNA
elements such as GAS (y-activated sequence) in the promoters of IFN-responsive
genes. Signaling through either type I or type III IFN receptor complexes also
results in the activation of the ISGF-3 transcription complex, composed of
STAT-1 and -2, and of the IFN-regulatory factor (IRF)-9 (ISGF-3 or p48). ISGF-3
regulates gene transcription by binding to an IFN-stimulated response element
(ISRE). These IFN-activated transcriptional factors in combination with other
enhanceosomal and transcriptosomal proteins modulate the transcription of IFN-
responsive genes.

Although type I and type III IFNs act through receptors that do not share any
apparent sequence homology in their intracellular domains, a very similar set of
STATSs is activated by both cytokine families. Analysis of the tyrosine-based motifs
within the IFN-AR1 intracellular domain responsible for STAT activation revealed
the molecular mechanism underlying the ability of both types of IFNs to induce
the similar pattern of STAT activation [46]. Two tyrosines, Tyr343 and Tyr517, of
IFN-AR1 can independently mediate STAT-2 activation by IFN-/s. In response to
type I IFNs, one tyrosine of IFN-aR1 and two tyrosines of IFN-aR2 seem to play a
role in STAT-2 recruitment and activation [47, 48]. Interestingly, the Tyr343-based
motif of IFN-R1 (YIEPPS) shows some similarities with that surrounding Tyr466
of IFN-¢R1 (YVFFPS). In addition, the C-terminal amino acid sequence of IFN-AR1
containing Tyr517 (YMARstop) is very similar to the C-terminal amino acid se-
quence of IFN-zR2 containing Tyr512 (YIMRstop), which is also implicated in
STAT-2 phosphorylation. Therefore, both type I and III IFN receptor subunits con-
tain similar docking sites for STAT-2 recruitment and activation, YPXXPS, where
¥ should be hydrophobic, and YXXR stop. Activation of STAT-2 requires the pres-
ence of either Tyr343 or Tyr517 of IFN-iR1, whereas activation of STAT-4 phos-
phorylation (and to some extent STAT-1 and -3 activation) was independent from
IFN-AR1 tyrosine residues. The ability of IFN-4s to induce antiviral and antiproli-
ferative activities is dependent on Tyr343 or Tyr517 of IFN-/R1, demonstrating
that the activation of STAT-2 is pivotal for these biological activities, and neither
STAT-4, -1 nor -3 activation, are sufficient to mediate the antiproliferative and anti-
viral activities of IFN-s. Thus, Tyr343- and Tyr517-based motifs on IFN-AR1 are
also likely to mediate ISGF-3 activation which is responsible for most of the IFN-
J-induced biological activities that are shared in common with [FN-a.

Since both the type I IFNs and IFN-As activate the same transcriptional factors,
particularly ISGF-3, it is not surprising that they induce similar biological activities.
Cytokines from both families induce expression of several proteins which partici-
pate in antiviral responses, including double-stranded (ds) RNA-activated protein
kinase (PKR), 2'-5'-oligoadenylate synthetase (2’-5'-OAS) and Mx proteins ([3]
and unpublished data). These proteins have been shown to interfere with viral
replication through various mechanisms. dsRNA-activated PKR phosphorylates
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Fig. 6.4. Model of the antiviral response. Both expression of the functional type Il IFN (IFN-

type | and 11l IFNs are produced by a broad ) receptor complex is limited primarily to the
variety of nucleated cells in response to viral epithelial-like cells. Therefore, unlike type |
infections. Whereas all cell types express the IFNs, IFN-4s induce antiviral protection only in
type | IFN (IFN-o/f) receptor complex, the certain organs and tissues.

translation-initiation factor elF-2a blocking protein synthesis. 2'-5’-OAS activates
RNase L which cleaves mRNA and rRNA, thus inhibiting viral replication on both
transcriptional and translational levels. Clearly, such drastic measures affect cel-
lular viability. Indeed, both enzymes have been implicated in apoptosis. Mx pro-
teins are GTPases and some of them possess antiviral activity, although the
mechanism of their action is not completely understood. Mx proteins associate
with ribonucleoprotein complexes of some viruses and can interfere with their
transcriptional functioning and/or trafficking. Based on our current knowledge, it
thus appears that both the IFN-«/f and -4 ligand-receptor systems can indepen-
dently induce the establishment of an antiviral state by engaging similar signaling
pathways and participants of the antiviral response (Fig. 6.4).

In general, IFN-is do not inhibit proliferation of various cell lines including
Daudi cells, which strongly respond to type I IFNs in an antiproliferative assay [2,
3, 46, 49]. However, IFN-4s do inhibit proliferation of certain tumor cell lines, such
as LN319 human glioblastoma cell line [49] and in cells that are engineered to
express high levels of IFN-AR1 from transfected plasmids [46] (Kotenko, unpub-
lished). Therefore, it appears that the ability of IFN-/s to induce antiproliferative
activity in cells depends on the level of IFN-/R1 expression.

A microarray experiment comparing the genes that are regulated by IFN-1 and
by IFN-§ demonstrated that both cytokines up- or downregulated the expression
of the same set of genes, indicating that these cytokines should induce similar cel-
lular responses [46]. Nevertheless, since the intracellular domains of IFN-2R2, -«R1

|1s1
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and -/R1 are very different, it is likely that some of the signaling molecules re-
cruited and activated by IFN-o/# and -is may differ. Therefore, it is possible that
IFN-0/f and -s each possess some unique biological activities.

Although it has not been documented, crosstalk between ligand-specific receptor
complexes is likely to occur. The interaction between complexes may occur on sev-
eral levels. Extensive receptor sharing may lead to sequestering of a shared chain
by one complex which has higher affinity for the shared chain from another recep-
tor complex with low affinity for this chain. For example, expression of IL-10R1/
IFN-AR1 (extracellular/intracellular domain) in HT29 cells [3] which express en-
dogenous functional IL-22 receptor complex noticeably weakened IL-22-induced
signaling in these cells (unpublished). Competition for endogenous IL-10R2, a
shared chain between the IL-10 and -22 receptor complexes, is a possible explana-
tion for the observed inhibition. Competition for the pool of JAK kinases or STAT
proteins could be another possible mechanism to account for the crosstalk between
ligand-receptor complexes on the signaling level [50]. It is also possible that there
are cell types that respond preferentially to either type I or III IFNs. Exposure to
IFN-0/f or -y may suppress responsiveness to IFN-1 by temporarily depleting the
cytoplasmic pool of one or more of the ISGF-3 components: STAT-1 and -2, and
IRF-9 (p48). This would decrease the availability of these transcription factor com-
ponents for recruitment to the IFN-1 receptor complex when its ligand, IFN-/, is
present. Overexpression of the IFN-AR1 chain reduces responsiveness of the cells
to type I IFNs [2].

6.5
Biological Activities

Antiviral protection is a complex process which involves several levels of defense. It
begins with the efforts of an infected cell to prevent the replication of a virus and to
signal other cells about viral presence, and finishes with the engagement of a
broad array of immune protective forces to combat virus propagation in the body.
One critical task of virus-infected cells is to release IFNs as signals to neighboring
cells. Release of IFNs also alerts the immune system to the presence of an invad-
ing virus and induces antiviral protection prior to the spread of the virus. The IFNs
can act in both an autocrine and paracrine manner to promote antiviral protection.
Thus, the next wave of infected cells is better prepared to resist infection and, upon
sensing the presence of a virus through various means, activates intracellular
mechanisms of antiviral protection or even commits suicide (apoptosis) to prevent
viral replication. IFNs can be produced by a wide variety of nucleated cells when
infected by viruses or through other stimuli. In addition, there are specialized
circulating cells that, while in relatively low abundance, produce high amounts of
IFNs on a per-cell basis. These cells, sometimes called NIPCs, are a subset of DCs,
pDCs, and can also respond to a virus through mechanisms independent of viral
replication in the cells. A race between viral replication and the development of cel-
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lular and immune defense forces determines the severity, duration and outcome of
a viral infection.

Type I IFNs (IFN-u/f) were viewed as the main players in many antiviral re-
sponses. Indeed, studies with IFN-o/f receptor knockout mice in which either sub-
unit of the IFN-« receptor complex has been disrupted demonstrate an essential
role for IFN-u signaling in the induction of antiviral resistance [51-53]. Type I
IFNs (IFN-o/f) induce potent antiviral protection in a wide variety of cells. They
also activate a variety of innate and adaptive immune mechanisms that eliminate
viral infections. Although their primary role seems to be in mediating defense
against viruses, they can also be induced by other stimuli and their expanding
functional repertoire is generating a reassessment of our understanding of the
type I IFNs.

In view of the exquisite susceptibility to viruses by mice with disruptions in the
type I IEN system, it was surprising when a novel family of cytokines, the IFN-1s,
was found to have potent antiviral activity [2, 3, 54]. [FN-ZA-induced antiviral activity
has been demonstrated against encephalomyocarditis virus (EMCV) and vesicular
stomatitis virus (VSV) in different cell types. IFN-Zs, similar to the type I IFNs, can
also increase the expression of class I MHC (HLA) molecules, presumably provid-
ing more efficient targets for immune recognition of virus-infected cells. Thus,
IFN-Zs appear to be bona fide antiviral proteins, with a role in the physiological de-
fense against viruses.

Consistent with their antiviral activity the IFN-/ genes are coexpressed together
with other type I IFNs (IFN-o/f) in virus-infected cells [2, 3]. Virtually any cell type
can express IFN-o/f following viral infection and, presumably, most viruses induce
IFN-. expression (Fig. 6.4). For example, we showed that four distinct viruses
(Sindbis virus, Dengue virus, VSV and EMCV) induced coexpression of IFN-/s in
several different cell types, including HelLa (cervical epithelial carcinoma), HT-29
(colorectal carcinoma) and HuH7 (hepatoma) [3]. More recently, it was shown
that infection of human epithelial cells by respiratory syncytial virus induces co-
expression of type I (IFN-o/f) and type III (IFN-1) IFNs [55]. Other viruses, such
as influenza virus and Sendai virus have also been shown to induce expression of
IFN-Zs in human monocyte-derived DCs (mDCs) [56, 57]. Furthermore, in one
study, it was shown that IFN-o amplifies induction of IFN-2 by influenza or Sendai
virus [56]. The ability of IFN-« to upregulate induction of IFN-/ appears to be due
to the ability IFN-u to upregulate expression of the Toll-like receptor (TLR) and
IRF-7 genes.

It was also shown that viral infection and treatment with diverse TLR agonists
induces differential expression of the IFN-z/f and -1 genes in pDCs and mDCs
[57]. pDCs are a highly specialized and relatively rare cell population that can pro-
duce large amounts of IFN-«/f in response to environmental challenges such as
viral infection. A recent report by Coccia et al. [57] showed that influenza virus in-
fection of pDCs or mDCs induces coexpression of all of the IFN-o subtypes and
IFN-f as well as the three IFN-1 subtypes. Certain TLR agonists such as CpG
DNA which signals via TLR-9 in plasmacytoid DCs also induced coexpression of
IFN-o, -f and -1. In contrast, other TLR agonists such as LPS and poly I:C which
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signal via TLR-4 and -3, respectively, induced expression of IFN-f and -4, but did
not elicit expression of IFN-u in monocyte-derived DCs. We have also observed dif-
ferential induction of IFN-o/f and -1 by LPS and poly I:C in monocyte-derived
DCs (unpublished observations). It is apparent therefore that live virus infection
induces coexpression of IFN-x/f and -/, whereas as other microbial agents or
microbial components such as bacterial DNA, endotoxin and dsRNA elicit a more
selective expression of these IFN types. The similar pattern of expression of type I
and III IFNs is consistent with the existence of upstream regulatory elements in
the IFN-A genes similar to some of those found in the type I IFNs.

6.6
The Murine IFN-2 Antiviral System

In light of the common antiviral activities of IFN-o/f and -1s, it is somewhat puz-
zling that mice with a disrupted type I IFN system are still highly susceptible to
viral infections. Why doesn't the IFN-/ antiviral system confer protection against
viruses in such mice? One possibility is that the IFN- system is not fully func-
tional in mice. However, mouse IFN-/s and -AR1 orthologs do exist, and are func-
tionally quite similar to their human counterparts (Fig. 6.5 and data not shown).
The murine and human IFN-4 ligands are almost identical with the exception of
several amino acids. The murine IFN-A genes are clustered on chromosome 7A3.
Their intron/exon structures are very similar to those of the human genes. A cur-
rently available sequence of the mouse genome suggests a similar organization of
the mouse IFN-Z locus in comparison with the human IFN-4 locus. There are two
genes representing mouse IFN-A2 and -13 gene orthologs encoding intact proteins.
Both of these have been cloned and their gene products are active on the human
IFN-4 receptor complex (unpublished results). In contrast, the mouse IFN-11 gene
has been extensively mutated, and does not encode a functional protein (unpub-

lished data).

>
Fig. 6.5. Evolution of the IFN family. (A)
Alignments of the amino acid sequences of

IFNs were added into the alignment and the
results were utilized to generate a phylogenetic

human (h), mouse (m) and chicken (c) IFN-1s,
as well as zebrafish (f) IFNs. The consensus
sequence is shown on the bottom. Identical
amino acids corresponding to the consensus
sequence are shown in black outline with white
lettering. Similar amino acids are shown in
gray outline with white lettering. Amino acid
residues are numbered starting from the first
Met residue (signal peptide amino acids are
included). Positions of corresponding introns
are indicated by arrows. (B) Human type |

tree for these cytokines. Only one IFN-x was
used in alignment since 13 IFN-u species are
nearly identical. Because of the low sequence
identity, the tree is subject to small changes in
the alignment and is therefore instructive, not
definitive. The intron/exon structure of genes
encoding fish IFNs is identical to those of IFN-
A genes as schematically shown in (C). In
contrast, mammalian as well as bird type | IFN
genes do not have introns.
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Functional differences between the murine and human IFN-1 systems could
arise from subtle differences in the intracellular domains of their receptors
(IFN-AR1). There is a stretch of negatively charged residues close to the end of
the human receptor intracellular domain. This region in the mouse receptor is
significantly altered by a short insertion and substitutions of several amino acid
residues, resulting in a longer and more negatively charged region in the mouse
receptor [9]. In addition, while two out of three tyrosine residues of the human
receptor intracellular domain are conserved in the mouse ortholog, the mouse re-
ceptor contains three additional tyrosine residues. Thus, there is a possibility that
distinct subsets of signaling molecules might be activated through mouse or
human receptors. Nevertheless, both tyrosine-based motifs which are involved in
STAT activation [46] are preserved in the mouse ortholog. However, the differences
in other tyrosine-containing motifs between the murine and human orthologs may
lead to mouse and human IFN-1s conferring overlapping, but distinct, biological
activities.

Although there are only two functional IFN-1 genes encoded in the mouse
genome, the murine IFN-/ system appears to be intact, and able to mediate the
antiviral response both in vitro and in vivo [58]. Murine IFN-As can protect B16
melanoma cells against the cytopathic effect of VSV infection (unpublished). Al-
though, the expression of murine IFN-is by recombinant vaccinia viruses (vIFN-
/8) did not impair the ability of the virus to grow in culture, it strongly attenuated
the virus in mouse infection models. Mice infected intranasally with vIFN-1s did
not show any signs of illness or weight loss. In addition vIFN-i2 was cleared
more rapidly from infected lungs and, in contrast to control viruses, was unable
to disseminate to the brain. Attenuation of vIFN-A2 was associated with increases
in both lymphocytes in bronchial alveolar lavages (BAL) and CD4" T cells in total
lung lymphocyte preparations. Thus IFN-/s possess the potent antiviral and im-
munostimulatory activity against poxvirus infection in vivo.

Other possible explanations for the inability of the IFN-/ system to render mice
with a disrupted type I IFN system protection against viral challenges are that ei-
ther the kinetics of induction or the potency of the IFN-/ system are insufficient as
a “stand-alone” antiviral system for the viruses tested in the absence of a func-
tional type I IFN system.

6.7
Evolution of the IFN Family

Additional insight into the evolutionary relationships may come from examining
related cytokines in other organisms. Analysis of the available sequenced genomes
reveals that IFN-1 orthologs can be predicted in numerous mammalian species.
The IFN-A antiviral system can be traced as far back in evolution as birds. The
chicken genome contains at least one IFN-1 gene (Fig. 6.5) demonstrating that
the IFN-A system has been well preserved in evolution.
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Interestingly, zebrafish (Danio rerio) IFN possessing antiviral activity has been
recently identified [59]. Two additional quite distinct IFN species can be predicted
in the zebrafish genome (unpublished data and Fig. 6.5) which can be tentatively
designated as IFNs, whose antiviral activity remains to be demonstrated experi-
mentally. Although, these fish I[FNs demonstrate substantial sequence homology
to both mammalian type I and type III IFNs, all fish IFNs share higher percentage
of amino acid identity with mammalian type I IFNs (Fig. 6.5). Intriguingly, the
intron/exon structure of genes encoding fish IFNs is identical to those of IFN-1
genes (Fig. 6.5), whereas mammalian as well as bird type I IFN genes do not have
introns. Thus, to date, intronless IFN genes have not been found in fish genomes.
This observation suggests that early in evolution, the proto-IFN genes possessed
introns. Later, IFN genes evolved into two subfamilies: IFN-1 genes retained the
ancient intron/exon structure, whereas type I IFN genes lost introns. Currently, it
is not clear whether fishes have only one IFN antiviral system, and, if so, when
in evolution the duplication of an antiviral system into type I and III IFN systems
occurred.

6.8
Therapeutic Potential

Currently, clinical targets of type I IFN therapy include: viral infections, particu-
larly chronic hepatitis C virus (HCV) or HBV infections; various cancers, including
hairy cell and myelogenous leukemias, multiple myeloma, lymphomas, renal cell
carcinoma, Kaposi sarcoma and metastatic melanoma; and multiple sclerosis
(IFN-B). However, there are severe adverse events associated with type I IFN ther-
apy including inhibition of hematopoesis, neuropsychiatric effects (depression,
anxiety) and influenza-like symptoms (myalgia, fever, fatigue). The great need for
better therapeutics is particularly clear in the case of chronic HCV infections.
HCV infections have reached epidemic proportions with nearly 2% of the world
population currently infected. Although recombinant IFN-o is now the mainstay
for therapy of chronic HCV infection, IFN-o therapy is effective in only about half
of infected persons, leaving large numbers of patients with persistent infection. In
fact, over time, many patients who are treated with recombinant human IFN-«
products become resistant to the biological activities of this agent and continued
treatment does little to control viral replication or the morbidity associated with
chronic HCV infection. Moreover, many patients are unable to receive doses of
IFN-o that might more effectively treat their disease because of severe dose-
limiting toxicities, including neuropsychiatric disease, myelosuppression, autoim-
mune disorders and debilitating flu-like symptoms. The biological basis of many
of these treatment-limiting side-effects appears to result from the very broad activ-
ity of IFN-o on cells of the immune system, particularly lymphocytes and neutro-
phils. Consequently, there is a great need for alternative biological agents for
treating this widespread disease, especially agents that elicit fewer or less severe
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adverse reactions. Therefore, it is important to evaluate whether IFN-/s may repre-
sent better therapeutics which may have fewer side-effects while retaining benefi-
cial antiviral potency.

6.9
Conclusions

Along with advancements in our understanding of the complexity of virus—host in-
teractions, IFNs continue to reveal novel features of the antiviral response. Multi-
ple innate and adaptive immune mechanisms directed to eliminate viral infections
are activated by IFNs. Discovery of IFN-1s has opened a new direction in antiviral
research. The relative importance of the IFN-/s in host antiviral defense remains to
be fully determined. Although acting through s unique receptor complex, type III
IFNs seem to mimic type I IFNs in their pattern of expression, signaling pathways
and biological activities. However, different antiviral potency and differential ex-
pression of receptor subunits suggest that the type I and III IFN antiviral systems
do not merely replicate each other. Perhaps at this point the IFN-A antiviral system
should be viewed as relatively weak, tissue-specific antiviral system.
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7
Biological Actions of Type | Interferons

Melissa M. Brierley, Jyothi Kumaran and Eleanor N. Fish

7.1
Introduction

Type I interferons (IFNs), which include IFN-¢, -8, -o, -« and -7, are an evolutionar-
ily conserved group of secreted cytokines that act as pleiotropic mediators of host
defense and homeostasis. Binding of IFNs to specific cell surface receptors results
in the activation of multiple intracellular signaling cascades, leading to the synthe-
sis of proteins that mediate antiviral, growth-inhibitory and immunomodulatory
responses.

In this chapter we will explore binding of type I IFNs with their cognate receptor
complex, emphasizing key residues mediating these interactions. IFN-inducible
signaling and subsequent biological outcomes elicited upon receptor engagement
will also be discussed.

7.2
Sources of Type | IFN Production and Secretion

Historically, type I IFNs were classified as fibroblast IFN because they were first
observed to be produced by fibroblast cells [1-4]. The advancement in type I IFN
research has shown that T cells, macrophages, plasmacytoid dendritic cells (pDCs),
DCs and natural killer (NK) cells can also secrete IFNs [5]. IFN-us are also consid-
ered leukocyte IFNs because they are secreted by white blood cells [6]. A profes-
sional cell which is the primary type I IFN producer has been defined as the
CD47CD11c™ type 2 DC (pDC2) [7]. This natural IFN-producing cell (NIPC) can
secrete between 200- and 1000-fold more IFN-x than any other white blood cell

type.
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7.3
Type | IFN Interactions with the Receptor Complex

Type I IENs induce signaling events using a common receptor complex comprised
of two subunits denoted IFNAR-1 and -2¢, which belong to the class II cytokine re-
ceptor superfamily [8]. The extracellular domain (EC) of the receptor subunits is
composed of immunoglobulin-like domain units called fibronectin type III (FNIII)
domains [9, 10]. The IFNAR-1 extracellular domain is composed of four FNIII
domains and the IFNAR-2 EC domain is composed of two FNIII domains. Loop
regions in the EC domain of the receptor subunits mediate interactions with IFNs
[11].

7.3.1
Structure and Functional Regions of Type | IFNs

Based on X-ray crystallographic and nuclear magnetic resonance (NMR) data, all
type I IFNs have the same overall secondary structure [12-16]. The proteins are
composed of five o helices that are packed together in an up—up—down-up—down
formation.

The IFN receptor binding sequences were mapped by evaluating chimeric IFN-
os in binding assays and in bioassays [17, 18]. Three active regions of the IFN mol-
ecule were defined as amino acid sequences 29-35, 78-95 and 123-140. These
regions were designated IFN receptor recognition peptide (IRRP)-1, -2 and -3, re-
spectively (Fig. 7.1). IRRP-1 and -3 are spatially proximal in the native protein,
and are kept in an active biological conformation by a disulfide bond existing be-
tween Cys29 and Cys139. The IRRP-1 sequence is a loop structure between helices
A and B, the IRRP-2 sequence is located in the C helix, and the IRRP-3 sequence
is located in helix D and in the loop connecting helices D and E. Solvent-exposed
residues in the E helix were also demonstrated to contribute significant energy to
receptor binding [19-21].

7.3.2
IFN Domains Mediating Interactions with IFNAR-2

Type I IFNs bind to IFNAR-2 with Ky values in the range of approximately 2-10
nM [22-24]. IRRP-1 and -3 form the region which mediates interactions with
IFNAR-2 [19, 25]. In addition to the IRRP-1 and -3 sequences, residues in the
E helix also contribute significant energy to IFNAR-2 binding [19]. High-
performance liquid chromatography analysis of interactions between soluble
IFNAR-2 and IFN-22 showed that a 1:1 complex is formed between these two mol-
ecules, indicating that one molecule of IFN interacts with one molecule of IFNAR-
2 [24]. Therefore, by extrapolation, the IRRP-2 sequence in the C helix must inter-
act with IFNAR-1.
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C29 to C139
disulfide bond
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Fig. 7.1. Ribbon diagram representation of ribbon and the E helix (residues 141-155) as

human IFN-02 (protein data base ID 1ITF).
Regions mediating binding interactions with
the IFNAR subunits are highlighted. IRRP-1
(residues 29-35) is represented as a blue
ribbon, IRRP-2 (residues 78-95) as a red

an orange ribbon. The Cys29-Cys139 residues
involved in the disulfide bond are represented
as yellow sticks. The N- and C-termini are
indicated. (This figure also appears with the
color plates.)

ribbon, IRRP-3 (residues 123-140) as a purple

Residues in the IFNAR-2-binding region which contribute the most binding
energy were identified using human IFN-¢2 and human IFNAR-2 molecules con-
taining point mutations within putative functional regions [19]. Evaluation of these
mutants using kinetic binding studies was carried out to quantify the binding en-
ergy contribution of the targeted residues (Fig. 7.2). From this analysis, 10 residues
localized entirely in the IRRP-1 sequence were found to form a functional epitope
on IFN-«2. Residues Leu30 and Arg33 together contribute two-thirds of the total
interaction energy. Other “hotspot” residues in the ligand include Argl144, Ala145,
Met148, Arg149 and Ser152 [20]. These residues are conserved amongst human
IFN-us, demonstrating the importance of the amino acid residues at these posi-
tions in mediating interactions with the receptor.
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Fig. 7.2. Key residues in human IFN-o2 that energy are shaded red, and residues that

contribute the most binding energy during contribute between 0.5 and 2 kcal mol~" of
interaction with IFNAR-2. Amino acids are energy are shaded yellow. (This figure also
represented in space-filling format. Residues appears with the color plates.) Adapted from
that contribute more than 2 kcal mol~" of [32].

733

IFNAR-2 Domains Mediating Interactions with IFNs

IFNAR-2 site-directed mutagenesis studies and homology modeling using solved
cytokine structures have identified putative residues involved in interactions with
IFN-«2 and -f (Fig. 7.3). Long-range electrostatic interactions were studied by creat-
ing single-charge reverse mutants of IFNAR-2 and IFN, and determining the effect
of the mutation on dissociation kinetics in binding assays [20, 32]. Based on data
generated in kinetic analyses of these reverse mutants, a number of residues in the
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Fig. 7.3. Space-filling representation of the IFN binding
surface on IFNAR-2. The elongated hydrophobic patch is
comprised of residues colored in red surrounded by a ring of
polar and charged residues colored in blue. (This figure also
appears with the color plates.) Adapted from [21].

binding site were mutated to alanine. Dissociation kinetic measurements were
used to determine the binding energy contribution of each residue. For IFN-u2,
Thr44, Tle45, Met46, Ser47, Lys48, Glu77, Trp100 and Ile103 within IFNAR-2 con-
tribute to binding, with Ile45 and Met46 contributing the most energy, and the rest
contributing intermediate to marginal energy. For IFN-f, however, the binding
region in IFNAR-2 shifts such that Ile45 and Trp100 contribute the most energy,
Lys48 contributes intermediate energy, and Met46 contributes marginal energy.
This finding is significant in that it illustrates a structural difference in receptor
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recognition between these IFN subtypes, which may result in the differential
signaling outcome observed between IFN-os and -f [26-30]. Blocking antibody
studies with IFNAR-1 also demonstrated this difference between IFN-as and -g.
Antibodies against IFNAR-1 which block IFN-o binding and bioactivity did not
affect IFN-$ binding or bioactivity [31], suggesting that receptor recognition differ-
ences between the two subtypes are influencing the observed, differential signaling
outcomes.

734
IFN-« Interaction with IFNAR-2

Using a panel of mutant IFN-22 and IFNAR-2 molecules, the interaction energy
between 13 residues of IFN-a2 and 11 residues of IFNAR-2 was measured [32].
From these measurements, nuclear Overhauser effect (NOE)-like constraint dis-
tances were established for five residue pairs. The largest interaction energy was
measured between Argl49 on IFN-02 and Glu77 on IFNAR-2. Other interac-
tions include Argl44 (IFN-02) with Met46 (IFNAR-2), Ser152 (IFN-22) with His76
(IFNAR-2), a possible aromatic interaction between Phe27 (IFN-02) and Tyr43
(IFNAR-2), and a potential salt bridge formation between Asp35 (IFN-x2) and
Lys48 (IFNAR-2) (Fig. 7.4 and Tab. 7.1). A computer generated ligand-receptor
docking model was used to demonstrate that a loop in IFNAR-2 containing “hot-

Ser152 His76 5
Fig. 7.4. Residues in the human IFN-z2— blue residue side-chains and IFNAR-2 is
IFNAR-2 interface that mediate interactions represented as a cyan ribbon with red residue
between IFN and the receptor subunit. side-chains. (This figure also appears with the

IFN-02 is represented as a green ribbon with color plates.) Adapted from [21, 32).
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Tab. 7.1. Interacting residues and atoms in human IFNAR-2 and IFN-u2

IFNAR-2 IFN-02 Atom ID in IFNAR-2 Atom ID in IFN-a2 Type of
residue residue residue side-chain residue side-chain interaction
Lys48 Asp35 N¢ 0ol salt bridge
His76 Ser152 No1 Oy hydrogen bond
His76 Ser152 Ne2 Oy hydrogen bond
Glu77 Argl49 Ocl Nyl hydrogen bond
Glu77 Argl49 O¢l N#2 hydrogen bond

Data were derived from double-mutant cycle analysis [32]. (Adapted from [21].)

spot” residues Thr44, Ile45 and Met46 inserts into a groove formed around Alal45
in IFN-02, which is flanked by “hotspot” residues identified in the ligand [11].
Arg33 in the ligand contributes energy to binding, although no binding partner
was found on the receptor during binding studies. The docked model shows that
the backbone oxygen atoms of Ser47 and Lys48 in IFNAR-2 mediate two potential
hydrogen bonds with the side-chain of Arg33, explaining the lack of an Arg33 in-
teraction partner in the receptor but its large contribution to binding energy.

7.3.5
IFN-g Interaction with IFNAR-2

The differences observed with IFN-f binding with IFNAR-2 compared with IFN-«2
binding to IFNAR-2 can be explained by residue substitution or angular orienta-
tion differences of interacting residues, based on computer modeling studies [32].
Trp100 on IFNAR-2 can potentially interact with Trp22 in IFN-f. [FN-o2 has an Ala
residue at this position. This may explain why Trp100 contributes significant bind-
ing energy during IFNAR-2 interaction with IFN-, but not with IFN-22. Mutation
of the Arg33 residue in IFN-22 results in a 10*-fold reduction in affinity, whereas
the homologous mutation involving Arg35 in IFN-f results in only a 10-fold
decrease in affinity. In the computer-generated model of IFN-f interacting with
IFNAR-2, the Arg35 side-chain in IFN-§ points away from I[FNAR-2, most likely
resulting in the observed nominal contribution by this residue to ligand affinity.
The minimal contribution of Met46 in IFNAR-2 to IFN-# binding energy may be
explained due to the occurrence of a valine residue at position 145 (alanine in
IFN-22). The IFNAR-2 loop deeply inserts into the groove in IFN-02 around
Alal42; so the relatively larger valine side-chain may not be able to accommodate
the required interaction and so diminishes the importance of Met46 in contribu-
ting energy to IFN-f interaction with [FNAR-2.
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7.3.6
Type | IFN Interactions with IFNAR-1

A solved NMR or X-ray structure of IFNAR-1 is not yet available for detailed ligand
interaction studies, so mutagenesis and blocking antibody experiments have eluci-
dated which regions of this receptor subunit are contributing to IFN binding
[31, 33]. The IFNAR-2 subunit is defined as the primary binding chain, whereas
IFNAR-1, which possesses little if any intrinsic affinity by itself for IFNs, plays a
key role in increasing the overall affinity of IFN for its receptor complex by 10- to
20-fold [34]. The affinity of human IFNAR-1 for IFN is greater than 0.1 uM, a rela-
tively low K; value compared to the IFN-IFNAR-2 interaction [23, 35-38]. Anti-
body studies have been useful in demonstrating that epitopes found in the two
membrane distal FNIIT domains may be important in mediating IFNAR-1-IFN in-
teractions [31]. Furthermore, these studies also demonstrated that different regions
of IFNAR-1 contact the different IFN-« subtypes and [FN-£.

Construction of bovine—-human IFNAR-1 chimeric molecules and evaluation
of human IFN-«2 binding to these constructs expressed on the cell surface demon-
strated that the two middle FNIII domains of IFNAR-1 are critical for moderate-
affinity ligand binding, while the remaining two domains enhance binding [39,
40]. Alanine scans of bovine IFNAR-1 identified five hydrophobic residues involved
in mediating binding. Residues Trp132, Phe139, Tyr160 and Trp253 are solvent ex-
posed based on an IFNAR-1 structure generated using homology modeling [41].
The fifth residue, Tyr141, is buried beneath residues Phel39 and Tyr160, and is
most likely required for proper presentation of the latter residues. These five resi-
dues are conserved in both human and murine IFNAR-1, suggesting that they are
critical for function. Alanine scans of human IFNAR-1 have revealed that Tyr70 in
the first FNIII domain, Trp129 in the second FNIII domain and Arg279 in the
third FNIII domain also mediate binding and signaling events [33].

7.3.7
IFNAR-1 Receptor Interaction with Glycosphingolipids

Cell membrane glycosphingolipid expression, namely galabiosylceramide (Gb,) and/
or globotriaosylceramide (Gb;), is required for proper ligand binding and transmis-
sion of IFN-induced signaling [42]. Based on primary sequence identity between
IFNAR-1 and the verotoxin (VT)-1 protein produced by enterohemorrhagic Escher-
ichia coli, which interacts with membrane bound glycosphingolipids through
residues found in the VI-1B subunit [43], it is believed that Gb,/Gbs; molecules in-
teract with residues in the most membrane distal FNIII domain of the IFNAR-1
receptor subunit. The glycosphingolipid interactions with IFNAR-1 are believed
to contribute to the proper orientation of the receptor subunit so that IFN mole-
cules are bound efficiently, allowing signaling to proceed. The glycosphingolipid—
IFNAR-1 interaction may cause the extracellular domain of the IFNAR-1 subunit to
fold over itself to adopt a configuration that results in proper presentation of the
IFNAR-1 binding surface to the IFN molecule. Using a murine-human IFNAR-1
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hybrid molecule, in which the N-terminal FNIII domain of murine IFNAR-1 was
replaced with the N-terminal FNIII domain from the human protein, it was dem-
onstrated that murine IFN-o binding and signaling through a receptor complex
containing this chimeric molecule are unaffected [44], suggesting that, in the
context of murine and human receptors, this domain does not contribute to the
species specificity associated with type I IFNs.

738
Residues in Type | IFNs that Mediate Biological Responses

Various studies using blocking antibodies, site-directed mutagenesis, random mu-
tagenesis and hybrid IFNs have implicated specific IFN residues in mediating anti-
viral and growth-inhibitory activities [45]. These residues occur in the IRRP and E
helix regions of IFNs. Table 7.2 summarizes the biological activities associated with
the “hotspot” residues and IRRP residues in IFNs described in this section.

There is clear evidence demonstrating that different type I IFN subtypes engage
the receptor complex in a distinct manner, resulting in disparate signaling and
biological outcomes [32, 46]. Blocking antibody studies and binding studies using
mutated IFNs and receptor subunits show that IFN-os and -§ recognize different
regions of IFNAR-1 and -2. Unlike the IFN-as, IFN-§ induces the association of
both phosphorylated IFN receptor subunits [27] and is active in cells lacking TYK-
2, the intracellular kinase that is non-covalently associated with IFNAR-1 [47]. Ad-
ditionally, gene expression for CXCL11 (8-R1/I-TAC) [28], a natural antagonist of
CC chemokine ligand (CCLS) [48], is uniquely induced by IFN-p [28]. The differ-
ence in receptor recognition by IFN-os and -f leads to the differences in signaling
outcome observed.

7.4
Type | IFN-induced Signaling Cascades

The type I IEN receptor complex transduces signals through activation of receptor-
associated Janus protein tyrosine kinases (JAKs). Binding of all type I IFNs to the
receptor complex induces association of the two receptor chains, and subsequent
reciprocal transphosphorylation and activation of JAKs. The JAKs, TYK-2 and
JAK-1, constitutively associate with the IFNAR-1 and -2c subunits of the IFN recep-
tor, respectively [49-51].

7.4.1
The JAK-STAT (Signal Transducers and Activators of Transcription) Pathway

The JAK-STAT pathway is the primary signaling pathway for the transcriptional
regulation of many IFN-stimulated genes (ISGs). Upon their activation, JAKs
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Tab. 7.2. Residues in the receptor binding regions of type |
IFNs that contribute to biological activity

IFN residue

Role in biological activity

Residues in all IFN-« subtypes
Cys29, Cys139
Leu30
Lys31
Arg33
His34

Asp35
residues 78-95 (IRRP-2)

Asp78, Glu79

Argl21, Lys122, Tyr123
Phel24

Gln125

Tyr130

Leul31

Lys134, Lys135, Tyr136
Trpl41

Alal46

Ser151

Residues found in specific subtypes
Phe27 (in all o subtypes except
IFN-21 and not in IFN-B)

Asn86 and Tyr92 (in IFN-p)

Arg121 (in all o subtypes except
[FNs-o1, -013, -«14 and -221)
GIn125 (in all o-subtypes except
[FNs-o1 and -«13)

His138 (in IFN-f)

Glu147 and Arg150 (IFN-f)

disulfide bond critical for full IFN activity
critical for antiviral and antiproliferative activity
minor contribution to antiviral activity

critical for antiviral and antiproliferative activity
minor contribution to antiviral and anti-
proliferative activity

minor contribution to antiviral activity
differential sensitivities of type I IFN subtypes
may be attributed to this region

contribute to antiviral activity

critical for full activity

contributes to antiviral activity

critical for antiviral activity

contributes to antiviral activity

critical for antiviral and antiproliferative activities
contribute to antiviral activity

critical for antiviral activity

critical for biological activity

critical for biological function

necessary for full IFN activity

association of phosphorylated receptor subunits;
activity in TYK-2-deficient cells

critical for antiviral activity

critical for antiviral activity

critical for biological function
critical for biological function

Refer to [45] for a more comprehensive listing of IFN residues and

their contribution to biological responses.

phosphorylate specific tyrosine residues within the intracellular domains of the
receptor subunits [52]. These phosphorylated residues serve as docking sites for
STAT proteins [53]. Once recruited to the receptor complex, the activated JAKs
phosphorylate a single tyrosine residue within the C-terminus of the STAT protein
[54]. The phosphorylated and activated STATs (Fig. 7.5) form both homodimeric
and heterodimeric complexes that translocate to the nucleus, and bind specific
DNA sequences within the promoter regions of ISGs to initiate transcription [55].
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Fig. 7.5. Domain structure of STAT proteins.
STAT proteins are a family of latent cytoplasmic
transcription factors that serve as important
mediators of cytokine, hormone and growth
factor signal transduction. There are seven
mammalian members of this family, STAT-1, -2,
-3, -4, -5a, -5b and -6, all of which share a
conserved domain-like structure. STAT proteins
range in size from 748 to 851 amino acids
(90-115 kDa) and consist of six different
domains, each with its own defined function.
The N-terminal domain (residues 1 to ~130)

is involved in stabilizing STAT dimer—dimer
interactions. The coiled-coil domain (~130 to
~320) is important for protein interactions.
The central DNA-binding domain extends from
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490 and 580, and separates the DNA-binding
domain from the SH2 domain. This area is
comprised primarily of a-helices and appears
to play a role in mediating transcription. The
phosphotyrosine-binding SH2 domain is
required for receptor binding and dimerization.
Within this domain is a conserved tyrosine
residue. Phosphorylation of this tyrosine
activates the STAT molecule, allowing it to
interact with the SH2 domain of another STAT.
At the C-terminal end a transcriptional-
activation domain (TAD) modulates the
transcriptional functions of the various STAT
proteins. The TAD mediates interactions of
the STAT protein with a number of nuclear
coactivators, facilitating chromatin modifica-

amino acids ~320-490 and contains several
residues conserved in all members of the STAT
family. A linker domain exists between residues

tions and transcriptional activation. (This
figure also appears with the color plates.)

Upon activation, TYK-2 phosphorylates Tyr466 on IFNAR-1, generating a recruit-
ment site for STAT-2 by means of its Src homology 2 (SH2) domain [56]. TYK-2
then phosphorylates STAT-2 on Tyr690, which acts as a recruitment site for STAT-
1 [57, 58]. Subsequently STAT-1 is phosphorylated on Tyr701. The activated STAT-
2:1 heterodimers dissociate from the receptor complex and translocate to the
nucleus. Only the intracellular domain of the IFNAR-2¢ chain is required for me-
diating the recruitment and activation of STATs and the formation of the STAT
complexes [59, 60]. Within the IFNAR-2c intracellular domain only a single tyro-
sine residue at either position 337 or 512 is necessary for a complete IFN response
[61]. STAT-2 binds constitutively to the IFNAR-2c subunit, while STAT-1 associates
with the IFNAR-2c—STAT-2 complex, suggesting that STAT-2 provides a docking
site for the SH2 domain of STAT-1, linking it to the receptor [62]. The association
of STAT-2 with IFNAR-2c is independent of any tyrosine phosphorylation of the
receptor or STAT protein.

Another important component of the IFN receptor complex is the WD repeat-
containing receptor RACK-1. This protein associates with the IFNAR-2c¢ chain,
and acts as a scaffold for the formation of a receptor complex comprised of JAK-1,
TYK-2 and STAT-1 [63, 64]. A mutation in the RACK-1 binding site of IFNAR-2c
abolishes both STAT-1 and -2 activation. STAT-3 is also activated upon IFN-receptor
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binding. For normal STAT-3 tyrosine phosphorylation, the catalytically active form
of TYK-2 is essential, but receptor phosphorylation is not required [62, 65].

A major IFN-inducible complex is ISG factor 3 (ISGF-3), comprised of STAT-1
and -2, and a DNA-binding adapter protein of the IFN-regulatory factor (IRF) fam-
ily, IRF-9 (p48 or ISGF-3y) [66]. Upon nuclear import, this ISGF-3 complex binds
the IFN-stimulated response element (ISRE), AGTTTN;TTTC, to initiate gene
transcription. Type I IFNs also induce the formation of other STAT-containing
complexes: STAT-1:1, -3:3 and -5:5 homodimers as well as STAT-3:1 and -2:1 het-
erodimers [67-69]. These homodimers and heterodimers bind palindromic se-
quences, TTCN3;GAA, designated y-activated sequences (GAS) located in the pro-
moters of a different subset of ISGs. In mature B cells, IFN also induces the
tyrosine phosphorylation of STAT-6, leading to the formation of a STAT-2:6 hetero-
dimer as well as an ISGF-3-like complex comprising STAT-2 and -6, and IRF-9 [70].
IFN-o stimulation of human CD4" T cells also activates STAT-4 through recruit-
ment to the IFNAR-complex via the C-terminus of STAT-2 [71].

In addition to tyrosine phosphorylation, several STAT members, i.e. STAT-1, -3,
-4 and -5, use phosphorylation of a specific serine residue within the transcrip-
tional activation domain to regulate transcription [72, 73]. Namely, the transcrip-
tional activation potential of STAT-1-containing complexes, including both STAT-1
homodimers and ISGF-3, is dependent upon the phosphorylation of residue
Ser727 74, 75].

7.41.1 The Importance of STAT-1 and -2 in Type | IFN Signaling
Examination of the phenotypes of mice deficient in the various STAT proteins
highlighted several of their specific physiological functions (Tab. 7.3) [76].

Mice lacking STAT-1 are viable and have no developmental defects [77]. How-
ever, these mice display a selective deficiency in their responses to both type I and
IT IFNs, making them highly susceptible to viral and other microbial infections
[78]. The expression of several ISGs was severely compromised in these mice.
STAT-1-deficient mice also have a greater rate of tumor development, due to de-

Tab. 7.3.  Phenotypes of STAT knockout mice

Protein Phenotype of targeted gene disruption
STAT-1 defects in type I and II IFN signaling
STAT-2 defects in type I IFN signaling
STAT-3 embryonic lethal

STAT-4 loss of IL-12 signaling

STAT-5a defect in prolactin signaling

STAT-5b loss of growth hormone signaling

STAT-6 loss of IL-4 responsiveness
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fects in IFN responses, apoptosis and reduced expression of caspases [79]. These
results demonstrate that STAT-1 has an essential and nonredundant role in IFN
signaling.

STAT-2-deficient mice are developmentally normal and primarily defective in
their response to IFN [80]. These mice are highly sensitive to viral infections due
to their inability to activate a number of IFN-inducible antiviral genes. In addition,
STAT-2-deficient mice exhibit a loss of the type I IFN autocrine/paracrine loop that
regulates STAT-1 activation and subsequently mediates the activation of additional
immune responses.

7.4.2
Other IFN-inducible Signaling Cascades

In addition to the JAK—STAT pathway, IFN-receptor binding results in the activa-
tion of several other intracellular signaling cascades. Together these cascades coor-
dinate to induce the synthesis of proteins that elicit the biologic effects of IFNs
(Fig. 7.6).

7.4.2.1 The CrkL Pathway

The three members of the Crk protein family, CrkL, CrkI and CrkII, are cellular
homologs of the v-crk protooncogene [81]. Containing a single SH2 domain and
two SH3 domains, both CrkL and CrKkII serve as adaptors, linking tyrosine phos-
phorylated receptors to downstream signaling components. The SH3 domains of
CrkL and CrkII bind a guanine exchange factor for Ras, Sos, and a guanine ex-
change factor for Rapl, C3G [82]. CrkL interacts with C3G allowing the CrkL to
link the activated IFN receptor to the growth-inhibitory C3G—Rap1l pathway [83].
IFN stimulation of target cells induces tyrosine phosphorylation of CrkL and CrkII.
Similarly, IFN treatment leads to the phosphorylation and activation of STAT-5,
constitutively associated with IFNAR-1-bound TYK-2 [84]. Once activated, STAT-5
associates with the SH2 domain of CrkL and the resultant STAT-5—-CrkL complexes
translocate to the nucleus and bind GAS elements in the promoters of ISGs. With-
in the context of these STAT-5-CrkL DNA-binding complexes, CrkL is required for
IFN-induced gene transcription via GAS elements [85]. In cells lacking CrkL, IFN-
stimulated Rap1 activation is impaired, highlighting the importance of CrkL in reg-
ulating the growth-inhibitory C3G—Rap1 pathway.

7.4.2.2 The IRS Pathway

The IRS pathway operates independently of the JAK-STAT pathway and is in-
volved in mediating IFN-a-dependent activation of phosphatidylinositol-3-kinase
(PI3K) [86, 87]. High-molecular-weight IRS proteins, i.e. IRS-1 and -2, are sub-
strates for the activated JAK kinases [88, 89]. Once phosphorylated, they provide
docking sites for the SH2 domains of various signaling components, including
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Fig. 7.6. Type | IFN-induced signaling. Engagement of the type
I IFN receptor complex leads to the phosphorylation of JAK-1
and TYK-2, and activation of the JAK-STAT, p38MAPK, CrkL and
IRS—PI3K pathways. (This figure also appears with the color
plates.)
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Grb-2, the p85 subunit of the PI3K, SHP2 and Crk, whereupon they coordinate
cytokine-mediated signal transduction by linking tyrosine kinases or their sub-
strates to downstream signaling events [90]. Specifically, IFN-a-induced JAK-1 acti-
vation results in the tyrosine phosphorylation of both IRS-1 and -2, allowing them
to associate with the p85 regulatory subunit of PI3K [91, 92]. This IRS—p85 inter-
action leads to the activation of both the phosphatidylinositol and serine kinase ac-
tivities of the p110 catalytic subunit of PI3K.

IFN stimulation of the IRS—PI3K pathway induces the activation of the down-
stream effector called mammalian target of rapamycin (mTOR) [93]. mTOR is a
serine/threonine protein kinase which subsequently regulates the initiation of pro-
tein translation by mediating both the activation of the p70S6 kinase and the inac-
tivation of the 4E-BP1 repressor of translation. Upon activation, the p70S6 kinase
regulates the phosphorylation of serine residues on the 40S ribosomal S6 protein,
which serves as a key regulator of cell-cell progression and mRNA translation.
mTOR-dependent phosphorylation of 4E-BP1 allows its dissociation from eukary-
otic translation initiation factor (eIF)-4E and the subsequent initiation of transla-
tion. Thus, the IFN-activated IRS—PI3K pathway provides a mechanism to regulate
mRNA translation in response to type I IFNs. By promoting mRNA translation of
ISGs, this pathway complements the JAK-STAT cascade in mediating the biologi-
cal effects of type I IFNs.

7.42.3 The p38 Mitogen-activated Protein Kinases (MAPK) Pathway

MAPKs are a group of widely expressed serine/threonine kinases: the extracellu-
lar signal-regulated kinases (ERKs), the Jun N-terminal kinases (JNKs) and the
P38MAPKs [94]. There are four p38MAPK isoforms (o, f, y and ) that are activated
by a variety of stimuli, including hyperosmolarity, heat shock, radiation, other
forms of cellular stress and stimulation with pro-inflammatory cytokines. Activa-
tion of p38MAPK is mediated by a series of upstream effectors, ultimately regulat-
ing the phosphorylation of a Thr-Gly—Tyr motif within the p38 protein.

Type I IFNs induce the phosphorylation and subsequent activation of p38MAPK
[95, 96]. The p38MAPK pathway is important in regulating IFN-induced re-
sponses, and is essential for both ISRE- and GAS-mediated gene transcription
[87, 95]. However, p38MAPK is not involved in mediating STAT complex forma-
tion, serine phosphorylation or DNA binding [87].

In addition, IFN stimulation activates upstream regulators of p38MAPK, includ-
ing the small G-protein, Racl, and both MAPK kinase (MKK)-3 and -6 [87, 97]. In
cells lacking both MKK-3 and -6, IFN-dependent ISRE- and GAS-mediated tran-
scription is impaired. Downstream effectors of p38MAPK are also activated by
IFN. Specifically, IFN activates Msk-1, a kinase involved in the regulation of his-
tone phosphorylation and chromatin remodeling [98]. IFN induces the p38MAPK-
dependent activation of downstream serine kinases, MapKapK-2 and -3 [95, 98].
Moreover, p38MAPK-facilitated transcription and IFN-dependent antiviral re-
sponses are compromised in cells lacking MapKapK-2 [98]. Together these findings
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suggest that the role of p38MAPK in IFN-induced signaling is to regulate the acti-
vation of downstream effectors that modulate ISG transcription.

7.4.2.4 The Vav Proto-oncogene and IFN Signaling

The Vav proto-oncogene products play an important role in cellular signaling, link-
ing cell surface receptors to various effectors functions. Best characterized as a gua-
nine exchange factor for the Rho/Rac family of GTPases, Vav undergoes tyrosine
phosphorylation in response to a number of different stimuli, including IFN
[99]. Vav associates with both subunits of the type I IFN receptor, and, upon IFN
stimulation, forms a complex with both TYK-2 and the Ku80 regulatory subunit
of the DNA-dependent protein kinase (DNA-PK) [100, 101]. Although the role of
Ku80 in IFN signaling remains unknown, Ku80 may play a role in modulating
gene transcription. Moreover, IFN-induced phosphorylation activation of Vav en-
gages the GDP/GTP exchange activity of Racl, activating its downstream signaling.
Racl regulates IFN-induced p38MAPK activation, suggesting that during IFN sig-
naling Vav phosphorylation may mediate the p38MAPK signaling cascade [102,
103].

7.4.2.5 The Protein Kinase C (PKC) Family and IFN Signaling

The PKC family is a group of serine/threonine kinases that regulate cellular activ-
ities and signal transduction. This group is comprised of multiple isoforms that
differ in their modular structures and regulatory functions. Classification of differ-
ent PKC isotypes is based on activation requirements. The first group consists of
conventional PKC (cPKC) isoforms (PKC-a, -f and -y) that are dependent upon ele-
vated levels of intracellular calcium and phorbol esters for their activation. The sec-
ond group, called novel PKCs (nPKCs), is comprised of members (PKC-d, -¢, -0, -
and -u) that require phorbol esters for their activation. The third group, named
atypical PKCs (aPKCs), consists of isoforms (PKC-{ and -1) whose activation is in-
dependent of phorbol esters. Upon activation, the PKC proteins function as serine
kinase activities, regulating the phosphorylation and activation of downstream sig-
naling components.

Various PKC isoforms are also activated by type I IFNs. IFN activates PKC-d to
regulate the serine phosphorylation of STAT-1 [104]. Pharmacological and genetic
inhibition of IFN-induced PKC-é activation abrogates STAT-1 serine phosphoryla-
tion, restricting both GAS- and ISRE-mediated gene transcription [104]. Inhibition
of IFN-activated PKC-J also prevents the activation of p38MAPK, suggesting that,
during IFN signaling, crosstalk occurs between the PKC-0 and p38MAPK path-
ways [104]. In T cells, IFN induces the phosphorylation and activation of PKC-6.
Inhibition of PKC-6 protein expression prevents IFN-dependent GAS-mediated
gene transcription [105]. Moreover, PKC-0 is also implicated in the phosphoryla-
tion and activation of MKK-4, suggesting that IFN-dependent PKC-0 activation
plays a role in the downstream engagement of MAPK signaling [105].
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7.5
IFN-inducible Biological Responses

Binding of IFNs to specific cell surface receptors results in the activation of multi-
ple intracellular signaling pathways, most notably the JAK-STAT, CrkL, IRS-PI3K
and p38MAPK cascades. Together, they coordinately induce the synthesis of pro-
teins that mediate antiviral, growth-inhibitory and immunomodulatory responses
(Tab. 7.4).

7.5.1
IFN-inducible Antiviral Responses

To prevent the spread of a viral infection, infected cells activate an IFN response
[106, 107] (Fig. 7.7). Specifically, virus-inducible Toll-like receptor (TLR) activation
leads to the transcriptional activation of IFN-8 and -04, and subsequently the non-
IFN-04 IFN-a subtypes [108, 109]. Mice lacking IFN-f are extremely susceptible to
both vaccinia and coxsackie viral infections [110, 111]. Additionally, mice with tar-
geted deletions of different components of the IFN signaling pathway are highly
susceptible to viral infections. Mice lacking IFNAR-1, or STAT-1 or -2 all exhibit
increased sensitivity to infection with viruses [77, 80, 112].

Activation of the JAK-STAT pathway is important for control of viral replication.
The IRS-PI3K pathway also plays a role in mediating virus-induced IFN-mediated
cell death. Notably, in murine embryonic fibroblasts (MEFs), IFN-induced PI3K
confers resistance to infection with encephalomyocarditis virus (EMCV) and her-
pes simplex virus type 1 (HSV-1), independent of the JAK-STAT pathway [113].
The p38MAPK pathway further contributes to the antiviral effects of IFN, as
treatment of IFN-sensitive KT-1 cells with a pharmacological p38MAPK inhibitor
decreases the IFN-stimulated antiviral response [114]. Downstream effectors of
P38MAPK mediate this antiviral state, as MapKapK-2-deficient MEFs exhibit di-
minished IFN-induced protection against EMCV compared with MEFs expressing
MapKapK-2 [98].

IFN-receptor activation leads to multiple signaling cascades, which coordinately
invoke gene regulation in target cells that will create an antiviral response. IFN-
inducible control of viral replication is regulated by the ISRE-mediated transcrip-
tional activation of three key signaling effectors: double-stranded (ds) RNA-
dependent protein kinase (PKR), 2'-5’-oligoadenylate synthetase (2'-5'-OAS)/
endoribonuclease L (RNase L) and the myxovirus resistance protein (Mx). Studies
with PKR™/~ and RNase L/~ murine fibroblasts demonstrated that the IFN-
induced antiviral response is severely compromised in the absence of PKR and
RNase L [115].

The generation of mice triply deficient for PKR, RNase L and MxA demonstrated
that the antiviral activity of type I IFNs is not confined to these three effector pro-
teins, since these mice show residual IFN-inducible antiviral activity [116]. Other
effectors implicated in IFN-induced antiviral responses include the RNA-specific
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Tab. 7.4. Type | IFN-activated effectors and their contributions to IFN-inducible responses
Protein Classification Biological activity
Signaling
intermediates
STAT-1, -2, -3, -4,  transcription factor transcriptional activation of ISGs
-5a, -5b and -6
IRS-1/2 docking protein mediates PI3K activation
contributes to antiviral activity
adapter for T cell signaling
PI3K lipid and serine kinase contributes to antiviral activity
promotes survival of peripheral B cells
CrkL adapter transcriptional activation
activates C3G-Rapl1 cascade
regulates cell growth
P38MAPK serine/threonine kinase contributes to transcriptional activation
mediates antiviral activity and growth
inhibition
ISG products
PKR serine/threonine kinase antiviral activity — phosphorylates eIF2«
regulates translation
activates NF-xB, p38, JNK
mediates apoptosis
2/-5'-0AS synthetase antiviral activity — activates RNase L
mediates JNK activation
mediates apoptosis
Mx proteins GTPase antiviral activity — block viral replication
ADAR deaminase antiviral activity — deaminates adenosine
disrupts RNA editing
P56 family [FN-induced protein with antiviral activity
tetratricopeptide repeats restrict translation initiation
TRAIL ligand antiviral activity — restricts viral infection
mediates apoptosis
Viperin cytoplasmic protein antiviral activity — restricts viral replication
PLSCR-1 plasma membrane protein  antiviral activity
amplifies ISG expression
1SG-20 3’-5' exoribonuclease antiviral activity
disrupts viral RNA synthesis
p21 CDK inhibitor regulates cell growth
restricts phosphorylation of pocket protein
c-myc oncogene regulates cell growth

HIN-200 family

MHC class I
proteins
TLRs

IL-12, -15 and
-21, and IFN-y
CCL5, CCL3,
CXCL10

DNA-binding proteins
receptor

receptor
cytokines

chemokines

regulate cell growth

disrupt transcriptional activation
activate adaptive immune response
modulate T cell responses

mediate antimicrobial responses
activate adaptive immune response
modulate T cell responses

activate adaptive immune response
modulate T cell responses
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Fig. 7.7. Schematic of type | IFN-inducible
antiviral responses. IFN activates the JAK—
STAT pathway that induces the expression of

ISGs that mediate the antiviral actions of IFN.

PKR inhibits translation initiation through
phosphorylation of initiation factor elF-2s;

2'-5’-OAS and RNase L mediate RNA
degradation; Mx GTPases inhibit viral
assembly; ADAR-1 disrupts RNA editing.
Members of the p56 family, TRAIL, Viperin,
PLSCR-1 and ISG-20 also contribute to the
antiviral effects of IFN. (Adapted from [107].)
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adenosine deaminase (ADAR-1), the P56 family of proteins, tumor necrosis factor
(TNF)-related apoptosis-inducing ligand (TRAIL), Viperin (virus-inhibitory protein,
endoplasmic reticulum associated, interferon inducible), phospholipid scramblase
(PLSCR-1) and 1SG-20 [117-120].

7.5.1.1  PKR

PKR is an IFN-inducible serine/threonine kinase that serves as a critical mediator
of IFN-inducible antiviral activity [121]. The binding of viral dsRNA intermediates
to PKR induces a conformational change that effectively activates its catalytic do-
main [122]. Upon activation, PKR phosphorylates the « subunit of eIF-2 (elF-2a),
preventing the recycling of translation initiation factors and restricting de novo pro-
tein synthesis [123]. Phosphorylated elF-2« associates with a guanidine nucleotide
exchange factor, elF-2B, blocking elF-2-GDP to elF-2-GTP recycling and impairing
translation. In response to virus and poly(I:C), mice lacking PKR exhibit normal
IFN induction, but are highly sensitive to virus infection [124]. The antiviral action
of PKR is viral specific. Specifically, PKR activity is required for the IFN-mediated
antiviral activities against vesicular stomatitis virus (VSV) and influenza virus,
but is not essential for IFN-induced protection from EMCV or vaccinia infection
[125-127].

In addition, PKR is important in dsRNA-induced signal transduction, specifically
influencing the function of transcription factors STAT-1, IRF-1 and p53 [128]. PKR
also stimulates Fas expression and induces apoptosis through the Fas-associated
protein with death domain (FADD)/caspase-8 death signaling cascade [125, 129-
131]. Thus, activated PKR mediates the expression of proapoptotic genes, leading
to apoptosis of virus-infected cells and ultimately preventing viral replication.

PKR also regulates the activation of two MAPKs, p38MAPK and JNK, by pro-
inflammatory stimuli, including lipopolysaccharide (LPS), TNF-o and interleukin
(IL)-1 [132]. Indeed, PKR is an important mediator of host defense, regulating dif-
ferent cellular responses. PKR alone, however, is unable to mediate the full antivi-
ral response of IFN, as mice lacking PKR have residual resistance to viral infection
[124].

7.5.1.2 2’-5-OAS/RNase L

IFNs also induce the synthesis of a group of 2'-5’-OAS enzymes that are activated
by viral dsRNA intermediates [133]. Upon activation, the 2'-5’-OAS proteins cata-
lyze the polymerization of ATP into 2’-5’-linked oligoadenylates (2'-5'-A) of differ-
ent lengths. These 2’'-5’-A molecules bind with high affinity to the latent RNase L,
inducing its dimerization and activation. The activated RNase L cleaves single-
stranded (ss) cellular and viral RNA, subsequently blocking protein synthesis.
RNase L also cleaves 28S ribosomal RNA, inducing ribosome inactivation. The
IFN-induced 2'-5'-OAS pathway is particularly effective in preventing picornaviral
infections, including EMCV [134, 135].
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RNase L activation is also necessary for activation of the JNK signaling cascade.
In cells deficient in RNase L, both virally induced JNK activation and apoptosis
are compromised [136]. Similarly, the apoptotic effects of IFN and 2'-5’-OAS are
abrogated in cells lacking JNK-1 and -2 [136]. These findings suggest that RNase L-
mediated JNK activation is an important component of the IFN-stimulated antivi-
ral response mediating apoptosis. Additionally, the 9-2 isozyme of 2'-5'-OAS
promotes apoptosis through its capacity to bind and inactivate the anti-apoptotic
proteins Bcl-2 and Bcl-Xp [137]. The IFN-inducible 2'-5-OAS pathway therefore
mediates antiviral protection by directly restricting viral replication and by invoking
apoptosis of virally infected cells.

7.5.1.3 Mx

Type I IFNs induce the activation of another family of antiviral mediators — Mx
resistance proteins. Mx proteins belong to a superfamily of large GTPases, which
include dynamins and IFN-regulated guanylate-binding proteins. Most vertebrates
express one to three Mx isoforms that differ in their intracellular localization and
antiviral properties [138].

In humans, two Mx isoforms, MxA and MxB, are expressed; however, only MxA
possesses antiviral activity. Human MxA is a 78-kDa protein with broad antiviral
effects against numerous types of viruses [139]. In mice, the nuclear Mx1 and cy-
tosolic Mx2 proteins both confer antiviral protection. Mx1 shows specificity towards
orthomyxoviruses and thogaviruses that replicate in the nucleus, whereas Mx2 tar-
gets cytosolic bunyaviruses.

GTP binding and hydrolysis of Mx proteins induces a conformational change
that is critical for mediating antiviral activity [140]. The Mx proteins elicit their
antiviral activity either by disrupting viral polymerase activity and blocking
viral replication or by binding ribonucleoproteins and inhibiting viral RNA tran-
scription. Mx proteins also inhibit viral assembly by preventing the transport of
viral mRNA and nucleocapsid proteins within the cell. MxA specifically restricts
the infection of numerous negative-stranded RNA viruses, including influenza
virus, measles virus, VSV, Thogoto virus and Bunya virus [141-145]. MxA also
exerts antiviral activity against positive-stranded RNA viruses, i.e. Semliki
Forest virus and coxsackie virus B [146, 147]. Interestingly, for different viral
targets MxA acts at different levels of the viral replication cycle. During Semliki
Forest and VSV infections, MxA blocks early transcriptional events, whereas
later replication stages are targeted during infection with influenza virus. Upon
challenge with measles virus, MxA inhibits measles virus infection at either
the viral RNA stage or the glycoprotein synthesis stage [148]. Conversely, MxA in-
hibits hepatitis B viral infection by blocking the synthesis of viral proteins, cyto-
plasmic RNAs and DNA replicative intermediates, and restricting the nuclear ex-
port of viral RNAs [149]. MxA also blocks the replication of Bunya virus by
binding and sequestering viral nucleocapsid proteins within cytoplasmic com-
plexes [140].
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7.5.1.4 Other IFN-inducible Antiviral Effectors

The Adar-1 gene is IFN-inducible and its promoter contains a functional ISRE
[150]. ADAR-1 plays a role in the editing of both viral and cellular RNA by means
of site-specific deamination of adenosines. More specifically, this enzyme catalyzes
the covalent modification and subsequent destabilization of RNA through the
conversion of adenosines to inosines [107]. Importantly, RNA editing results in
changes in the peptide-coding capacity of transcripts and may control viral infectiv-
ity by preventing the translation of important virally encoded genes. Upon chal-
lenge with hepatitis J virus (HDV), IFN-induced ADAR-1 expression resulted in a
noticeable increase in RNA editing within target cells [151]. This RNA editing con-
trols the synthesis of S and L antigens, subsequently regulating the viral life cycle
[107].

The P56 family of proteins, also called IFITs (IFN-induced protein with tetratri-
copeptide repeats), is strongly induced in response to both viruses and IFN treat-
ment [120]. In humans there are four related P56 proteins, HuP56 (IFIT1 or
ISG56), HuP54 (IFIT2 or ISG54), HuP60 (IFIT4 or ISG60) and HuP58 (IFITS or
ISG58). In mice, three members exist, called MuP56 (IFIT1 or ISG56), MuP54
(GARG-39) and MuP49 (GARG-49). Although their defined function remains to
be determined, preliminary evidence suggests that these proteins restrict transla-
tion initiation and subsequently play a role in mediating IFN-inducible antiviral
activity. Through interaction with the 48-kDa subunit of elF-3 (elF-3-p48), HuP56
binds a component of the translation initiation machinery, elF-3, impairing its
ability to stabilize the ternary complex containing elF-2, GTP and Met-tRNA;,
thereby preventing translation [152].

IFN-p-inducible expression of TRAIL, a member of the TNF ligand superfamily,
by NK cells, is ISGF3-mediated, and has been linked to anti-EMCV activity [117].
Viperin is an IFN-inducible, cytoplasmic, antiviral protein that is activated by cyto-
megalovirus (CMV) and the CMV envelope protein, glycoprotein B [118]. Expres-
sion of Viperin in fibroblasts prevents productive CMV infection by downregulat-
ing a number of CMV structural proteins (gB, pp28 and pp65) that are important
for viral assembly and maturation. IFN-inducible PLSCR-1 is a calcium-binding
plasma membrane protein that can either insert into the plasma membrane or di-
rectly bind DNA in the nucleus. Interestingly, PLSCR-1 confers IFN-inducible
antiviral activity by amplifying the IFN response through induced expression of a
particular set of ISGs, including ISG15, HuP54 and HuP56 [153]. ISG20 is an
IFN-induced 3'-5" exoribonuclease that acts on ssRNA and elicits antiviral activity
toward RNA viruses. Notably, ISG20 confers resistance to infections with EMCV,
VSV and influenza virus by disrupting mRNA synthesis and peptide production
[154].

7.5.2
IFN-inducible Growth-inhibitory Responses

Accumulating evidence from in vitro studies implicates specific type I IFN-
inducible signaling cascades as important regulators of cellular growth. Notably,
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the Crk and p38MAPK pathways, as well as the Vav protooncogene are key media-
tors of the antiproliferative responses of IFNs.

The CrkL cascade is an important mediator of the growth-inhibitory action of
IFN in hematopoietic progenitors. The introduction of antisense oligonucleotides
to CrkL and CrkiII blocks IFN-induced growth inhibition in normal erythroid and
myeloid progenitors [90]. Although the full mechanism by which Crk proteins reg-
ulate IFN-induced growth inhibition remains unknown, studies in cells derived
from chronic myelogenous leukemia (CML) patients revealed that CrkL can regu-
late the transcriptional activity of STAT-5 [84]. Indeed, IFN treatment of these cells
induces the formation of STAT-5-CrkL complexes that bind promoter sequences
and activate the transcription of a subset of ISGs associated with growth inhibition,
i.e. promyelocytic leukemia (PML) [84]. The PML gene encodes a tumor suppres-
sor protein. Interestingly, TRAIL is a downstream transcriptional target of PML,
suggesting that, in addition to its antiviral activity, TRAIL also plays an important
role in IFN-induced growth inhibition and apoptosis [155].

In cells deficient in CrkL, IFN-induced activation of the GTPase, Rapl, was
impaired. IFN activation of CrkL induces C3G association and the activation of
Rapl, which antagonizes the Ras pathway and promotes tumor suppressor activity
[156]. Thus, in IFN signaling, CrkL functions as both a nuclear adapter protein for
STAT-5 and a signaling effector, linking the activated IFN receptor to the growth-
inhibitory C3G-Rap1 cascade.

Studies with primary cells and cell lines derived from CML patients have
revealed an essential role for the p38MAPK pathway in IFN-induced growth-
inhibitory activity [157]. Pharmacological inhibition of p38MAPK activity results in
partial abrogation of IFN-inducible growth inhibition of CML progenitors [114,
158]. Further studies demonstrated that IFN-induced activation of p38MAPK is re-
quired for the transcriptional activation of ISGs [87]. The implications are that the
IFN-inducible Rac1-p38MAPK signaling cascade regulates the expression of genes
that effect growth inhibition [114, 159].

Several IFN-activated proteins can also elicit a direct growth-inhibitory response
by controlling the expression of effectors that mediate cell cycle entry, exit and
progression. Notably, IFNs target essential cell cycle regulators, including the reti-
noblastoma gene product (Rb), cyclin A, cyclin-dependent kinase (CDK) 2, E2F, c-
myc, as well as CDK inhibitors (CKI), specifically p15, p21 and p27 [160-162]. Each
stage of the cell cycle is susceptible to IFN-inducible arrest. However, different
phases are targeted in different cell types. For example, Daudi Burkitt’s lymphoma
cells arrest at Gy, while U-266 myeloma cells are targeted at the G,/S transition
phase [163].

In normal cells, cyclin—-CDK complexes phosphorylate Rb whereupon Rb disso-
ciates from E2F, enabling the transcription of genes involved in G1/S phase transi-
tion. However, in cells undergoing IFN-induced Gy arrest, Rb and p107 levels are
lower. Moreover, IFN increases the levels of the CKI p21, a key inhibitor of G; CDK
activity, which suppresses CDK-mediated phosphorylation of the pocket proteins,
Rb, p107 and p130 [163-165]. These protein-bound E2F complexes act to nega-
tively regulate the cell cycle, slowing progression into S phase [166]. IFN also
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downregulates cyclin E, cyclin A and CDC25, and c-myc expression, which corre-
lates with the reduced DNA-binding capacity of E2F [167]. Moreover, IFN sup-
presses cyclin D3 expression, leading to reduced cyclin D-CDK4 and cyclin—
CDKG6 kinase activities.

Other effectors involved in regulating the growth-inhibitory effects of IFN are
the hematopoietic [FN-inducible nuclear protein with the 200-amino-acid repeat
(HIN-200) family [168]. This family of IFN-inducible proteins consists of the struc-
turally related murine (P202, P203, P204 and P205) and human myeloid cell
nuclear differentiation antigen (MNDA), absent in myeloma protein (AIM)-2 and
IFN-y-inducible protein (IFI)-16 proteins [169]. IFN treatment of Daudi cells
induces MNDA and IFI16 expression [170]. Notably, I[FN-mediated induction of
these proteins induces a transient increase in p21 expression, activation of Rb and
p130 via hypophosphorylation, as well as a decrease in c-myc expression [170, 171].
The P202 protein inhibits cell proliferation by associating with hypophosphory-
lated Rb and/or E2F, thereby preventing Gi/S phase transition. These P202—E2F
complexes restrict cell growth by blocking E2F1-mediated transcriptional activation
of S-phase genes [172]. Moreover, P202-bound E2F abrogates caspase-3 activation
and apoptosis [173]. Another member of the HIN-200 family, IFN-inducible pro-
tein X (IFIX)-o1, restricts the growth of tumor cells in a Rb- and p53-independent
manner by increasing p21 levels, and subsequently decreasing CDK2 and CDC2
kinase activity [174].

IFNs are also important mediators of apoptosis, inducing the expression of
a subset of proapoptotic ISGs. IFN-stimulated apoptosis involves the activation
of Fas, caspases, TRAIL, the X-linked inhibitor of apoptosis-associated factor 1
(XAF)-1, the Bcl-2 related proteins, Bak and Bax, as well as the expression of a
group of regulators of IFN-induced death (RIDs), that include IP6K2 kinase [175-
179]. Members of the IRF family, IRF-1, -3 and -5, also act as mediators of IFN-
inducible apoptosis by transcriptionally regulating the expression of additional
proapoptotic genes [180]. Although the precise mechanism of IFN-induced apopto-
sis is unknown, it incorporates FADD/caspase-8 signaling, ordered activation of
the caspase cascade, cytochrome c release from mitochondria and DNA fragmenta-
tion [181].

753
IFN-inducible Immunomodulation

Type I IFNs are involved in modulating several aspects of the adaptive immune
system, and in bridging the innate and adaptive immunity arms of the immune
system (Fig. 7.8) [182, 183]. IFN receptor and IFN-f# knockout mouse models dem-
onstrated that the type I IFN system is important in mediating certain stages of
immune system development and hematopoeisis [112, 184]. IFNAR-1-deficient
mice exhibited elevated levels of myeloid lineage cells in peripheral blood and
bone marrow [112]. In IFN-f-deficient mice, constitutive and induced expression
of TNF-u is reduced in the spleen and by bone marrow macrophages [184]. Altered
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Fig. 7.8. Type | IFN-induced immunomodulatory responses.
IFNs both upregulate and downregulate events in T and B
lymphocytes, NK cells, macrophages (M¢), and DCs. (Adapted
from [183].)

splenic architecture and a reduction in resident macrophages were also observed
[184]. A defect in B cell maturation was also suggested due to decrease in B cell
precursor numbers (B220"/"8"/CD43~ bone marrow-derived cells). Decreased
numbers of circulating macrophages and granulocytes (IgM-, Mac-1- and Gr-1-
positive cells) were also observed in IFN-A knockout mice, and this is likely due to
a defect in maturation of primitive bone marrow precursors in mice.
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IFNs also regulate the development and activities of numerous immune cells.
Notably, IFNs modulate both T and B lymphocyte responses by promoting the pro-
liferation of memory T cells, promoting the differentiation of type I T helper (Ty1)
cells, inducing IFN-y secretion from T cells and promoting isotype switching in B
cells and differentiation into plasma cells [185-188]. Type I IFNs are potent inhib-
itors of IL-7-dependent growth of early B cell lineage progenitors, resulting in ab-
rogation of B lineage differentiation at the pro-B cell stage [189-191]. Moreover,
IFNs activate macrophages, activate and enhance the cytotoxicity of NK cells, and
regulate the maturation and terminal differentiation of DCs [192-194].

Other functions of IFNs include their ability to upregulate MHC class I expres-
sion and subsequently promote CD8" T cell responses. IFNs also modulate the ex-
pression of components involved in antigen processing for MHC class I presenta-
tion [195]. In addition, IFNs can regulate the expression of important cytokines
that modulate T cell responses, notably IL-12, -15 and -21, and IFN-y, and the
expression of chemokines that are chemoattractant for T cells, i.e. CCL-5, macro-
phage inflammatory protein (MIP)-1a (CCL3) and IFN-y-inducible protein (IP)-10
(CXCL10) [196-198].

TLRs also play an important role IFN signaling [199]. Of the 10 TLR family
members identified in humans (reviewed in [200, 201]), signals induced through
five of them result in the production of type I IFNs. In macrophages, DCs
and monocytes, engagement of TLR-3, -4, -7, -8 and -9 by dsRNA, LPS, ssRNA,
imidazoquinoline-like molecules and CpG DNA, respectively, results in nuclear
factor (NF)-xB, MAPK and IRF-3 activation, inducing type I IFN [202-207]. More-
over, TLR-mediated IFN induction requires the formation of a complex consist-
ing of the Toll-IL-1 receptor domain-containing adaptor MyD88, TNF receptor-
associated factor (TRAF)-6 and IRF-7 as well as TRAF-6-dependent ubiquitination
[108].

7.6
Summary

Type I IFNs are cytokines that serve as potent biological response modifiers. En-
gagement of the receptor complex by type I IFNs induces signaling events that
result in the upregulation of specific sets of ISGs, whose products mediate the
characteristic biological properties associated with an IFN response. Key residues
have been identified in both the IFN molecule and the receptor subunits that are
critical in mediating binding interactions and biological activity. Four major path-
ways are activated that regulate the transcriptional activation of ISGs involved in
modulating the antiviral, growth-inhibitory and immunomodulatory effects of IFN.

Microarray analysis of RNA transcripts from IFN-treated cells identified more
than 300 genes that are transcriptionally activated by type I IFNs [208]. The role
of many IFN-inducible signaling intermediates and effectors that regulate down-
stream biological outcomes has been elucidated. However, the contributions of
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many ISG products to the various IFN-stimulated responses remain ill defined. For
example, the 6-16, 1-8U, 1-8D and ISG12 genes are highly inducible by type I
IFNs [209], yet the biological functions of their protein products have yet to be
determined. Gene expression studies have also identified numerous genes that
are transcriptionally repressed upon IFN stimulation. These includes histone
H4, insulin-like growth factor 2 and breakpoint cluster region (BCR), a serine/
threonine kinase that is a GTPase-activating protein for p21™° [208]. Although the
contribution of the downregulation of these genes in the context of IFN signaling
has not been fully elucidated, their protein functions suggest that they may be in-
volved in modulating growth-inhibitory responses.

Since their discovery in 1957, considerable progress has been made in under-
standing the biological actions of type I IFNs. However, the challenge remains to
identify the contribution of distinct IFN-activated signaling effectors and induced
ISGs to specific biological outcomes.
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8
Interferons and Apoptosis —
Recent Developments

Michael J. Clemens and lan W. Jeffrey

8.1
Introduction

Recent years have seen the accumulation of a considerable amount of evidence in-
dicating that the interferons (IFNs) not only influence the ability of viruses to rep-
licate in their host cells, but also affect a range of functions in uninfected cells.
Many of these IFN effects involve the regulation of cell proliferation and differenti-
ation, as well as cell survival and cell death. The decision of cells to survive or to die
by apoptosis (or indeed by the alternative pathway of necrosis) can have a profound
influence on development, tissue growth and repair, immune function, and neuro-
logical activity.

Although the IFNs are not particularly potent inducers of cell death, in contrast
to other cytokines such as tumor necrosis factor (TNF)-« or TNF-related apoptosis-
inducing ligand (TRAIL), they can have important and subtle effects on the process
(Fig. 8.1). Treatment of cells with IFNs alone often induces only a modest extent of
apoptosis, which occurs after relatively long times (although there are exceptions;
see, e.g. [1]). However, in many systems the IFNs have a permissive or sensitizing
role when cells are additionally exposed to other stimuli such as stress-inducing
agents or promoters of cell differentiation [2]. In this respect the IFNs fulfill an im-
portant protective function in facilitating cell death in the face of circumstances
such as viral infection or tumor growth that would otherwise be harmful to the
organism as a whole.

There have been several good reviews on the regulation of apoptosis by the IFNs
over the last few years (e.g. [3—-8]), but the subject is fast moving and there is now a
need to summarize recent developments. In 2003, one of us published a review on
selected aspects of the field [9] and the present chapter is an attempt to cover some
of the new findings that have emerged in the ensuing period.

The Interferons: Characterization and Application. Edited by Anthony Meager
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 8.1. IFN-x inhibits the proliferation of
MCF-7 breast cancer cells without inducing
apoptosis, but sensitizes cells to the apoptotic
effect of TRAIL. (A) MCF-7 cells were
incubated in the absence (closed symbols) or
presence (open symbols) of human IFN-02b
(1000 U/ml) for the times indicated. TRAIL
(167 ng mL~") was added for the last 5 h
where shown (dashed lines). Cells were
counted and the numbers are expressed as
percentage of the number of untreated cells at
72 h (means of three determinations). (Inset)
Cell viabilities were determined by Trypan blue
exclusion at 72 h. (B) Cells treated for 72 h as
described in (A) were examined by phase-

contrast microscopy. Examples of apoptotic
cells are indicated by arrowheads. Total
cytoplasmic extracts were prepared and
analyzed by SDS—gel electrophoresis, followed
by immunoblotting for the caspase substrates
poly(ADP ribose) polymerase (PARP) and BID.
Levels of o-tubulin were also determined as a
control for equal protein loading. The positions
of the full-length forms of PARP and BID and
their caspase-generated cleavage products are
indicated by the open and closed arrows,
respectively. The data are representative of the
results from several independent experiments.
These observations show that IFN-o inhibits
cell proliferation without causing apoptosis, as
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8.2
The Role of IFN-regulated Genes in the Control of Apoptosis

8.2.1
Proapoptotic Genes Induced by IFNs

All the current evidence suggests that, as with the other biological effects of IFNs,
the regulation of apoptosis is mediated by changes in gene expression that occur in
response to these cytokines. A recent review [8] summarizes many of the effects of
IFNs on gene expression that are relevant to cell survival. Several of the genes that
are up- or downregulated have been identified from microarray studies and at least
15 proapoptotic gene products have been shown to be induced by IFNs [10]. These
include TRAIL [11-15], as well as the receptors for this cytokine [16], the related
Fas ligand and its receptor (CD95) [17, 18], several procaspases [17, 19, 20], and
proteins that regulate apoptosis such as the X-linked inhibitor of apoptosis (XIAP)
inhibitor XAF-1 [21]. In addition, several proteins with important roles in signal
transduction pathways that influence apoptosis are induced by IFNs. These include
serine/threonine kinase (DAP) kinase [22], IFN-regulatory factors (IRFs) [8, 23]
and the promyelocytic leukemia (PML) gene product [15, 24]. The promoters of
several of the genes that code for regulators of apoptosis contain IFN-stimulated
response elements (ISRE) or j-activated sequence (GAS) elements [20], thus con-
ferring IFN-sensitivity. Conversely, the expression of some antiapoptotic genes can
be repressed by IFNs [23, 25], although the mechanisms involved are not so well
established.

822
p53 and IFN-induced Apoptosis

The IFNs can elicit a cytostatic as well as an apoptotic effect. Indeed, the former is
probably a more widespread cellular response to exposure to IFNs and it is likely
that many cell types that show growth inhibition respond primarily in this way, at
least in the absence of other proapoptotic factors. A recent study [26] suggests that
the signaling pathways involved in the two types of response are quite distinct.
Sandoval et al. report that the INK4A locus, which encodes the ARF proteins [27],
is required for type I IFN-induced apoptosis, but not for inhibition of cell prolifer-
ation. ARF upregulates the level of p53 via its interaction with the p53 inhibitor

Fig. 8.1.  (continued) cleavage of PARP and BID, consistent with the
judged by the maintenance of cell viability, early stages of apoptosis. IFN-u treatment
normal cellular morphology and the lack of enhances these effects of TRAIL. However, cell
cleavage of PARP or BID at 72 h. Treatment viability is only decreased at later times (not
with TRAIL for 5 h causes changes in cell shown).

morphology and partial caspase-mediated
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MDM2 [28]. p53 is in fact also induced at the transcriptional level by type I IFNs
(although there are disagreements in the literature as to whether the mechanism is
independent of ARF) and some studies indicate that p53 is required for the apop-
totic response to these cytokines [24]. However, a cell line that is ARF-positive, but
p53-negative, was still able to undergo type I IFN-induced cell death and dominant-
negative p53 did not block this effect of IFN [26]. Moreover, type II IFN (IFN-y)
has been shown to induce apoptosis by a pathway that does not require p53 [24].
This effect may involve the CD95-mediated extrinsic pathway, rather than the p53-
mediated intrinsic pathway, whereas the type I response may require both. Both
type I and II IFNs markedly upregulate CD95 expression, as does p53 [29, 30].
Interestingly, in cells in which p53 has been inactivated [by the human papilloma
virus (HPV) protein E6] IFN-o is unable to activate CD95 gene expression, whereas
IFN-y is still able to do so [24]. This probably explains the p53 requirement for type
I IFN-induced apoptosis in some systems. Reports that signal transducer and acti-
vator of transcription (STAT)-1 and protein kinase R (PKR), which are activated and
induced by IFN-a, respectively, can participate in p53 activation [31, 32] suggest
that the tumor suppressor may be regulated by IFN at the post-translational level
as well as at the transcriptional level. The IFN-activated pathways involving p53
and CD95 that impinge on cell death are summarized in Fig. 8.2. In contrast to
apoptosis, inhibition of cell proliferation by type I IFNs in embryonic fibroblasts
does not require either p53 or ARF [26], indicating that different mechanisms
must be involved.

823
The Ribonuclease (RNase) L System

Prominent among other IFN-induced gene products that regulate apoptosis are
the protein kinase PKR and components of the 2'-5’-oligoadenylate synthetase
(2'-5'-OAS)/RNase L system. PKR will be discussed in more detail below (Section
8.3). Overexpression of RNase L or activation of the endogenous enzyme is alone
sufficient to induce cell death [33-35], whereas expression of a dominant-negative
form protects cells against the effects of double-stranded (ds) RNA and other proa-
poptotic agents in IFN-treated cells [33, 36]. In addition, apoptosis is inhibited in
the tissues of RNase L-knockout mice [37]. The apoptosis that occurs in response
to activation of the 2'-5’-OAS/RNase L pathway involves the Jun N-terminal kinase
(JNK) stress-activated kinase, and results in mitochondrial cytochrome ¢ release
and caspase activation [34, 38]. This pathway may be a response to ribosomal dam-
age, since RNase L cleaves rRNA at specific sites and a similar effect can be elicited
by other ribotoxic agents such as ricin [39]. It is also possible that RNase L could
degrade specific mRNAs encoding rapidly turning over antiapoptotic proteins, thus
providing a further basis for the apoptotic response to activation of the 2'-5’-OAS/
RNase L pathway. However, to date there is no evidence for this and the levels of
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Fig. 8.2. Involvement of p53 and CD95 in apoptosis following exposure to the

pathways implicated in the induction of corresponding ligand for this receptor. Cell
apoptosis by type | and Il IFNs. Type | IFNs death can also be promoted by other

induce both ARF and p53, and ARF protein transcriptional and post-transcriptional events
also activates p53 by binding to the p53 mediated by p53. In addition, ARF, STAT-1 and
inhibitor MDM2. CD95 is induced by type | PKR may themselves regulate apoptosis by
IFNs by a p53-dependent mechanism and by ~ p53-independent as well as p53-dependent
IFN-y via a p53-independent pathway. mechanisms. See [24, 26] for more details.

Expression of CD95 sensitizes cells to

expression of proteins of the Bcl-2 family have been reported to be unaffected by
changes in RNase L activity [36].

A recent study has shown that, in prostate cancer cells, RNA interference-
mediated downregulation of RNase L renders cells resistant to a normally potent
combination of inducers of cell death (a topoisomerase I inhibitor plus TRAIL)
[40]. In this work involvement of JNK in the apoptotic response to these inducers
was again implicated. These findings suggest a required permissive role for RNase
L in the links between DNA damage and/or TRAIL signaling and JNK activation,
leading to apoptosis. It is significant that the HPC1 locus, which governs heredi-
tary predisposition to prostate cancer, has been linked to the RNASEL gene [41].
This suggests that resistance to apoptosis in some forms of prostate cancer may
be caused by a lack of RNase L activity. However, prostate cancer cells are in gen-
eral more sensitive than normal prostate epithelial cells to induction of apoptosis
by 2'-5'-oligoadenylates, suggesting possible therapeutic applications of these
nucleotides for the reactivation of RNase L in those tumors that express the
enzyme.
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8.3
The Protein Kinase PKR and the Phosphorylation of Polypeptide Chain Initiation
Factor elF2a

8.3.1
Regulation of Apoptosis by PKR

Major roles in the control of apoptosis have been demonstrated for PKR [4, 5, 9,
42-44]. This IFN-inducible protein kinase is activated by low concentrations of
dsRNA (or RNA molecules with extensive secondary structure) [45]. A recent
report [46] has further defined the structural requirements for RNA molecules to
be good activators of PKR and has identified a minimal 16-bp dsRNA stem flanked
by 10- to 15-nucleotide single-stranded regions. Following dsRNA binding the
kinase dimerizes and undergoes autophosphorylation at several sites, and this re-
sults in its activation [47, 48]. There are circumstances, however, where PKR may
become active in the absence of dsRNA. A model has recently been proposed in
which the enzyme, at high concentrations, can dimerize spontaneously, resulting
in a dsRNA-independent mechanism of autophosphorylation and activation [49].
Whether this “chain reaction” mode of PKR activation occurs in vivo is unclear.
Nevertheless, a physiological dsRNA-independent mechanism of activation has
been identified, involving the protein PACT/RAX, which binds directly to PKR
[50, 51]. PACT may be important in regulating PKR-dependent apoptosis in cells
treated with agents that cause increased production of ceramide [52].

There is extensive evidence that the activation of PKR can both induce apoptosis
and enhance the process when it is initiated by other agents [4, 9, 43, 44, 53-62].
However, cells that are deficient for the kinase [63] or that contain a dominant-
negative form of it show resistance to the proapoptotic effects of several agents [9,
44, 53, 54, 56, 58, 64]. Interestingly, a recent report [65] has shown that two pro-
teins also involved in the cellular response to DNA damage bind to an element in
the promoter of the PKR gene. However, these proteins are constitutively associ-
ated with the promoter and it is not clear whether PKR can be induced by agents
and conditions that cause DNA strand breaks. Such stresses are potentially proa-
poptotic, but the possibility of a role for PKR in the response to DNA damage
needs further investigation.

8.3.2
The Role of elF2« Phosphorylation

It remains to be clarified as to whether the phosphorylation of the « subunit of
protein synthesis initiation factor elF2 is sufficient to mediate the proapoptotic ef-
fects of PKR. This protein is a well-characterized substrate of PKR and its phos-
phorylation results in inhibition of the recycling of elF2 between successive
rounds of polypeptide chain initiation [42]. The kinase has a number of other
possible substrates and signaling targets [59, 66-70], and it is also conceivable
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Fig. 8.3. Molecular events linking elF2o proteins such as the transcription factor ATF4
phosphorylation with the induction of [78]. Both the inhibition of global protein

apoptosis. Phosphorylation of the « subunit of  synthesis and the possible upregulation of
protein synthesis initiation factor elF2 impairs  proapoptotic proteins can result in an

the recycling of this factor between successive  enhanced rate of cell death. Increased
rounds of translation as a result of inhibition  synthesis of apoptosis-inducing proteins may

of the guanine nucleotide exchange activity be either mediated directly, by changes in the
of the factor elF2B [42]. This results in a rates of translation of such proteins from pre-
downregulation of the overall rate of protein existing mRNAs, or indirectly, as a result of
synthesis, but can also lead to the translational altered patterns of gene expression at the
upregulation of the expression of specific transcriptional level.

that dominant-negative PKR mutants might interfere with the functions of other
dsRNA-regulated proteins or proapoptotic pathways. However, a role for elF2
seems likely, given that expression of either an inhibitor of eIF2o phosphorylation
or of the nonphosphorylatable S51A mutant of the factor can protect cells from
apoptosis [58, 59, 71]. Moreover, a phosphomimetic (S51D) mutant of elF2« has
the opposite effect and is able to promote cell death [58].

Exactly how the phosphorylation of elF2« can enhance apoptosis remains to be
established. A number of possible mechanisms, which are not mutually exclusive,
are shown in Fig. 8.3. One possibility is that downregulation of translation selec-
tively lowers the levels of key antiapoptotic proteins that have short half-lives
(e.g. Bcl-2 [53]). Such a mechanism has recently been implicated in the elF2«
phosphorylation-induced loss of the inhibitor of nuclear factor (NF)-xB, IxB, lead-
ing to the activation of NF-«xB [72, 73] (note, however, that NF-«xB often exerts an
antiapoptotic effect on cells rather than promoting cell death [74]). It is also possi-
ble that inhibition of translation following the phosphorylation of elF2o could par-
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adoxically result in the enhanced production of proapoptotic proteins [e.g. CD95,
FADD (Fas-associated death domain protein), Bax, Bad and caspase-8 or -9] or their
inducers (e.g. the transcription factor ATF4). Some of these proteins are poorly
expressed in cells lacking PKR activity [53, 61, 75, 76]. There are precedents for
the selective upregulation of expression of some proteins at the translational level
following the phosphorylation of eIF2x (for the mechanisms involved, see [77, 78]).
One such protein is indeed ATF4, which in turn causes enhanced expression of the
proapoptotic CHOP protein at the transcriptional level. A recent study of the in-
duction of apoptosis by proteasome inhibitors indicates a critical role for elF2«
phosphorylation and CHOP expression in the activation of caspases and subse-
quent cell death. However, in this case the protein kinase responsible was shown
to be GCN2 rather than PKR [79]. Such phenomena as these could explain why the
phosphorylation of elF2o (whether by PKR or other kinases that can target the ini-
tiation factor) is necessary for the activation of caspases-8 and -9 and the induction
of apoptosis following exposure of cells to a variety of death inducers [76, 80].

The ability of activated PKR and phosphorylated elF2u to exert the proapoptotic
effects described above may well explain the tumor suppressor roles proposed for
these proteins. There are still only a few examples where mutations in PKR have
been associated with malignant phenotypes and these are predominantly from var-
ious types of leukemia [81-83]. However, experimental systems have suggested the
importance of elF2o phosphorylation for protection of cells against malignancy. A
nonphosphorylatable form of the protein is able to transform NIH 3T3 fibroblasts
[84] and can cooperate with the telomerase component hTERT and the SV-40 large
T antigen in transforming primary human kidney cells [85]. Nevertheless, expres-
sion of the mutant initiation factor alone was not sufficient to inhibit apoptosis of
3T3L1 cells treated with various inducers of cell death; nor was it able to bring
about transformation of the primary kidney cells [85].

Further evidence for the importance of PKR activity and elF2« phosphorylation
in controlling apoptosis and cell transformation comes from studies on tumor
viruses. The herpesvirus HHVS8 (Kaposi's sarcoma-associated herpes virus) en-
codes the LANA2 protein (also called vIRF3) which has been shown to inhibit
PKR-mediated (but not RNase L-mediated) apoptosis [86]. The HPV protein E6
(which is also an inhibitor of p53) rescues cells from PKR-induced inhibition of
protein synthesis and induction of cell death by facilitating the dephosphorylation
of elF2o by the GADD34/protein phosphatase 1 complex [87]. This effect may con-
tribute to the established oncogenic properties of the HPV E6 protein.

The relative inability of transformed cells to regulate protein synthesis and apop-
tosis through the elF2o phosphorylation pathway can, however, be exploited to al-
low cells to be killed by an oncolytic virus such as vesicular stomatitis virus (VSV).
The replication of this virus is normally very sensitive to inhibition of translation
by phosphorylated elF2u [88], but where this regulation is defective (either be-
cause phosphorylation does not occur or because protein synthesis can take place
in spite of high levels of phosphorylation [89]), VSV will replicate readily and kill
the cells [90]. This property has good potential for exploitation as a selective ther-
apy for cancer.
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8.4
IFNs and the Apoptotic Effects of TRAIL

It has been known for some time that [FNs can enhance the apoptotic effects of
TRAIL, sensitizing cells to the actions of this cytokine or even conferring the ability
to respond to TRAIL on cells previously resistant to it. TRAIL has continued to
attract major attention as a potential therapeutic agent, not only because it can
induce apoptosis selectively in tumor cells [91, 92], but also because it can play a
role in the protection of cells against virus infection [93].

8.4.1
TRAIL Induction

Many reports indicate that both type I and II IFNs induce the production and
secretion of TRAIL, as well as being able to synergize with these cytokines to
enhance cell death (reviewed in [9]). The ability of IFNs to induce TRAIL at the
transcriptional level, probably via activation of the PML gene [15] and the transcrip-
tion factors STAT-1 [12] and/or IRF-1 [7, 94, 95], may account for many of the
proapoptotic effects of IFNs on transformed or infected cells. Moreover, data now
suggest that expression of TRAIL may also be involved in the IFN-mediated activa-
tion and/or apoptosis of several cell types in the immune system (e.g. natural killer
cells, cytotoxic T cells and dendritic cells, as well as neutrophils, monocytes and
leukemic cells derived from them [14, 16, 96]).

8.4.2
TRAIL Activity

As well as being able to induce TRAIL, the IFNs sensitize cells to the proapoptotic
(and other) effects of this cytokine (Fig. 8.1). This is of great interest and potential
importance since it suggests a way in which otherwise TRAIL-resistant tumors or
other pathogenic cells may be induced into apoptosis. For example, some resistant
human hepatoma cell lines have been shown to become responsive to TRAIL fol-
lowing pretreatment with IFN-o [97]. There are probably several mechanisms by
which such sensitization occurs. In the case of type I IFNs, upregulation of the
TRAIL receptor-2 (DRS5) has been observed [97]. TRAIL-mediated caspase activa-
tion is also enhanced in cells previously exposed to IFN. Conversely, there is
downregulation of proteins that may inhibit apoptosis, such as survivin [97]. The
sensitizing effect of type I IFN for apoptosis of hepatoma cells also extends to
CD95-induced cell death — a phenomenon that may be related to the beneficial ef-
fects of IFN combined with ribavirin against hepatitis C virus infection [98].
IFN-$ can also exert “anti-antiapoptotic” activity via the induction of the XAF1
gene in cells that are otherwise resistant to TRAIL [21]. XAF1 encodes a protein
that neutralizes the antiapoptotic effect of the inhibitor of apoptosis protein XIAP.
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In some cases cells that are resistant to the proapoptotic effects of IFN-§ have a
block in the synthesis of the XAF1 protein at a post-transcriptional level. IFN-«
can also inhibit the activation by TRAIL of NF-xB. This transcription factor has a
generally antiapoptotic effect. These mechanisms may also operate in cases where
cells undergo apoptosis following treatment with IFN alone, with endogenously
induced TRAIL still providing the proximal death-inducing stimulus [12, 15, 99].

Interestingly, IFN-o treatment also sensitizes cells to early effects of TRAIL that
are not merely a consequence of ongoing apoptosis, such as the downregulation of
overall protein synthesis (Fig. 8.4). The latter effect precedes the loss of cell viabil-
ity. The inhibition of translation by TRAIL, both in the presence and absence of
IFN-o, is a caspase-dependent process [76]. This suggests that the same mecha-
nisms of sensitization by IFN pretreatment, probably involving enhanced signal-
ing and/or activation of caspase-8 at the level of TRAIL receptor(s), are responsible
for both the early downregulation of protein synthesis and the later induction of
apoptosis.
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Fig. 8.4. |FN-u sensitizes cells to inhibition of inhibition of protein synthesis, relative to
protein synthesis by TRAIL. HelLa cells were untreated cells. The values are means of three
cultured for 72 h in the presence or absence determinations. The concentrations of TRAIL
of human IFN-22b (1000 U mL~") and then producing 50% inhibition, in the absence or
further treated with increasing concentrations  presence of prior IFN treatment, are shown by

of TRAIL for the last 5 h as indicated. Overall  the open and closed arrows, respectively.
protein synthesis was then measured by the These results indicate that IFN« pretreatment
incorporation of [**S]methionine into acid- reduces the concentration of TRAIL required to
insoluble material for the last 40 min. The data inhibit overall protein synthesis by 50% by a
were calculated as c.p.m. incorporated ug factor of 10.
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8.4 IFNs and the Apoptotic Effects of TRAIL

IFN-y too can sensitize cells, and in some cases reverse the resistance of tumor
cells, to TRAIL-mediated apoptosis [92, 100, 101]. In the case of neuroblastoma
cells reversal of resistance has been attributed to transcriptional activation of the
procaspase-8 gene, which contains an IFN-y-responsive GAS element [20]. Expres-
sion of the TRAIL gene is also enhanced. However TRAIL resistance persists in
some cases, due to the lack of expression of TRAIL receptors. Interestingly, the
latter may be inducible with chemotherapeutic agents such as adriamycin or etopo-
side [20], providing a molecular basis for a potential three way synergism between
TRAIL, IFN-y and such drugs in the treatment of neuroblastomas. In the case of
thyroid anaplastic carcinoma, IFN-y has been shown to upregulate expression
of the proapoptotic Bak gene, an effect which appears to be both necessary and
sufficient to bring about sensitivity to TRAIL [100]. Conversely, IFN-y inhibits the
upregulation by TRAIL of the inhibitor of apoptosis protein, IAP-2 [102]. In cells
where this occurs such an effect may constitute a basis for synergism between
IFN-y and TRAIL in the promotion of cell death [25, 102]. The increased apoptosis
seen in response to IFN-y plus TRAIL is characterized by elevated activity of
caspases-8 and -9, with degradation of Bid and the translocation of Bax to
mitochondria.

TRAIL is also induced by IFN-y in neutrophils [16] and Ewing’s sarcoma cells
[103], and in the latter system there is evidence for interactions between IFN-y
and -o and between IFN-y and TNF-o in enhancing apoptosis [13]. Cells isolated
from xenografted Ewing’s tumors that were resistant to TRAIL (probably due to re-
ceptor downregulation) could be restored to sensitivity by IFN-y treatment, with
concomitantly increased expression of TRAIL receptors and caspase-8 [104]. This
allowed successful treatment of these tumors by the combination of cytokines in
an in vivo model, whereas administration of TRAIL or a TRAIL receptor agonist
alone was relatively ineffective.

The death-inducing effects of the combination of IFN-y and retinoic acid against
both PML and breast cancer cells also involve TRAIL, which is endogenously pro-
duced as a result of de novo transcription. The mechanism of TRAIL gene expres-
sion requires the tumor suppressor protein IRF-1 [95]. One recent report has
shown that IRF-1 is induced by IFN-y in a system where there was IFN-mediated
enhancement of the effect of TRAIL without any changes in the levels of TRAIL
receptors or a number of key regulators of apoptosis [101]. Ectopic expression of
IRF-1 was able to mimic the effect of IFN in increasing the cellular response to
TRAIL and IRF-1 was shown to be necessary for the latter effect. Consistent with
these findings, the ability of IFN-y to sensitize Ewing’s sarcoma cells to the apop-
totic effects of IFN- or TNF-a has been attributed to its activity in sustaining the
expression of IRF-1 [13].

There is also an interesting correlation between the sensitization of cells by IFNs
to an apoptotic inducer (albeit in this case a CD95 agonist rather than TRAIL) and
their position in the cell cycle. Jedema et al. [105] report that both type I and II
IFNs recruit human myeloid leukemia cells from Gy into G; (without stimulating
proliferation) and that cells in the latter phase are more sensitive than those in Go
or G,/M phase to CD95 stimulation. This phenomenon could provide a link be-
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tween the cytostatic effect of IFNs (at least where this leads to accumulation of cells
in G1) and increased sensitivity of cells to apoptosis.

8.5
Signal Transduction Pathways for IFN-mediated Effects on Apoptosis

The initial signaling mechanisms that link IFN receptors to the regulation of apop-
tosis appear to be very similar to the pathways by which all IFN-sensitive genes are
controlled [i.e. via Janus kinase (JAK)- and STAT-dependent transcriptional regula-
tion]. However, it is possible that some IFN-induced events involved in the regula-
tion of apoptosis (e.g. via activation of STAT-3) do not require new transcription
[106]. It is therefore of interest to analyze what signal transduction pathways are
regulated as a result of STAT activation, either directly or downstream of changes
in gene expression, that lead to an effect on apoptosis.

A number of studies have addressed the mechanism of activation of NF-«xB by
IFNs and here there is evidence that both phosphatidylinositol-3-kinase (PI3K)
and protein kinase B (PKB, also known as Akt) are required. The latter enzyme ac-
tivates the phosphorylation-dependent degradation of the inhibitor of NF-xB, IxBo
[107]. It is of note that NF-xB activation results in a predominantly antiapoptotic
cellular response and this mechanism may serve to limit the extent of IFN-induced
apoptosis. Indeed such a response could account for the very limited and delayed
extent of cell death that occurs when cells are exposed to IFNs in the absence of
any other proapoptotic stimulus. PI3K and PKB are well known antiapoptotic
factors in most eukaryotic cells and exert their effects by several mechanisms in
addition to NF-xB activation [108]. However, IFN-a has also been reported to in-
hibit NF-xB activation in hepatitis B virus-infected cells, thus negating an antia-
poptotic activity of this virus [109]. Moreover, the activation of PI3K by IFN-o has
been reported to be required for IFN-induced apoptosis rather than blocking the
process [110]. This death-inducing response was suggested to involve the protein
kinase mTOR (mammalian target of rapamycin) downstream of PI3K, since inhi-
bition of mTOR impaired the effect.

Both IFN-o and IFN-y also cause increased phosphorylation of the mTOR sub-
strates p70S6 kinase and 4E-BP1, via pathways involving the insulin receptor
substrate (IRS) proteins and PI3K [110-112]. This is somewhat paradoxical since
stimulation of mTOR activity and the regulation of its target substrates by en-
hanced phosphorylation are normally associated with cell survival. Conversely, 4E-
BP1 has been shown to be promote apoptosis when in its hypophosphorylated
form. Under these conditions 4E-BP1 is able to sequester and inhibit its target pro-
tein, the mRNA cap-binding initiation factor eIF4E, which has antiapoptotic activ-
ity when overexpressed [113]. The level of expression of 4E-BP1 is a determinant of
cellular sensitivity to the mTOR inhibitor rapamycin — an agent which can exhibit
antiproliferative and proapoptotic effects [114]. Thus it is difficult to reconcile the
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activation of mTOR or the enhancement of 4E-BP1 phosphorylation by IFNs
with the proapoptotic effects of these cytokines. However, it is possible that
mTOR can also activate some proapoptotic targets such as p53 [115]. It is also con-
ceivable that alterations in the pattern of translation following IFN-induced phos-
phorylation of ribosomal protein S6 and/or the release of elF4E from inhibition
by 4E-BP1 might upregulate the expression of proapoptotic proteins at the transla-
tional level.

Regulation of the mitogen-activated protein kinase (MAPK) pathways is also a
feature of IFN action that may be relevant to the control of apoptosis. A number
of studies have shown that both type I and II IFNs activate the p38 stress-activated
MAPK cascade [11, 106, 116], and p38 is believed to be responsible for the phos-
phorylation of Ser727 on STAT-1 that is induced by IFN action. Pharmacological
inhibition of p38 not only blocks this phosphorylation event, but also decreases
the induction of TRAIL by IFN-y [11]. A recent study has shown that IFN-u treat-
ment activates the MAPK kinases MKK-3 and -6, and one or both of these enzymes
can in turn activate p38 MAPK [117]. Interestingly, this work has also suggested
that this pathway is necessary for transcriptional regulation by type I IFNs, by a
mechanism that is independent of the STAT proteins.

The proapoptotic effects of p38 stress-activated MAPK regulation by IFNs may
be counteracted by activation of the extracellular-regulated kinase (ERK) branch of
the MAPK family [106]. The latter is under the control of mitogenic growth factors
and cytokines such as epidermal growth factor (EGF), which stimulate ERK activa-
tion via Ras signaling. Thus it may be possible in some instances to increase the
apoptotic effect of IFNs by inhibiting the Ras—ERK pathway (e.g. by expression of
dominant-negative mutants or by use of inhibitors of the ERK kinase MEK-1
[118]).

8.6
The Antiapoptotic Effects of IFNs

Given that IFNs are good at sensitizing cells to apoptosis in many different
systems, it is curious that these cytokines are able to protect cells from death in
certain situations. Examples of this are seen in the enhancement by both IFN-«
and -y of the survival of B-chronic lymphocytic leukemia cells, with upregulation
of the antiapoptotic protein Bcl-2 [119]. IFN-y also prevents apoptosis in Epstein—
Barr virus-infected NK cell leukemia cells [120]. IFN-« has been reported to exhibit
a JAK-2-dependent antiapoptotic effect on primary hepatic stellate cells [121], but
in this case the effect was antagonized by IFN-y [122]. The latter report suggested
that the balance between upregulation and downregulation of the chaperone pro-
tein heat shock protein (HSP) 70 by IFN-z and -y, respectively, was the critical fac-
tor in determining the cellular outcome. HSP70 may exert its effects on apoptosis
by inhibiting caspase activation, possibly by regulating JNK kinase [123].
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There may also be roles for protein kinase C and the Mcl-1 gene in the inhibition
by IFN-z of CD95-mediated or interleukin-6 deprivation-induced apoptosis in
myeloma cells [124, 125]. Furthermore, both type I and II IFNs can upregulate
the cyclin-dependent protein kinase inhibitor (CKI) p21 [126] and the level of ex-
pression of this protein can determine whether cells exhibit a cell cycle block rather
than entering into apoptosis [127, 128]. In the case of type I IFNs, as described ear-
lier, the ability to activate NF-«B may also be important in prolonging cell survival.
The PI3K pathway may be involved in type I IFN-induced survival of primary B
cells and activated T cells or neutrophils [129, 130], although in the latter case
PKB, a downstream target of PI3K, is not stimulated.

As well as the mechanisms involved, the physiological significance of the anti-
apoptotic effects of the IFNs needs to be established since the ability to protect cells
from death does not fit readily with the concept that IFNs have antitumor activity.
However, in the immune system such effects do make physiological sense since
increased production of IFNs in response to viral infections may help to prolong
the survival of cells that are required to mount cell-mediated immune responses.
As an example, T cells that have been activated by antigen remain viable as a result
of the actions of type I IFNs [131-133]. Note, however, that the ability to maintain
the viability of leukemia or lymphoma cells [119, 120] may predicate against the
clinical use of IFNs for malignancies of this type.

8.7
Conclusions

In this chapter, we have described a variety of ways in which the IFNs can regulate
apoptosis in mammalian cells. The challenge now, beyond increasing our under-
standing of the mechanisms involved, is to apply this knowledge for the improve-
ment of the clinical efficacy of IFN therapy in cancer and serious viral infections.
Due to the relatively low toxicity of TRAIL, the combination of this cytokine with
type I or II IFNs holds great promise for the selective targeting of pathogenic cells.
It may well be that other combined treatments involving IFNs will also prove effec-
tive, especially where malignant or infected cells are more susceptible than normal
cells to the agents involved. We can therefore look forward to a new era in which
the IFNs are not so much “magic bullets” themselves as the weapons that allow
the latter to be fired with more deadly accuracy.
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9
Viral Defense Mechanisms against Interferon

Santanu Bose and Amiya K. Banerjee

9.1
Introduction

Innate immunity represents the first line of defense by the cells against invading
pathogens including viruses before an orchestrated adaptive immune response in-
volving immune cell priming and antibody production is launched against such
pathogens [1-6]. Thus, the complex evolutionary conserved defense responses by
mammals rely on the communication between the innate and adaptive arms of
the immune system to efficiently combat the manifestation of pathogenesis and
systemic spread of the viruses within the infected organism. In light of this signif-
icance, a great deal of study has focused on the host molecules that are the key
mediators and regulators during innate immune response against a variety of
pathogens including viruses.

In this chapter, we will discuss studies on the innate immune defense elicited
by the host following infection with RNA and DNA viruses, as well as the virus’s
defense mechanisms to subvert the cell's innate immune response. The primary
focus of this chapter will be on negative sense single-stranded (ss) RNA viruses
and double-stranded (ds) DNA viruses, since the majority of studies related to the
defense mechanisms of cells and viruses have been carried out using these classes
of viruses. We will also summarize studies with several dsRNA virus and RNA/
DNA reverse-transcribing viruses, particularly hepatitis C virus (HCV), human im-
munodeficiency virus (HIV)-1 and hepatitis B virus (HBV).

9.2
Innate Immune Antiviral Defense Mechanisms of Host Cells

One of the principal features of innate immunity is the activation of nuclear factor
(NF)-xB family of transcriptional factors [7-9]. In uninfected cells, NF-«xB family of
proteins exists as heterodimers or homodimers and sequestered in the cytoplasm

The Interferons: Characterization and Application. Edited by Anthony Meager
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by virtue of their association with members of the IxB family of proteins. A num-
ber of stimulatory signals, including virus infection trigger a signaling cascade
(Fig. 9.1) involving activation of the protein kinase, the inhibitor of IxB kinase
(IKK) and subsequent phosphorylation of IxB, culminates in the degradation of
IxB proteins via the ubiquitin—26S proteosome pathway. This event unmasks the
nuclear localization signal (NLS) of NF-xB, leading to its translocation to the
nucleus and binding to the promoters of target genes. The signaling cascade lead-
ing to NF-«B activation has been reviewed in detail elsewhere [7-9].

The activation and modulation of NF-«xB pathway following viral infection is
known to be mediated primarily by three mechanisms (Fig. 9.1): (i) activation of
NF-xB-inducing membrane receptors [Toll-like receptors (TLR)] [10-12], (ii) intra-
cellular expression of virus protein(s) [13, 14] and (ii) dsRNA (an intermediate
in RNA virus replication)-mediated activation of dsRNA-dependent protein kinase
(PKR) [15, 16]. TLRs (TLR-1 to -10) are evolutionary conserved membrane an-
chored receptors that were originally identified in Drosophila as an array of anti-
fungal mediators. Subsequent studies revealed that these molecules are also
utilized by both Gram-positive and -negative bacteria for NF-xB activation in mam-
malian cells [17, 18]. Surprisingly, recent studies have reported that several viruses
utilize TLR to activate NF-«B [10-12] and TLR-3 is specifically activated by dsRNA
[19]. An array of signaling proteins originating from the cell surface following acti-
vation of TLRs induces NF-«B [9]. Activation of the TLR (TLR-4 or -2) complex
comprising of CD14 and MD2 on the cell surface following binding of viral enve-
lope protein(s) [10-12] results in recruitment of cytosolic adaptor proteins MyD88
(myeloid differentiation primary response gene 88) and IRAK [interleukin (IL)-1
receptor-associated kinase] in the membrane [20]. Activation of IRAK results in
phosphorylation of tumor necrosis factor (TNF) receptor-associated factor (TRAF)-
6, which relays signals through the TAK1-TAB1-TAB2 complex to IKK. Apart
from the cell surface molecules (TLRs), intracellular protein, i.e. PKR, activates
NF-xB following virus infection [15, 16]. PKR is a serine/threonine kinase that is
activated following binding to dsRNA, a byproduct of viral replication [21]. Activa-
tion of PKR, involving its dimerization and autophosphorylation, leads to its phys-

»
>

Fig. 9.1. A schematic diagram depicting the
innate immune antiviral response elicited by
NF-xB and IRF-3. Virus-mediated NF-xB

o/p genes. The antiviral cytokine, IFN-x/f, then
primes the uninfected cells (paracrine action)
following binding to the IFN receptors (IFNAR-

activation by TLR(s), dsRNA and/or virus
protein(s) (via the MyD88-dependent or
-independent/IKK/IxB pathway) leads to the
production of IFN-8 and/or TNF-o/IL-18,
following binding of NF-xB to the IFN-§ and
TNF-0/IL-15 promoters, respectively. Likewise,
activation of IRF-3 by the viruses [via dsRNA
and/or viral protein(s)] following induction of
the IKK-related kinase complex (IKKe and TBK-
1) results in the production of IFN-o/f by

virtue of IRF-3-mediated transactivation of IFN-

1 and -2), resulting in the activation of the
JAK—STAT pathway and expression of antiviral
proteins like PKR, 2’~5’-OAS and Mx. Similar
to IFN, TNF-o and IL-18 prime uninfected cells
[following binding to the TNF-o receptor
(TNFR) and IL-1 receptor (IL-1R)] to activate
NF-xB signaling and establish an antiviral state
independent of IFNs. Apart from the JAK-STAT
pathway, in infected cells HPIV-3-mediated
activation of NF-xB also confers an antiviral
state independent of IFNs.
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ical association and activation of IKK. However, it has been demonstrated that the
catalytic domain of PKR is required for IKK activation [21]. Although dsRNA is
able to activate NF-«B by virtue of its binding to PKR, recent studies have demon-
strated a PKR-independent activation of NF-xB by dsRNA [22]. This idea was re-
cently supported by demonstration that mammalian TLR-3 activates NF-«B follow-
ing its interaction with dsRNA [19]. A description of the proteins involved in the
TLR signaling cascade is shown in Fig. 9.1 (reviewed in [17, 18]).

The genes activated by NF-«B play an important role in both adaptive [chemo-
kines, adhesion molecules and major histocompatibility complex I (MHCI)] and
innate [cytokines like interferon (IFN)-f] immune responses [23]. IFN-f, an antivi-
ral cytokine produced upon NF-«B activation, is a critical innate immune molecule
restricting virus replication in uninfected cells by a paracrine mechanism via acti-
vation of the well-conserved Janus kinase (JAK)—signal transducers and activators
of transcription (STAT) (see below) pathway (Fig. 9.1) [1]. NF-«<B also regulates
the expression of additional antiviral factor(s) such as tumor necrosis factor
(INF)-o and IL-1f, which was shown by us and others to posses potent antiviral
properties against several cytoplasmic RNA viruses [24, 25]. Recently, we demon-
strated that NF-«B activation by such viruses or by TNF-o and IL-1f directly confers
an innate antiviral state within the cell independent of IFN [25] (Fig. 9.1) (see
below).

Apart from NF-«B, virus infection directly produces IFN-o/f following activation
of IFN regulatory factor (IRF)-3 [26] (Fig. 9.1). IRF-3 is expressed constitutively in a
variety of cells and the mRNA levels are not altered following virus infection. How-
ever, the activation of IRF-3 occurs following virus induced phosphorylation by
a IKK-related serine/threonine kinase complex [IKKe and TANK-binding kinase
(TBK)-1] which phosphorylates within the C-terminus of IRF-3 on Ser385, 386,
396, 398, 402 and 405, and Thr404 [26, 27]. The phosphorylation facilitates its
homodimerization and translocation to the nucleus. Moreover, phosphorylation of
IRF-3 results in its association with histone acetyltransferase nuclear proteins
cAMP response element-binding (CREB)-binding protein (CBP) and p300. This
association causes IRF-3, which normally shuttles into and out of the nucleus to
become predominantly nuclear [26]. In the nucleus, it binds to the IFN-stimulated
response element (ISRE) of the IFN-stimulated gene (ISG)-15 promoter to stimu-
late transcription of IFN-o/f genes (Fig. 9.1). The secreted IFN then mediate its
antiviral action via a paracrine loop (Fig. 9.1). Unlike NF-xB, the mechanism uti-
lized by viruses to activate IRF-3 is not clear. However, recent studies have sug-
gested the involvement of dsRNA and the virally encoded nucleocapsid protein
during this process [28, 29]. Apart from IRF-3, which constitutes an important-
virus induced factor involved in IFN production, several other members of IRF
family are also involved in this process. These members, including IRF-1, -7 and
-5, were shown to be selectively activated by various viruses for efficient IFN pro-
duction and optimal host defense [30-34].

IFNs are antiviral and antiproliferative cytokines that mediate their effect
through a well-conserved signaling pathway [35-37]. In humans and mice, type I
and II IFNs include IFN-o/f (IFN-I) and IFN-y (IFN-II), respectively. Although



9.3 Evasion of IFN-mediated Antiviral Response

IFN-I is produced by all cells under appropriate conditions, IFN-II are produced by
limited number of cells including the immune cells [activated natural killer,
T helper 1 and dendritic cells (DCs)]. Since IFN-I constitutes an important host
innate response against viruses, in contrast to the IFN-II-mediated adaptive re-
sponse, accordingly our chapter focuses on the IFN-I pathway only. The major mo-
lecular players involved in transducing the IFN-I antiviral signal are depicted in
Fig. 9.1 (reviewed in [1]). IFN-«/f induces its antiviral activity by binding to IFN
receptor on the cell surface, which leads to activation of receptor-associated JAKs,
specifically JAK-1 and TYK-2 [35-37]. Consequently, the STATSs are activated by
phosphorylation, leading to formation of ISG factor (ISGF)-3 complex comprising
of STAT-1 and -2, and p48. Following the engagement of IFN receptors (IFNAR-1
and -2) by IFN-I, STAT-1 and -2 are phosphorylated at Tyr701 and 692, respectively.
Once phosphorylated, the STAT-1 and -2 heterodimer translocates to the nucleus
and associates with p48 (IRF-9). This complex (STAT-1 and -2, and IRF-9), termed
ISGF-3, associates with the ISREs to activate ISGs. The three well-established
antiviral proteins involved in IFN-mediated inhibition of virus infection are (i) the
2'-5'-oligoadenylate synthetase (2'-5’-OAS)/ribonuclease (RNase) L pathway [38],
which degrades viral RNAs following dsRNA activation, (ii) PKR, which inhibits
mRNA translation by phosphorylating translation initiation factor eIF-2« [39], and
(iii) the Mx proteins (Mx1 in mice and MxA in humans) possessing GTPase activ-
ity, which restricts virus infection at several stages including primary transcription,
transcription and intracellular trafficking of viral proteins/genome [40]. Apart
from the three well-established cytoplasmic IFN-induced antiviral proteins (PKR,
2'-5’-OAS and Mx), our recent studies have demonstrated that IFN also induces
soluble secreted antiviral proteins that inhibit virus entry (Bose and Banerjee,
unpublished).

9.3
Evasion of IFN-mediated Antiviral Response

Since IFN-I plays an important role in the innate antiviral response by the cell, this
chapter will discuss studies dealing with the strategies employed by different
viruses to counteract IFN-mediated antiviral action for their replicative advantage.
During the last decade a great deal of studies have been performed to understand
such mechanisms employed by viruses to evade the host-induced defense appara-
tus. It was apparent from these studies that almost all families of mammalian vi-
ruses are armed with weapons to protect themselves against the IFN system. The
viruses have evolved to inhibit IFN-dependent antiviral response at various stages,
including (i) inhibition in IFN synthesis, (ii) blocking IFN signaling, (iii) inhibit-
ing the function of IFN-induced antiviral proteins and (iv) producing IFN receptor
decoy molecules to prevent induction of IFN signaling. The specific mechanism
utilized by different RNA and DNA viruses to defeat IFN system is discussed
below.

231



232

9 Viral Defense Mechanisms against Interferon

9.3.1
Nonsegmented Negative-strand RNA Viruses

Nonsegmented negative strand RNA viruses are enveloped single stranded RNA
containing viruses that replicates in the cytoplasm of infected cells. This class of
viruses belongs to an important family of human and animal pathogens and is di-
vided into three families, paramyxoviruses [41], filoviruses [42] and rhabdoviruses
[43]. The human pathogens cause high morbidity and mortality among adults, in-
fants, children and immuno-ompromised adults. In this chapter we will focus on
five members of the Paramyxoviridae family [41] including, Sendai virus of mice
(SV), human parainfluenza virus types 3 (HPIV-3), human parainfluenza virus
types 2 (HPIV-2), simian virus 5 (SV5), mumps virus (MUV), avian Newcastle dis-
ease virus (NDV), measles virus (MV), human (RSV) and bovine respiratory syncy-
tial virus (bRSV), and Nipah and Hendra viruses. We will also discuss two viruses,
Ebola virus and rabies virus, belonging to the filovirus [42] and rhabdovirus [43]
families, respectively. Several paramyxoviruses encode an assortment of genes
that are involved in modulating the host defense mechanism for its own replicative
advantages. These include V (SV5, MV, MUV, Nipah and Hendra viruses), C (SV,
HPIV, MV), NS1 and NS2 (RSV and bRSV) and W (Nipah virus) proteins. Apart
from paramyxoviruses, Ebola (filovirus) and rabies (rhabdovirus) viruses encode
VP35 and P (phosphoprotein) proteins, respectively, to counteract the innate de-
fense mechanism. The mechanism(s) utilized by these virally encoded antagonist
proteins to negatively modulate the IFN-mediated innate immune response are
discussed below.

9.3.1.1 Paramyxoviruses

SV SV is known to activate NF-xB following infection [44, 45]; however, the
mechanism and signaling components involved in the activation process have not
yet been elucidated. IRF-3 activation by SV has been observed in infected cells and
it is suggested that dsRNA generated during the virus replication may activate IRF-
3 [46-48]. SV phosphorylates multiple serine and threonine residues located at the
C-terminal of IRF-3 to activate it, leading to its translocation to the nucleus and
transcription of target genes. Phosphorylation of IRF-3 also results in the virus-
mediated degradation of IRF-3 [47]. The inter-relationship between the activation
and degradation of IRF-3 by SV at the molecular and functional level is not yet
clear. A study has also suggested that activated IRF-3 may mediate SV-induced
apoptosis following activation of caspases-8, -9 and -3 [46]. It is important to men-
tion that recently TLR-7 (via MyD88) was shown to be utilized for induction of IFN
gene by several nonsegmented negative-strand viruses and ssRNAs in DC cells [49,
50]. Moreover TLR-8 was identified as a ssRNA-interacting protein [49, 50]. The
critical requirements of these TLRs during NF-«xB activation in nonimmune cells
by different ssRNA viruses are still to be validated.

Although SV induces NF-«B and IRF-3 that result in the production of IFNs, the
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Tab. 9.1.  Accessory and nonstructural proteins of the
nonsegmented negative-strand RNA viruses

Virus RNA editing Overlapping ORF
+0G +1 (or +4)G +2G C ORF Individual
ORF
NY% P v \ c’ C Y1 Y2
SV5 \ I P - - - -
HPIV-3 P v D - C - -
HPIV-2 \% I P - - - -
MUV v I P - - - -
NDV P v I - - - -
MV P v \ - C - -
RSV NS1 NS2

W and I ORFs are terminated by a stop codon shortly following the
editing site.

virus has evolved a strategy to overcome the antiviral action of IFNs [51]. The
circumvention of the antiviral action of IFNs is achieved following expression of
an array of proteins that block the antiviral signaling pathway [52] (Tabs. 9.1 and
9.2). Recent advances in reverse genetics by which recombinant negative-strand
RNA viruses are produced from infectious cDNA [53] have paved the way for the
identification of the major virally encoded proteins that mediate the anti-IFN
action in infected cells. For SV these IFN antagonist accessory proteins are en-
coded by either overlapping reading frames (C’, C, Y1 and Y2 proteins, collectively
called C proteins) or in-frame open reading frames (ORFs) (X proteins) present
within the P (phosphoprotein) gene or RNA editing (pseudotemplated addition of
nucleotides) (V and W proteins) of the P gene [41] (Tab. 9.1). Thus, the P protein
(part of the viral transcriptase complex) of nonsegmented negative-strand RNA
viruses not only serves as an important viral factor required for transcription/
replication, but several proteins expressed from the P gene are critical modulators
of IFN-mediated innate antiviral response.

While recombinant SV lacking the V protein suppressed the IFN-stimulated
gene products similar to the wild-type SV, the recombinant virus lacking C (C, C’,
Y1 and Y2) protein lost its ability to suppress IFN signaling pathway [54]. Initially
it was demonstrated that in infected cells, C proteins physically interact with
STAT-1 [55] - a critical protein in the IFN antiviral signaling pathway. Further
studies utilizing wild-type and recombinant SV lacking the C proteins revealed
that C proteins inhibit Tyr701 phosphorylation of STAT-1 [56-58], an event critical
for launching the IFN-mediated antiviral response. The same studies also demon-
strated that expression of individual C proteins in trans inhibited IFN signaling by
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preventing Tyr701 phosphorylation of STAT-1 [52]. However, only the larger C pro-
teins (C and C’) induced STAT-1 instability as a result of degradation via ubiquiti-
nation [56]. Thus, it seems that although both longer (C and C’) and shorter (Y1
and Y2) proteins are capable of inhibiting IFN signaling probably by preventing
STAT-1 phosphorylation, the longer C proteins have evolved an additional mecha-
nism whereby they degrade STAT-1. It is speculated that the involvement of SV C
protein in STAT-1 degradation is cell-type dependent, since in the majority of cell
lines inhibition of STAT-1 tyrosine phosphorylation constitutes the primary mech-
anism utilized by SV C protein to antagonize IFN action [59]. In that context, a re-
cent study [60] demonstrated that inhibition of tyrosine phosphorylation of STAT-1
and its degradation by SV C protein represents two separate events — the former
being IFN signaling dependent, while the latter is independent of IFN-mediated
induction of the JAK-STAT pathway. Apart from inhibition of STAT-1 tyrosine
phosphorylation and its degradation, it was also suggested that SV may counter-
act IFN action by preventing Ser727 phosphorylation of STAT-1« [61], a down-
stream mediator for IFN signaling, and partially inhibiting the tyrosine phos-
phorylation of IFNR-2 associated tyrosine kinase, TYK-2 [62]. These alternative
mechanisms may reflect the virus’s ability to utilize them based on cell type and/
or during various conditions of growth. Apart from the ability of C and V proteins
to inactivate/degrade STAT molecules, SV C and V proteins also block IFN-j
synthesis/production by inhibiting phosphorylation/activation of IRF-3 [63].

Although the paramyxoviruses have evolved a strategy to counteract the antiviral
response of IFN (Tab. 9.2), it is important to keep in mind that pretreatment of
cells with IFN prior to virus infection drastically restricts virus infection [64, 65].
These results suggested that the virus fails to antagonize the antiviral state
when the IFN signaling pathway is induced prior to virus replication. The IFN-
dependent cellular factors rendering the antiviral state are yet another interesting
area of research which is beyond the scope of this review. At least three IFN-I in-
duced antiviral proteins including PKR, 2’-5’-OAS and Mx are known to inhibit
the infection of a broad spectrum of viruses [64, 65]. However, to date, no definitive
IFN-responsive factors have been demonstrated to confer antiviral status against
SV.

SV5 In contrast to SV, SV5 does not encode C proteins (Tab. 9.1). However, SV5,
like SV, blocks IFN-I signaling and inhibits ISGF-3 complex formation [61]. The
inhibition of IFN signaling by SV5 was shown to be mediated by the SV5 V protein
[66], which physically interacts with the STAT proteins in vitro and in vivo [67] (Tab.
9.2). This interaction leads to degradation of STAT-1, but not STAT-2, via the 26S
proteosomal pathway [66—68]. It is worth mentioning that species-specific STAT-2
protein is also required to efficiently block IFN signaling [69]. This phenomenon
was confirmed by the observation that SV5, which induces STAT-1 degradation
and inhibits IFN signaling in human cells, fails to do so in murine cells [51]. How-
ever, expression of human STAT-2 in murine cells in the presence of SV5 V protein
reverted the phenotype leading to efficient murine STAT-1 degradation and inhibi-
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Tab. 9.2. Strategies of negative-sense ssRNA viruses to inhibit IFN-I signaling

Virus IFN blocker Mechanism

HPIV-3 C protein IFN signaling (STAT-1 phosphorylation inhibition)

HPIV-2 V protein IFN signaling (STAT-2 degradation)

Y C protein IFN signaling (STAT-1 degradation and
phosphorylation inhibition, and TYK-2 and STAT-
1o phosphorylation inhibition)

IFN synthesis (IRF-3 inhibition)
V protein IFN synthesis (IRF-3 inhibition)

MV V protein IFN synthesis (unknown)

IFN signaling (STAT-1 and -2 phosphorylation
and nuclear translocation inhibition)

MUV V protein IFN signaling (STAT-1 degradation and
phosphorylation inhibition, and STAT-2
phosphorylation inhibition)

SV5 V protein IFN signaling (STAT-1 degradation)

NDV V protein IFN signaling (STAT-1 degradation)

RSV NS1 and NS2 proteins IFN synthesis (IRF-3 inhibition)

unknown IFN signaling (STAT-2 degradation)

bRSV NS1 and NS2 proteins IFN synthesis (IRF-3 inhibition)

Nipah V protein IFN signaling (STAT-1 and -2 phosphorylation
and nuclear translocation inhibition)

IFN expression (unknown)

W protein IFN signaling (STAT-1 nuclear sequestration)
IFN synthesis (IRF-3 inhibition)

P protein IFN signaling (STAT-1 nuclear translocation
inhibition)

Hendra V protein IFN signaling (STAT-1 and -2 nuclear
translocation inhibition)

Ebola VP35 protein IFN synthesis (IRF-3 inhibition)

Rabies P protein IFN synthesis (IRF-3 inhibition)

Influenza A NS1 protein IFN synthesis (IRF-3 and -7, and NF-xB

Rift Valley fever

Bunyamwera

P58IPK (cellular protein)

NSs protein

NSs protein

inhibition)
IFN signaling (PKR inhibition)
IFN signaling (PKR inhibition)

IFN synthesis (transcriptional suppression of IFN
promoter)

IFN synthesis (RNA polymerase 11
phosphorylation inhibition)
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tion of IFN signaling. These results suggest that STAT-2 could act as a species-
specific host range determinant for SV5 and human, but not murine, confers
growth advantage for SV5. Moreover, STAT-2 protein is critically required to create
a degradation-permissive environment for efficient degradation of STAT-1 by SV5
[67].

The direct involvement of V protein in inducing STAT-1 degradation was tested
by using recombinant SV5 lacking V protein [70, 71]. In contrast to the wild-type
virus, virus lacking V failed to degrade STAT-1 in infected cells [70]. Interestingly,
the virus lacking V had a better replicative advantage compared to the wild-type vi-
rus, since intracellular viral mRNA and proteins as well as the virus titer were sig-
nificantly augmented following infection with V lacking virus. In addition, the SV5
lacking V induced apoptosis in various cell lines tested, suggesting that apart from
antagonizing the IFN action, the SV5 V protein may also play a role in viral gene
expression and virus induced apoptosis [70]. At this time it is not known whether
SV5 activates NF-xB and/or IRF-3. This line of study will certainly be interesting in
light of the mechanism involved in the production of IFN by SV5.

HPIV-3 and -2 Recent studies from our laboratory have demonstrated rapid activa-
tion (30 min post-infection) of NF-xB following HPIV-3 infection of human lung
epithelial A549 cells prior to the initiation of its replicative cycle [25]. Surprisingly,
we found that inactivation of HPIV-3-induced NF-«B activation by either pyrolli-
dine dithiocarbamate (PDTC, a general NF-xB inhibitor), expression of dominant-
negative IxB super-repressor or infection of IKKy null cells led to a dramatic in-
crease in virus replication and cytopathogenicity independent of IFN-I production.
Moreover, expression of dominant-negative MyD88, an adaptor protein for TLRs,
also stimulated HPIV-3 replication, suggesting that activation of NF-«xB probably
occurs via the TLR/MyD88/IKKy/IxB signaling cascade [25]. It is not known which
of the HPIV-3 antigen(s) are involved in NF-xB activation via specific TLR(s)
(TLR-1 to -10). Further studies demonstrated a direct antiviral role of NF-«B during
innate host defense against viruses by establishing an intracellular antiviral state
independent of the paracrine action of the IFN-induced JAK-STAT antiviral path-
way. HPIV-3 is known to produce IFN-I following infection in vitro or in vivo 72—
74]. The mechanism underlying the production of these antiviral cytokines is still
not clear. The activation of IRF-3 by parainfluenza viruses has yet to be reported.
Thus, it seems that both NF-«B and IFN-I play a central role in innate antiviral
response; however, the mechanisms of attaining the antiviral state are distinct in
both cases.

Although both HPIV-3 and -2 are capable of producing IFN-I, similar to the
other members of the paramyxovirus family (SV and SV5), both have evolved to
counteract the antiviral action of IFN [61] (Tabs. 9.1 and 9.2). However, in contrast
to SV, HPIV-2 only encodes V, but not C, proteins, and HPIV-3 encodes only the
longer form of C protein and a novel protein D (encoded when the P ORF is fused
to the D ORF by transcriptional editing), found only in bovine and human PIV-3
(Tab. 9.1). Interestingly, although HPIV-3 V protein has not been detected bio-



9.3 Evasion of IFN-mediated Antiviral Response

chemically, it may be synthesized, since disruption of a putative V ORF affects
HPIV-3 replication [75]. HPIV-3 infection appeared to block IFN signaling by re-
ducing the levels of Ser727 phosphorylation of STAT-1o, a downstream mediator
of IFN signaling, whereas there was no effect on the Tyr701 phosphorylation of
STAT-1 — a hallmark of IFN receptor activation [61]. In contrast, HPIV-2 did not
alter STAT-1 serine and tyrosine phosphorylation; it specifically degraded STAT-2
and the presence of STAT-1 in the host cells was obligatory for degradation of
STAT-2 [61, 69, 76]. The inhibition of IFN signaling by HPIV-2 was also shown to
be mediated by the HPIV-2 V protein [68, 77], which physically interacts with the
STAT proteins in vitro and in vivo [67], and such interaction leads to STAT-2 degra-
dation by a proteosome-dependent pathway. The importance of HPIV-2 V protein
in blocking IFN-I signaling and pathogenesis of HPIV-2 were also confirmed by
utilizing recombinant HPIV-2 lacking V protein [78]. However, in contrast to hu-
man cells, STAT-2 was detected in various animal cells expressing HPIV-2 V pro-
tein [79]. Thus, STAT-2 degradation by HPIV-2 V protein is species specific and,
thus, such a mechanism may determine tissue/cellular tropism of HPIV-2.

Recently, the role of HPIV-3 C protein in IFN-I-antagonizing function was deter-
mined by our laboratory [80]. Studies with HPIV-3 C protein overexpressing stable
cells revealed that C protein inhibits both IFN-o- and -y-mediated antiviral re-
sponses. The molecular mechanism of IFN-antagonizing activity of C protein
constitutes inhibition in the phosphorylation of STAT-1 [80]. In addition to antago-
nizing IFN activity, C protein is also critical for HPIV-3 replication/transcription
and pathogenesis. Recombinant HPIV-3 lacking C protein was attenuated signifi-
cantly in vitro and in vivo (rodents and primates) [75]. In contrast, the growth of
recombinant HPIV-3 lacking V and D proteins either individually or in groups
was not altered both in vivo and in vitro, but double-mutant (lacking both V and
D) viruses were highly attenuated in vivo [75]. Interestingly, we recently identified
HPIV-3 C as a viral transcriptional suppressor, since it inhibited HPIV-3 transcrip-
tion [81]. Moreover, the association of HPIV-3 C protein with the viral polymerase
L protein was also observed recently [82] (Banerjee, unpublished observation). Fur-
ther studies to elucidate the functional significance of these observations during
the viral life cycle will be an interesting area of research.

MUV  Compared to the other viruses in the paramyxovirus family, studies ad-
dressing the innate immune response and its counteraction by virus accessory pro-
teins are limited with MUV. MUYV, similar to other members of the paramyxovirus
family, activates NF-«B in glial cells, but not in neuronal cells, via IxB degradation
[83]. Apart from this report, the precise mechanism involved in NF-xB activation
by MUV is still unclear.

The activation of IRF-3 by MUV has not been reported yet. However, several
studies have reported that MUYV is capable of suppressing the IFN-I signaling path-
way [84, 85]. Upon IFN-I treatment, persistently MUV-infected cells failed to acti-
vate IFN-I-induced signaling components including STAT-1¢ and -2, and p48,
resulting in poor induction of IFN-I inducible genes (PKR, MxA and 2'-5'-OAS)
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[84]. Further studies confirmed that the V protein of MUYV is responsible for antag-
onizing IFN-I signaling [86] (Tabs. 9.1 and 9.2). Expression of the wild-type or C-
terminal cysteine-rich domain of MUV V protein alone in cells in trans suppressed
IFN-I-mediated induction of STAT-1x and -2, and p48 [86]. It was further suggested
that at least the suppression of STAT-1o by MUV following IFN-I treatment could
be due to the post-transcriptional inhibition of STAT-1o protein [85]. Moreover, the
V protein of MUV was demonstrated to physically associate with STAT proteins
[87]. Recently, a study has revealed a possible mechanism that may be utilized by
MUYV V protein to antagonize IFN action [88]. This study has demonstrated that
MUV V protein physically associates with IRAK-1, a cellular adaptor protein that
links STAT-1 with the activated IFN receptor (bound to IFN). However, IRAK-1
possess a higher affinity for MUV V protein compared to STAT-1 and as a result,
in MUV-infected cells, IRAK-1 is sequestered by MUV V protein. Such sequestra-
tion leads to disruption of the STAT-1-IRAK-1-IFN receptor complex formation
that is required for initiation of the JAK-STAT signaling pathway. Another mecha-
nism involving STAT-1 inactivation by V protein involves degradation of the STAT-1
molecule by proteosomal pathway [89, 90]. It was demonstrated that V protein
directly associates with STAT-1 and the cysteine-rich domain of V is essential for
STAT-1 degradation [89]. Yet another study reported that MUV V protein also
blocks tyrosine phosphorylation of STAT-1 and -2 proteins [91]. Thus MUV V
protein has evolved to inactivate JAK-STAT signaling by deregulating STAT-1
expression/function by various mechanisms. These studies, in accordance with
the other paramyxoviruses, have thus established the IFN-I antagonist role of one
of the accessory proteins, V protein of MUYV, in blocking IFN-I signaling (Tabs. 9.1
and 9.2).

NDV NDV, an avian virus, induces NF-xB by a mechanism(s) yet to be elucidated
[92]. Interestingly, NDV induced IFN-I production following infection by a mecha-
nism dependent on the intracellular expression of the envelope protein HN, but
not F [93, 94]. The production of IFN-I was dependent on IRF-3 activation by
NDV and its translocation to the nucleus from the cytoplasm [95]. Recently, it was
demonstrated that NF-xB- and IRF-3-mediated IFN-I production by NDV was de-
pendent on the interaction of a dsRNA-binding protein, PACT (protein activator
for PKR) [29], suggesting that induction of NF-xB and IRF-3 by NDV requires
virus replication to generate dsRNA and activation of PKR.

It was demonstrated that NDV is capable of antagonizing the IFN-I-mediated
antiviral signaling pathway [96]. NDV encodes three accessory proteins, V, I and
W [97] (Tab. 9.1), and a recent study [96] demonstrated that the NDV V protein
posses anti-IFN-I antagonist function. Although the mechanism by which V pro-
tein exerts its antagonist function is not clear, it is speculated that it could be due
to degradation of STAT-1 [98]. Moreover, it was shown that recombinant NDV lack-
ing V protein was severely restricted in replication compared to the wild-type virus
[99], suggesting that the V protein is essential for virus replication. These studies
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have suggested that V protein may suppress the antiviral action of IFN-I produced
by NDV-infected cells, thus serving as an important virulence factor.

MV MV is known to induce NF-xB very rapidly in lung epithelial cells, similar to
HPIV-3 [100]. It was shown that in human monocytes, wild-type MV activated
TLR-2 which in turn induced NF-«xB [12]. The activation of TLR-2 is a property of
MYV envelope H (hemagglutinin) protein, since expression of H alone in trans acti-
vated TLR-2. It is important to note that although both wild-type and vaccine
strains activate NF-«B, only the wild-type is capable of activating TLR [12]. Future
studies are needed to unravel the mechanism(s) involved in NF-«xB activation by
the vaccine strain and the molecular basis for the difference in strain-specific acti-
vation of TLR.

Similar to the difference observed in the mode of NF-«B activation by the wild-
type versus the vaccine MV strain, the wild-type MV produced much less IFN-I
compared to the vaccine strain [101]. The production of IFN-I by MV, like SV,
was due to the activation of IRF-3 [102]. The nucleocapsid (N) protein of MV was
shown to physically interact with IRF-3 and expression of N protein alone in the
absence of additional MV proteins activated IRF-3 [28]. These results along with
the NF-xB activation studies by MV demonstrate the ability of host cells to exploit
MYV proteins (N or H) to initiate IRF-3 and NF-xB-mediated induction of innate
immune response.

The major IFN antagonizing MV accessory (C and V proteins) protein is V pro-
tein [103, 104] (Tab. 9.1). Although MV encodes V and C proteins, V protein was
shown to inhibit STAT-1 and -2 phosphorylation [105]. In addition, direct binding
of V protein with STAT molecules results in a defect in nuclear translocation of
STAT-1 and -2 [106]. In contrast to V protein, C protein lacked its ability to block
IFN signaling [105]. However, a study has indicated that C protein inhibits IFN-
a/f promoter activity [107]. Whether, C protein exerts its antagonism function by
preventing IFN-f expression is yet to be confirmed. V and C proteins also play im-
portant roles as a virulence factors and in in vivo pathogenesis of MV. Recombinant
MYV, lacking either C or V proteins, had similar growth kinetics as the wild-type vi-
rus in cultured cells [104]. However, infection of mice harboring human thymus/
liver implants with MV lacking either V or C proteins showed not only lower titers
compared to the wild-type [108, 109], but the systemic spread of MV was also re-
stricted [110, 111]. As a result, the mice infected with MV lacking V or C had sig-
nificantly milder clinical symptoms and lower mortality compared to the wild-type
MYV [110]. These studies have established an important role for V and C as viru-
lence factors during MV pathogenesis.

RSV and bRSV Similar to SV, MV and HPIV-3, RSV induces NF-xB in human
lung epithelial cells — the cells that are the natural host for RSV during infection
[112-115]. In these cells, unlike HPIV-3, RSV induced NF-xB late in infection
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and viral replication is a prerequisite for NF-«B induction [112, 114]. The induction
of NF-«xB by RSV involved phosphorylation and degradation of the NF-«xB inhibi-
tory subunit, IxB [116, 117]. Interestingly, RSV seems to utilize a novel degrada-
tion pathway independent of 26S proteosome [118]. Several studies have reported
that NF-«xB induction by RSV may also require cellular protein kinase C (PKC) [13]
and activation of phosphatidylinositol-3-kinase (PI3K) pathway [119]. Apart from
these downstream mediators, recently, RSV and specifically RSV envelope protein
F (fusion protein) was shown to induce NF-«B via TLR-4 along with its binding
partners MyD88 and CD14 [10, 11]. In vivo, infection of TLR-4 null mice resulted
in an impaired adaptive immune response against RSV resulting in delayed virus
clearance, suggesting that RSV F protein interacts with the membrane-bound TLR-
4 to activate NF-xB [10, 11]. However, TLR-4 was shown to be utilized by RSV in
immune cells including macrophages. Whether TLR-4 is also utilized by RSV in
human lung epithelial cells, the target cells for initial infection, has not yet been
studied. These studies along with the dissection of the molecular mediator(s) and
mechanism(s) involved during NF-xB activation by RSV will shed important in-
sights on this important innate immune response pathway.

As discussed above, HPIV-3 rapidly induced NF-xB upon infection [25], which
is in contrast to the replication-dependent activation of NF-«B by RSV [114].
Moreover, while inhibition of NF-«B induction by HPIV-3 resulted in a profound
increase in virus replication (see above), similar treatment had no effect on RSV
infection. These results suggested that not only NF-xB activation leads to the estab-
lishment of an antiviral state in infected cells (for HPIV-3), but the viruses (HPIV-3
and RSV) may have evolved to modulate the antiviral activity of NF-xB for replica-
tive advantage by manipulating the time frame of NF-xB induction following infec-
tion. Based on this scenario, pretreatment of human lung epithelial cells with
potent NF-xB-inducing cytokines, TNF-x and IL-18, resulted in inhibition of RSV
replication in a NF-xB-dependent manner [25]. Moreover, similar to HPIV-3 (see
above), the inhibition of RSV replication following NF-«xB activation was due to
the establishment of an antiviral state intracellularly which was independent of
the paracrine action of IFN-I. These studies have established, in addition to the
IFN-induced JAK-STAT antiviral pathway, a TNF-o- [L-1p- and/or HPIV-3-induced
NF-xB pathway as a novel antiviral pathway operative in infected cells as part of the
innate immune response [25]. Thus, it seems that activation of NF-xB, in addition
to producing IFN-I as part of the antiviral response, directly establishes an intra-
cellular antiviral state in infected cells as observed with HPIV-3 and in uninfected
cells following paracrine action of TNF-o/IL-15 produced from RSV-infected cells
[25, 120, 121].

In contrast to TNF-o and IL-18, in human lung epithelial cells, RSV is resistant
to the antiviral effect of IFN-I, since pretreatment of cells with IFN-I, unlike HPIV-
3 or VSV, failed to inhibit RSV replication significantly [122], suggesting that RSV
infection may counteract the IFN-I-mediated activation of JAK-STAT antiviral
pathway by utilizing mechanisms similar to SV, SV5, and HPIV-3 and -2. Recently,
the two RSV nonstructural proteins, NS1 and NS2, that mediate antagonism
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against IFN-I were characterized (Tabs. 9.1 and 9.2). These proteins are encoded by
two individual ORFs and are the major viral proteins in infected cells as a result of
their genes being positioned at the extreme 3’ end of the RSV genome [123, 124].
The IFN-I antagonist functions of NS1 and NS2 were first demonstrated by utiliz-
ing recombinant bRSV lacking these genes, and genetically modified rabies virus
expressing the bRSV NS1 and NS2 proteins [125]. The recombinant bRSVs harbor-
ing either single (NS1 or NS2) or double (NS1 and NS2) deletions were severely
restricted in IFN nonproducing Vero cells in the presence of IFN-I compared to
the wild-type bRSV [125]. Likewise, IFN-sensitive rabies virus expressing bRSV
NS1 and/or NS2 was highly resistant to the pretreatment of cells with IFN-I com-
pared to the wild-type virus [125]. The antagonism function of bRSV NS1 and NS2
proteins was shown to be as a consequence of impaired phosphorylation/activation
of IRF-3, which leads to suppression in IFN-f production [126]. Similar IFN-I-an-
tagonizing functions of human RSV NS1 and NS2 proteins were reported based on
the protection of a heterologous IFN-I-sensitive rhabdovirus expressing human
RSV NS1 and NS2 proteins from the antiviral action of IFN-I [127]. Similar to
bRSV NS proteins, human RSV NS1 and NS2 proteins also suppressed activation
and nuclear translocation of IRF-3 [128]. The in vivo relevance of NS proteins in
counteracting IFN defense mechanism was borne out by a recent study showing
that suppressing NS1 protein levels in RSV-infected mice by small interfering
RNA (siRNA) technology results in a significant decrease in viral titer and inflam-
mation [129]. Apart from the ability of NS proteins to block IFN-f induction, infec-
tion of respiratory epithelial cells with human RSV results in proteosome-mediated
degradation of STAT-2 protein [130]. The RSV antigen and mechanism responsible
for inhibiting JAK—STAT signaling cascade has not been identified yet.

Nipah and Hendra Viruses Nipah virus encodes two accessory proteins, V and W,
to counteract IFN action. The V protein of Nipah virus possesses a conserved
cysteine-rich domain that is preserved among other paramyxoviruses. The molecu-
lar mechanism by which V protein inhibits IFN signaling constitutes binding with
STAT-1 and -2 proteins [131]. The sequestration of STAT proteins in a tripartite
complex (STAT-1 and -2, and V) results in inhibition of nuclear translocation of
STAT proteins [131] and efficient phosphorylation [132]. In contrast to cytoplasmic
localization of V protein, Nipah virus W protein is present in the nucleus. It was
demonstrated that W protein sequesters STAT-1 in the nucleus to prevent tran-
scription of IFN-dependent genes [133]. Interestingly, the P protein of Nipah virus
was also identified as an IFN antagonist, which along with the V protein retains
STAT-1 in the cytoplasm, thus preventing its nuclear targeting [133]. Apart from
blocking JAK—STAT activation, V and W proteins also prevent activation of the
IFN-p promoter [134]. Although the mechanism by which V protein exerts its in-
hibitory activity on IFN-8 production is not clear, W protein expression results in
impaired phosphorylation of IRF-3 [135]. Similar to Nipah virus V protein, Hendra
virus V protein also sequesters STAT-1 and -2 by forming a high-molecular-weight
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complex in the cytoplasm [136], which results in lack of nuclear transport of STATSs
and activation of STAT dependent genes.

9.3.1.2 Filovirus

Ebola Virus Ebola virus encodes VP35 protein that prevents activation of IRF-3
and subsequent production of IFN-f [137]. Recently, it was demonstrated that the
C-terminal basic amino acid motif of VP35 is essential for inhibiting phosphoryla-
tion of IRF-3 [138].

9.3.1.3 Rhabdovirus

Rabies Virus Rabies virus has evolved a nonconventional way of counteracting
IFN response. In contrast to paramyxoviruses, which encode several IFN antago-
nist accessory proteins from the P gene, rabies virus utilizes full-length P protein
(a subunit of viral transcriptase complex) to antagonize IFN signaling [139]. Specif-
ically, P protein of rabies virus prevents IFN-§ production from infected cells, by
preventing phosphorylation/activation of IRF-3 [139]. The P protein inhibits the
IRF-3 upstream kinase pathway to prevent IRF-3 phosphorylation in infected cells.
Thus, P protein of rabies virus not only serves as an important factor for virus
transcription/replication [43], but it also posses IFN-antagonizing function.

9.3.2
Segmented Negative-strand RNA Viruses

Segmented negative-strand RNA viruses are single-stranded enveloped viruses that
replicate in the nucleus of infected cells. These classes of viruses are divided into
three families: orthomyxoviruses [140], bunyaviruses [141] and arenaviruses. Influ-
enza viruses belonging to the orthomyxo family have caused wide-spread mortality
among humans. Influenza virus A isolated from avian and mammalian species are
a major cause of human pandemics that result in high mortality. Recently, in 1997,
highly pathogenic influenza virus A was transmitted from chicken to humans in
Hong Kong, resulting in many casualties [140]. The threat of another influenza vi-
rus pandemic lingers due to the ability of these viruses to re-assort envelope genes
from various strains by antigenic drift, and lack of effective antiviral therapy and
vaccines to counteract these viruses. Viruses belonging to the bunyavirus family
are also highly pathogenic human viruses that cause hemorrhagic fevers [141].
The segmented negative-strand RNA viruses, similar to their nonsegmented coun-
terparts, have developed an efficient mechanism to evade the antiviral response of
IFN. These viruses, although lacking the wide assortments of IFN antagonist pro-
teins expressed by nonsegmented RNA viruses, efficiently utilize their nonstruc-
tural proteins to block IFN production (Tab. 9.2) as detailed below.
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9.3.2.1 Orthomyxovirus

Influenza Virus Influenza viruses are highly sensitive to the antiviral effect of exo-
genously added IFN [142]. Interestingly, similar to our recent studies, TNF-u also
acted as a potent antiviral cytokine against influenza A virus infection [143]. How-
ever, influenza viruses have evolved a strategy to evade the IFN response by pre-
venting IFN-o/f production from infected cells. Influenza A virus expresses its
only nonstructural protein NS1 to block the IFN-o/f response. NS1 protein pos-
sessing dsRNA-binding ability was shown to inhibit synthesis/production of IFN-
a/f [144-147]. By using NS1-deleted influenza A viruses and following expression
of NS1 protein in trans, it was demonstrated that this protein acts as an IFN antag-
onist by inhibiting induction of NF-«xB [146], and IRF-7 [148] and -3 [147]. Apart
from preventing IFN production, the NS1 protein also acts as a PKR inhibitor
[149] by sequestering dsRNA, the molecule essential for PKR activation. Interest-
ingly, the dsRNA-binding domain of NS1 was also critical for inhibiting IFN
synthesis/IRF-3 activation [150]. The importance of NS1 during virus pathogenesis
and evasion of innate immunity was apparent from studies showing that highly
virulent H5N1 influenza A virus strains are resistant to the antiviral effect of IFN
and TNF-o due to a point mutation in the NS1 gene [151, 152]. Although the pre-
cise mechanism by which NS1 inhibits antiviral function of IFN is not clear, the
cumulative studies have concluded that NS1 protein plays a critical role in evading
the IFN-mediated innate immune antiviral response by (i) blocking IFN produc-
tion, (ii) inhibiting the antiviral function of IFN and (ii) inhibiting PKR activation.
It is important to mention that although inhibition of IRF-3 activation by NS1 in
virus-infected cells was documented by several studies, numerous reports have
shown that IRF-3 is activated in influenza A virus-infected cells [153, 154]. Cur-
rently the difference in IRF-3 activation status reported by various groups is not
clear and, therefore, further studies are required to explain the contrasting results.
Apart from NS1 protein, influenza A viruses also activate a host protein to block
IFN response. A cellular protein, p58IPK, that is activated by the virus directly
binds to PKR to inhibit its activation [155, 156]. In contrast to the NS1 protein of
influenza A virus, the NS1 protein counterpart of influenza B virus was shown to
interact with and inhibit the conjugation of an IFN-stimulated gene, ISG15 [157].
Such mechanism may have a role in the induction of IFN-mediated antiviral
response.

9.3.2.2 Bunyaviruses

Rift Valley Fever Virus Rift Valley fever virus expresses a nonstructural protein,
NSs, which prevents synthesis of IFN-o/f [158]. The exact mechanism by which
Rift Valley fever virus achieves inhibition in IFN-o/f synthesis was recently re-
ported. It was observed that while NSs protein does not inhibit IRF-3 activation/
nuclear translocation and NF-«xB induction, it prevented transcription from a
constitutive promoter [159]. These studies suggested that NSs protein does not
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specifically inhibit IFN-f-specific transcription factors, but it blocks IFN gene ex-
pression by blocking transcription.

Bunyamwera Virus Bunyamwera virus antagonizes the IFN response by an un-
conventional mechanism. Bunyamwera virus nonstructural protein NSs prevents
expression of the IFN-f gene [160] by inhibiting phosphorylation of RNA polymer-
ase II [161]. The general block in transcriptional activity due to deactivation of
RNA polymerase II leads to prevention in IFN-g synthesis in infected cells [161].

9.3.3
Positive-sense ssRNA Viruses

This class of viruses constitutes several highly pathogenic viruses, including polio,
foot and mouth disease virus (FMDV), West Nile virus (WNV), dengue viruse and
HCV. The replication/transcription of the genome of these viruses occurs in the
cytoplasm and therefore, several strategies are employed to overcome an IFN-
dependent antiviral response (Tab. 9.3). In this section we will discuss several
viruses belonging to three families of positive sense RNA viruses: picornaviruses,
flaviviruses and coronaviruses.

9.3.3.1 Picornaviruses

Poliovirus  Poliovirus belonging to the family of picornaviruses utilizes its own
replication strategy to inhibit IFN secretion. Poliovirus infection is associated with
a shut-off of the host translational machinery and a resulting block in the cellular
secretory pathway, the latter being mediated by the viral protein 3A. As a conse-
quence of these events, IFN-o/f is not secreted from poliovirus-infected cells
[162]. In addition, a recent study revealed a unique mechanism by which poliovi-
rus inhibits NF-xB activation [163]. In infected cells, poliovirus-encoded protease
3C specifically cleaves the p65/RelA subunit of NF-xB to render NF-xB complex
formation inactive.

FMDV Similar to poliovirus, FMDV encodes the L protease, which cleaves cellular
proteins required for cellular mRNA translation. As a result of cellular transla-
tional inhibition, IFN-o/f is not synthesized in FMDV-infected cells [164].

9.3.3.2 Flaviviruses

HCV HCV, a flavivirus, is the leading cause of chronic liver disease [165]. Al-
though currently IFN-u treatment serves as a therapy for HCV infection, the virus
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Tab. 9.3. Strategies of positive-sense, dsRNA viruses, and RNA
and DNA reverse-transcribing viruses to inhibit IFN-I signaling

Virus IFN blocker Mechanism

Positive sense single-stranded RNA viruses

Poliovirus ~ 3C protease IFN synthesis (NF-«B inhibition)
3A protease?® IFN synthesis/secretion
FMDV L protein? IFN synthesis/secretion
HCV NS3 and NS3/4A proteins IFN synthesis (IRF-3 phosphorylation
inhibition)
NSS5A and E2 proteins IFN signaling (PKR inhibition)
NS3/4A and core/E2/E1 proteins  IFN signaling (STAT-1 degradation)
WNV nonstructural proteins IFN signaling (STAT-1 and -2, JAK-1, and
TYK-2 phosphorylation inhibition)
unknown IFN synthesis (delayed IRF-3
phosphorylation)
SARS-CoV  unknown IFN synthesis (IRF-3 inhibition)

Double-stranded RNA virus
Reovirus  ¢3 protein IFN signaling (PKR inhibition)

RNA and DNA reverse transcribing viruses

HIV-1 TAT protein and TAR RNA IFN signaling (PKR inhibition)

unknown IFN signaling (2'-5’-OAS/RNase L inhibition)
HBV core antigen and terminal protein IFN synthesis

unknown IFN signaling (Mx inhibition)

aPoliovirus and FMDYV utilizes their natural replication strategy
involving shutting down of host mRNA translation to inhibit IFN
synthesis and secretion.

has developed a mechanism to antagonize IFN signaling and inhibit activation of
IFN-induced antiviral protein PKR. HCV is known to activate NF-xB in infected
cells via the virus-encoded nonstructural proteins NS5A and NS3 and core protein
[166, 167]. Although HCV induces NF-xB, the virus has evolved to inhibit activa-
tion of IRF-3, which is required for optimal IFN-«/f synthesis. NS3 protein inacti-
vates IRF-3 by virtue of binding to TBK-1, the kinase essential for phosphorylation
of IRF-3 [168]. Association of NS3 with TBK-1 prevents binding of TBK-1 with
IRF-3 and subsequent activation. In addition to NS3, HCV serine protease NS3/
4A also plays an important role in deregulating IFN-f production by blocking
IRF-3 phosphorylation [169, 170]. Recent studies [170] have shown that the mode
of inhibitory activity of NS3/4A constitutes proteolytic degradation of Toll-IL-1 re-
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ceptor domain-containing adaptor inducing IFN-§ (TRIF) protein — an adaptor pro-
tein essential for linking TLR-3 to kinases responsible for IRF-3 phosphorylation/
activation. Thus, HCV has designed a mechanism to inhibit IRF-3 directly (via
NS3) and indirectly by blocking upstream pathways (via NS3/4A) required for acti-
vation of IRF-3 kinases.

In addition to counteracting IFN-f production, resistance of HCV against [FN-«
is due to its ability to inhibit induction of the JAK-STAT pathway. Studies with
cells expressing the HCV genome have revealed that virus-encoded proteins inhibit
the JAK-STAT pathway downstream of STAT tyrosine phosphorylation [171]. Apart
from blocking the IFN-induced JAK-STAT pathway, two viral proteins also directly
manipulate PKR protein to counteract its antiviral activity. HCV nonstructural pro-
tein NS5A interacts with PKR to inhibit its activity by preventing dimerization of
PKR [172]. In addition, E2 glycoprotein of HCV competes with elF-2o for binding
to PKR and thus prevents PKR from inhibiting translation of viral proteins [173].
Further studies to establish the involvement of NS5A protein during IFN antago-
nism function are required, since recent studies with the HCV replicon system
have shown that NS5A protein is not essential for the antiviral activity of IFN-«
against HCV [174]. Apart from inhibiting IFN-induced antiviral proteins, NS3/4A
and core/E2/E1 proteins of HCV directly inhibit IFN signaling by reducing the ex-
pression of STAT-1 protein following its degradation by the proteosome-dependent
pathway [175]. At this time the exact mechanism involved in STAT-1 degradation
is not clear; however, HCV core protein was shown to bind to STAT-1. Whether di-
rect binding of HCV proteins with STAT-1 results in its degradation is yet to be
examined.

WNV Another important member of the flavivirus family is WNV — a highly
pathogenic human virus causing deadly neurological diseases upon infection
[176]. Although WNV induces NF-xB in infected cells [177], WNV have also
evolved to counteract IFN-mediated antiviral action by delaying the activation of
IRF-3 and producing JAK—STAT pathway antagonist proteins in infected cells. A
recent report [178] has shown that in WNV-infected cells IRF-3 activation is de-
layed, which may serve as a mechanism to postpone expression of IFN-dependent
antiviral proteins. Moreover, two strains (New York strain 99 and Kunjin strain) of
WNV block IFN-2/f signaling by inhibiting STAT-1 and STAT-2 phosphorylation
and nuclear translocation [179]. The lack of STAT phosphorylation could be as a
result of impaired phosphorylation and activation of Janus kinases JAK-1 and
TYK-2 in WNV-infected cells, as suggested recently [180]. The WNV proteins re-
sponsible for inhibiting JAK-STAT activation constitute WNV-encoded nonstruc-
tural proteins, NS2A, NS2B, NS3, NS4A and NS4B [179].

9.3.3.3 Coronavirus

Severe Acute Respiratory Syndrome (SARS) Coronavirus (SARS-CoV) Recently,
SARS-CoV was identified as the etiological agent that causes severe respiratory
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disease in humans [181]. Although SARS-CoV is highly sensitive to exogenously
added IFN [182], the virus has developed a strategy to escape the IFN response by
preventing secretion/synthesis of IFN-f from infected cells. It was shown that IFN-
B mRNA levels and IFN-f promoter activity were undetectable in SARS-CoV-
infected cells [183]. Although the precise mechanism employed by the virus to sup-
press IFN-f synthesis is not clear, it seems that IRF-3 activation is compromised
in virus-infected cells [183]. Further studies are required to dissect the precise
mechanism involved in suppression of IFN-f transactivation and the viral factors
responsible for such action.

9.3.4
dsRNA Viruses

Reovirus Reovirus is an important virus responsible for the development of viral
myocarditis [184]. It has been shown that the cardiac protective response following
reovirus infection is determined by the ability of reovirus to induce IFN-§ and IFN-
f-dependent gene expression [185]. However, such a response was cell-type depen-
dent. The cell-type-dependent mechanism of the IFN-£ induction profile by reovi-
rus is not clear, although activation of NF-xB [186] and IRF-3 [187] was observed in
reovirus-infected cells. So far it has not been documented if reovirus completely
shuts off IFN-f production and/or inhibits IFN-mediated antiviral signaling. How-
ever, one study has shown that PKR function is impaired in reovirus-infected cells.
It was suggested that reovirus-encoded i3 protein binds to dsRNA and such bind-
ing abolishes the ability of dsRNA to serve as the substrate for PKR activation [188]
(Tab. 9.3).

9.35
RNA and DNA Reverse-transcribing Viruses

9.3.5.1 Retrovirus

HIV-1  HIV-1 is an important human retrovirus responsible for the world-wide
AIDS epidemic [189]. HIV-1 is highly sensitive to IFN treatment, since activa-
tion of the JAK-STAT pathway restricts virus replication [190]. Moreover, HIV-1 in-
duces NF-xB, and IRF-1 and -2 for utilization of these proteins as transcriptional
activators of the viral genome [191, 192]. However, HIV-1 has designed a strategy
to counteract the IFN-mediated defense function by inhibiting the function of two
IFN-induced antiviral proteins, i.e. PKR and 2'-5’-OAS (2'-5’-OAS/RNase L path-
way) (Tab. 9.3). TAT protein encoded by HIV-1 degrades PKR by an unknown
mechanism [193]. Moreover, TAT protein also acts as a decoy for elF-2q, the natural
substrate of PKR, and thus inhibits PKR function [194]. Similarly, HIV-1 infection
induces an RNase L inhibitor protein that downregulates RNase L activity [195].
The precise mechanism by which this protein operates to inactivate RNase L
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is yet to be resolved. Apart from proteins, HIV-1 TAR RNA, which has partial
double-stranded structure, binds to PKR to inhibit its activation [196].

9.3.5.2 Hepadnavirus

HBV HBV, belonging to the hepdanavirus, is highly sensitive to IFN treatment
[197]. Although IFN exerts its potent antiviral activity on HBV, the virus has devel-
oped a strategy to evade such a response by inhibiting IFN-f synthesis in infected
cells (Tab. 9.3). The inhibition in IFN synthesis is rendered by the HBV ORF-C
product (core antigen) and the viral terminal protein [198, 199]. The precise mech-
anism by which these factors operate to block IFN production is not clear. Interest-
ingly, HBV also counteracts IFN-induced antiviral protein activity by downregulat-
ing MxA expression [200]. It was demonstrated that the HBV-encoded precore/core
proteins directly bind to the MxA promoter to modulate its expression.

9.3.6
dsDNA Viruses

9.3.6.1 Adenovirus

Adenoviruses [201] have evolved several mechanisms to evade the IFN-o/f antiviral
system (Tab. 9.4). These viruses encode proteins that inhibit activation of IRF-3
and NF-«B in infected cells, resulting in inefficient expression of the IFN-f gene.
Adenovirus E3 protein prevents induction of NF-xB by preventing its nuclear
translocation and activation of IKK - the kinase responsible for phosphorylating
IxB [202]. Similarly, IRF-3-mediated IFN-f gene expression is blocked in infected
cells by a novel mechanism. CBP/p300 coactivator binds to phosphorylated IRF-3
in the nucleus to activate IRF-3-stimulated gene expression [26, 27]. However,
adenovirus E1A protein competes with IRF-3 for binding to CBP/p300 and, thus,
inhibits transcription of IFN-$ gene [203]. The important role of E1A protein in
antagonizing IFN function is apparent from the ability of E1A protein to directly
counteract IFN signaling [204]. E1A acts as a potent inhibitor of the JAK-STAT
pathway by preventing ISGF-3 complex formation by virtue of downregulating the
expression of STAT-1a and IRF-9 (p48) proteins [205]. In addition, E1A also inter-
acts directly with STAT-1 to inhibit its activity [206]. A second viral factor that coun-
teracts the antiviral activity of IFN constitutes virus-encoded VAI viral RNA which
inhibits PKR activation [207]. VAI RNA does not encode any viral protein and is
transcribed by the cellular RNA polymerase III. This RNA in infected cells acts
like dsRNA by directly binding to PKR. However, in contrast to dsRNA, PKR
bound to VAI RNA fails to activate itself, resulting in its inhibition.

9.3.6.2 Poxvirus
Poxviruses [208] are DNA viruses that replicate in the cytoplasm of infected cells.
Vaccinia virus, a vaccine strain of poxvirus utilized for the eradication of smallpox,
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Tab. 9.4. Strategies of dsDNA viruses to inhibit IFN-I signaling

Virus IFN blocker Mechanism
Adenovirus E3 protein IFN synthesis (NF-xB inhibition)
E1A protein IFN synthesis (IRF-3 inhibition), IFN signaling
(down-regulation of IRF-9 and STAT-1x)
VAI RNAs IFN signaling (PKR inhibition)
Vaccinia B18R protein IFN signaling (IFN receptor decoy)
K1L protein IFN synthesis (NF-xB inhibition)
E3L protein IFN signaling (PKR and 2'-5’-OAS/RNase L
inhibition), IFN synthesis (IRF-3 and -7
inhibition)
K3L protein IFN signaling (PKR inhibition)
A46R, A52R and N1L IFN synthesis (NF-xB and IRF-3 inhibition;
proteins TLR inhibitor)
HSV ICPO protein IFN synthesis (IRF-3 inhibition)
ICP34.5 and US11 proteins  IFN signaling (PKR inhibition)
unknown IFN signaling (2'-5'-OAS/RNase L inhibition)
CMV IE86 protein IFN synthesis
ppUL83 protein IFN synthesis (IRF-3 inhibition)
unknown IFN signaling (downregulation of IRF-9, JAK-1)
HHV-8/KSHV  vIRF 1-4 proteins IFN synthesis (IRF-1/3/7 inhibition)
vIRF-2 protein IFN signaling (PKR inhibition)
EBV EBNA-2 protein IFN signaling
EBER RNAs IFN signaling (PKR inhibition)
HPV E6 and E7 proteins IFN synthesis (NF-xB inhibition)
E6 protein IFN synthesis (IRF-3 inhibition), IFN signaling
(STAT-1 and -2, and and TYK-2
phosphorylation inhibition)
E7 protein IFN signaling (IRF-9/p48 nuclear translocation

inhibition)

serves as a model virus to study poxvirus biology. Vaccina virus has evolved to
evade IFN response by several mechanisms (Tab. 9.4). The virus encodes K1L
gene product that prevents activation of NF-«xB by virtue of inhibiting IxBx degra-
dation [209]. In addition to blocking IFN-f synthesis (by blocking NF-xB activa-
tion), the virus has designed a “clever” way to prevent initiation of IFN signaling.
Vaccinia virus encodes a decoy protein B18R to evade IFN signaling. B18R is a
soluble secreted homolog of the IFN receptor [210, 211]. Secretion of B18R from
virus-infected cells results in the extracellular sequestration of IFN-u/f, since
B18R is a soluble form of the IFN receptor. Such competition with the cell surface
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IFN receptor for IFN binding results in failure of IFN to associate with the “phys-
iological receptor” on the plasma membrane. As a consequence, IFN is unable to
induce the JAK-STAT antiviral signaling cascade. Production of extracellular decoy
molecules is indeed a “smart” approach, since secreted B18R will not only prevent
IFN signaling in infected cells, but such an effect will also be extended to non-
infected neighboring cells.

Apart from BI18R, vaccinia viruses also encode two proteins, E3L and K3L,
that antagonize the function/activation of IFN-induced antiviral proteins. E3L, a
dsRNA-binding protein, is involved in inhibiting the activation of PKR and 2'-5'-
OAS [212, 213]. Since dsRNA is an important cofactor for PKR and 2'-5-OAS acti-
vation, sequestration of dsRNA by E3L results in failure of activation of PKR and
2’-5’-0AS in infected cells. Alternative mechanisms employed by E3L to inhibit
IFN signaling include: (i) inactivation of PKR following direct interaction of E3L
with PKR [214] and (ii) inhibition of IRF-3/7 pathways to suppress IFN-o/f synthe-
sis [148]. In contrast to E3L, the IFN antagonistic activity of K3L is only directed
against PKR [215]. K3L serves as a substrate analog for PKR and thus it competes
with eIF-2o for PKR binding. As a result of the competition from K3L, PKR is un-
able to phosphorylate eIF-2u for inhibiting translation. In addition, vaccinia virus
encodes two proteins, A46R and A52R, that inhibit NF-«B and IRF-3 induction
via TLR activation [216, 217|. Recently, another TLR antagonist was identified in
vaccinia virus-infected cells. It was shown that N1L protein of vaccinia virus sup-
presses TLR signaling essential for NF-xB and IRF-3 activation [218].

It is interesting to note that E3L and the NS1 protein of influenza A virus share a
high degree of similarity in antagonizing the IFN response. These similarities in-
clude, (i) binding to dsRNA, (ii) preventing dsRNA-mediated activation of PKR and
(iii) inhibiting synthesis of IFN-o/f. The similarity in the mechanism of IFN antag-
onism function of vaccinia and influenza viruses also includes the ability to inacti-
vate PKR function by these two viruses. Both viruses express proteins, p58IPK
(cellular protein induced in influenza virus-infected cells) and K3L (vaccinia virus-
encoded protein) proteins, which directly interact with PKR to prevent its activa-
tion. Therefore, vaccinia and influenza viruses have evolved two mechanisms to
inhibit PKR activation: (i) E3L and NS1 proteins that bind dsRNA, and (ii) K3L
and p58IPK proteins that directly interact with PKR. It is important to mention
that apart from vaccinia virus, other poxviruses, including, myxoma, monkeypox,
cowpox, swinepox and ectromelia viruses, also encode an assortment of IFN antag-
onist molecules. Readers are referred to two review articles elaborating the viral
immune evasion molecules of different poxviruses [219, 220].

9.3.6.3 Herpesvirus

Like poxviruses, herpesviruses are DNA viruses; however, in contrast to poxviruses,
they replicate in the nucleus of infected cells [221]. Herpesviruses utilize various
strategies to evade the IFN response (Tab. 9.4). These include counteracting IFN
signaling and inhibiting the function of IFN-induced antiviral proteins. This sec-
tion covers herpes simplex virus (HSV), human cytomegalovirus (CMV), human
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herpesvirus 8/Kaposi's Sarcoma-associated herpesvirus (KSHV) and Epstein—Barr
virus (EBV).

HSV HSV activates NF-xB in infected cells following expression of ICPO and
BICPO proteins [222]. In addition to viral proteins, HSV genomic DNA interacts
with TLR-9 [223]. Such interaction may also lead to activation of NF-«B in infected
cells. In contrast to NF-«B activation, HSV prevents nuclear translocation of IRF-3.
The viral encoded immediate-early protein ICPO is responsible for inhibiting nu-
clear accumulation of IRF-3 [224]. In addition to preventing efficient IFN-f synthe-
sis, HSV also encodes a protein named ICP34.5 to inhibit the PKR antiviral system
[225]. However, in contrast to vaccinia virus E3L and K3L proteins, which prevent
phosphorylation of eIF-2« by PKR, ICP34.5 protein recruits a cellular phosphatase
to dephosphorylate elF-2« [225]. As a result of dephosphorylation, PKR fails to
inhibit translation of cellular and viral mRNAs. The importance of ICP34.5 in
virus pathogenesis is borne out by the observation that recombinant HSV lacking
ICP34.5 protein was attenuated [226]. However, the attenuated phenotype could be
overcome by extragenic mutations in the HSV genome resulting in expression of
the viral protein US11 early during infection [226]. US11 protein is expressed late
during viral infection and the reversion of the attenuated phenotype in early US11-
expressing viruses is due to inhibition of PKR by US11, which directly interacts
with PKR to inhibit its activity [226]. Based on these interesting observations it
was speculated that US11 represents a factor that was utilized by HSV to counter-
act the IFN-mediated defense mechanism early during evolution; however, with
time, such a function was replaced by ICP34.5. Apart from PKR, HSV also inhibits
the IFN-induced 2'-5’-OAS/RNase L pathway [227]. Although the exact mecha-
nism of 2’-5'-OAS/RNase L pathway inhibition is not clear, it is suggested that
2'-5"-oligoadenylate derivatives are produced in infected cells, which bind to
RNase L to block its enzymatic activity.

CMV  CMV, belonging to the herpesvirus family, also counteracts IFN signaling.
Although CMYV activates NF-«B via the TLR-2/CD14 pathway [228], the virus has
developed a strategy to suppress IFN-f production (Tab. 9.4). It was observed that
CMV immediate-early-2 gene product IE86 blocks induction of IFN-f in infected
cells [229]. Moreover, CMV structural protein pp65 (ppUL83) inhibits activation of
IRF-3 by preventing its nuclear accumulation and incomplete phosphorylation
[230]. Even though CMV prevents IFN-f production, interestingly the virus
induces an IFN response early during infection by virtue of interaction of the gly-
coprotein gB with the cell surface [231]. Although the virus activates IFN signaling,
it also at the same time has evolved to block the downstream signaling cascade re-
quired to launch an antiviral function. CMV achieves its goal of interfering with
IFN signaling by downregulating the expression of JAK-1 and IRF-9 (p48) in in-
fected cells [232, 233]. Since JAK-1 and IRF-9 are critical factors required for activa-
tion of the ISGF-3 complex, its impaired expression in infected cells inhibits IFN-
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o/ signaling. Based on the dual mechanism employed by CMV during infection, it
is speculated that while activation of IFN signaling is advantageous for viral sur-
vival, the virus has designed a ploy to shut-down the antiviral arm of the IFN
signaling.

KSHV NF-xB activation by KSHV FLICE-inhibitory protein (VvFLIP) is critical for
induction of cellular transformation [234]. However, KSHV has developed a mech-
anism to defend itself against IFN action by encoding four different sets of IRF
homologs (VIRF-1, -2, -3 and -4). It is not clear how these homologs participate in
inactivation of the IFN response. However, several of these homologs may function
as dominant-negative IRFs (IRF-1, -3 and -7) [235, 236]. Therefore, expression of
these homologs will result in inefficient synthesis and production of IFN-«/p,
since IRFs are critical regulators of IFN expression. Apart from exerting a
dominant-negative function, vIRF-1 is known to interact and inhibit p300, a his-
tone acetyltransferase, whose activity is essential for chromatin remodeling during
transcription [237]. Thus, transcriptional block induced by vIRF-1 may also result
in nonexpression of IFN-dependent antiviral genes. Moreover, direct inactivation of
antiviral proteins is achieved by vIRF-2, which interacts with PKR to inhibit its acti-
vation [238] (Tab. 9.4).

EBV Apart from KSHV, another y-herpesvirus, EBV, activates NF-xB in infected
cells via latent membrane protein (LMP)-1 [239, 240]. However, EBV also encodes
EBNA-2 protein which prevents transcriptional activation of IFN-dependent genes
by an unknown mechanism [241]. In addition, EBV encodes a small RNA, EBER-1,
which interacts with PKR to inhibit its activation [242] (Tab. 9.4).

9.3.6.4 Papillomavirus

Human papillomaviruses (HPVs) [243] have evolved to evade IFN-mediated innate
antiviral response primarily by two mechanisms: (i) inhibiting IFN-f production
from infected cells and (ii) counteracting the IFN-induced JAK-STAT signaling
(Tab. 9.4). HPV restricts IFN-f production by preventing activation of NF-«xB and
IRF-3 in infected cells [244, 245]. Virus-encoded E6 and E7 oncoproteins are potent
inhibitors of NF-xB activation [244]. E7 protein associates with IKK to impair its
kinase activity, resulting in improper phosphorylation and degradation of IxB. In
contrast to E7, E6 protein inhibits NF-xB-dependent transcriptional activity in the
nucleus. In addition to inhibiting expression of NF-xB-stimulated genes, E6 pro-
tein also binds directly with IRF-3 [245] to inhibit its transcriptional activation
function, resulting in inhibition in IFN-f synthesis. Apart from blocking IFN-A
production, E6 and E7 proteins also inhibit [FN-induced JAK-STAT signaling. E7
protein directly binds to IRF-9/p48 (the DNA-binding partner of ISGF-3) to prevent
its nuclear translocation [246]. In contrast to E7 protein, which targets p48/IRF-9,
E6 protein expression leads to decreased tyrosine phosphorylation of STAT-1
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and -2, and TYK-2 [247]. The impaired phosphorylation status of STATs is due to
the ability of E6 protein to directly interact with TYK-2 to prevent its activation/
phosphorylation following IFN-o/f treatment [247].

9.4
Concluding Remarks

The innate immune response against viruses represents an important host defense
mechanism. The importance of this mechanism is borne out by the fact that it not
only restricts virus replication during the initial stages of infection, but the innate
response leads to the establishment of the adaptive immune response against vi-
ruses as well. Many RNA and DNA viruses initiate the innate immune response
following activation of NF-xB and/or IRF-3 by several mechanisms, as discussed
earlier in the chapter (Fig. 9.1). These two critical transcription factors are known
to play an important role in establishing the innate immune response following
production of antiviral cytokine IFN-I from infected cells. The IFN-I produced
from infected cells by virtue of the paracrine action exerts an antiviral state in non-
infected cells by inducing the JAK-STAT pathway (Fig. 9.1). Interestingly, apart
from the IFN-induced JAK-STAT pathway, activation of NF-«xB by either HPIV-3
or induced by TNF-a/IL-1f directly confers an intracellular antiviral state indepen-
dent of IFN-I. Although the host innate defense is armed with innate antiviral
factors, the viruses for their replicative advantage have evolved to counteract their
actions by either modulating the antiviral signaling (JAK-STAT) cascade at various
stages (Tabs. 9.1-9.5) or manipulating the time frame of induction of antiviral
molecule(s) (NF-xB) following infection [25]. The IFN antiviral system is a critical
innate defense mechanism that is operative since early evolution to defend eukary-
otic organisms from viral infection. The IFN-mediated antiviral response is elicited
by three major mechanisms: (i) ability of the host to sense virus infection resulting
in IFN secretion, (ii) association of IFN with its receptor leading to the activation of
the JAK-STAT pathway and expression of IFN-induced antiviral factors, and (iii)
antiviral activity of IFN stimulated genes that results in virus replication inhibition
at various stages of the viral life cycle. However, most viruses replicate efficiently in
their hosts as a consequence of encoding IFN antagonist factors that block various
steps of the IFN system. These steps include: (i) inhibition in IFN synthesis, (ii)
blocking IFN signaling, (iii) inhibiting the function of IFN-induced antiviral pro-
teins, and (iv) producing IFN receptor decoy molecules to prevent induction of
IFN signaling. Different viruses that counteract various steps of the IFN system
are detailed in Tab. 9.5. IFN antagonists of different viruses that modulate the
IFN system for their replicative advantage are described in Tabs. 9.1-9.4. Thus,
this continued battle between the host, striving to restrict virus replication by ini-
tiating an innate response, and the virus’s struggle to antagonize the host’s effort,
eventually decides who will ultimately win. Future studies will no doubt shed new
light on this important host-virus interaction and will advance our understanding
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Tab. 9.5. Various stages of the IFN antiviral system blocked by
different viruses

Mechanism of action Viruses

Inhibition in IFN synthesis/production HBV
HPV
HHV-8/KSHV
influenza
MV

Inhibition in IFN signaling adenovirus
HBV
HPV
EBV
CMV
HHV-8/KSHV
SV
SV5
RSV
MUV
HCV
Ebola
HPIV-3
HPIV-2
influenza

Inhibition in IFN-induced antiviral adenovirus
protein functions HSV
EBV
HCV
HIV-1
vaccinia
poliovirus
influenza
reovirus

IFN receptor decoys vaccinia

of the body's immune defense mechanisms, which have a great potential for the
development of novel targeted antiviral therapies.
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of Type | Interferons

Frank Miiller

10.1
Introduction

Isaacs and Lindenmann, who studied what had been a subject for research since
1935 [1], i.e. the phenomenon of viral interference, reported in 1957 a factor that
conferred the property of viral interference and coined the name interferon (IFN)
to describe this new substance [2].

In the following decades many attempts were undertaken in order to purify IFN
to homogeneity. As a result, IFN was found to be heterogeneous, comprising a
family of distinct, but structurally related, IFN molecules [3]. Today these are clas-
sified as type I (IFN-a, 8, w and -7), all of which bind to the same receptor consist-
ing of IFNAR-1 and -2 [4]. A single antigenically distinct type II (IFN-y) IFN has
also been characterized.

As a response to stimulation by a various pathogens, type I IFNs are produced
and secreted by virtually all eukaryotic cells. They can be mass produced by bio-
technological processes, and both natural and recombinant IFNs have received reg-
ulatory approval in many countries for the treatment of diseases, including chronic
hepatitis (CH), malignant melanoma, non-Hodgkin’s lymphoma (NHL), chronic
myelogenous leukemia (CML), multiple sclerosis (MS) and others [5] (see Section
10.5).

10.2
Biological Effects

IFNs belong to the network of cytokines that are involved in the control of cellular
functions and replication, and that become actively engaged in host defense during
infection. Type I IFNs induce a wide range of biological effects, as listed below, and
are used in the clinic as antiviral and antitumor agents.

The Interferons: Characterization and Application. Edited by Anthony Meager
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-31180-7
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Viral
infection

Nucleus .w

Fig. 10.1. Induction and mechanism of IFN; IRP = IFN-
regulated proteins. (Modified from [62].)

e Inhibition of viral replication

e Inhibition of cell proliferation

e Regulation of cell differentiation

e Activation/propagation of natural killer cells and cytotoxic cell activity resulting
in antitumor effects, for example

IFNs are also used to treat certain autoimmune diseases, especially MS, and show
interesting results in rtheumatoid arthritis [6, 79].

The IFNs themselves do not inhibit viral propagation, but they induce an antivi-
ral status by triggering the expression of IFN-regulated proteins in the surround-
ing noninfected cells (Fig. 10.1).

10.3
Type | IFN Products Currently Available or Under Development

The techniques of modern biotechnology have made it possible to isolate and to
generate highly purified IFN-o and -f. Since the first approval of two recombinant
IFN-o (2a and 2b) preparations in 1986 by the FDA, many other IFN products have
been developed, and substantial research has been done on their clinical efficiency
in nonmalignant and malignant diseases.



10.3 Type | IFN Products Currently Available or Under Development

Table 10.1 gives an overview of currently available IFNs or those in various clini-
cal phases, including their field of application.

Several different expression systems are used for the commercial production of
Type 1 IFNs. The first approved products on the market were Roferon A (IFN-02a;
Hoffmann-La Roche) and Intron A (IFN-02b; Schering-Plough), both of them pro-
duced in Escherichia coli.

Infergen is an aqueous formulation of recombinant, nonglycosylated, N-terminal
methionine, “consensus” IFN-« also expressed in E. coli. The amino acid sequence
of Infergen was designed by selecting at each sequence position the most com-
monly occurring amino acid at that position among the various subtypes of natural
human IFN-o. Four additional changes were made to facilitate molecular construc-
tion [10].

Today, IFNs are also available which have their origin of production in yeasts
[IFN-02a, Hansenula polymorpha (Rhein Minapharm) and IFN-02b, Pichia pastoris
(Shanta Biotechnics)]. These expression systems show economic advantages,
process-related simplifications, and, in contrast to E. coli, they have the capability
to secrete proteins and to perform modifications and processing steps linked to
the secretory pathway — most importantly, the formation of disulfide bonds and
glycosylation [13].

Alferon N (Hemispherx Biopharma) is a nonrecombinant IFN product de-
rived from human leukocytes and contains a mixture of natural IFN-« subtypes
[12].

Turning to IFN-B, IFN-$1b, the so-called Betaf(s)eron (Schering), is again an E.
coli product, whereas IFN-f1la [Rebif (Ares-Serono) and Avonex (Biogen-Idec)] is
derived from mammalian cell culture using transfected [Chinese hamster ovary
(CHO)] cells. IFN-p1a is glycosylated, whereas IFN-S1b is not; additionally, the
latter has cysteine (position 17) replaced by serine. Without this modification, the
undesired, but thermodynamically favored, disulfide bond between Cysl7 and
Cys41 can be formed during molecular refolding in the downstream processing of
E. coli-derived IFN-$-1b. This leads to an incorrect conformation that shows an
“antigenic character” and is less active than the natural IFN-f with its disulfide
bond between Cys31 and Cys141. IFN-$1b has a lower specific activity than that of
IFN-f1a in vitro.

Soluferon (Fig. 10.2) is also an IFN-f, but due to molecular modeling this IFN-f
variant has the advantage of a higher solubility than the natural molecule because
of its significantly lower hydrophobic character. As a result of these modifications,
an improvement of the bioavailability of the IFN-§ “mutein” and also an increase
of pharmacological stability is expected [107, 108].

Because “pegylation” appears particularly useful for therapeutic proteins that are
required for a sustained period of time, as the IFNs are, in the early 1990s a first
attempt was made to develop a pegylated IFN-o. [16, 17]. It took several years of im-
provement, but in 2000 the first pegylated IFN (PeglIntron; pegylated IFN-a2b) was
approved, followed by a second one, called Pegasys (pegylated IFN-02a). Peglntron
is a 12-kDa linear pegylated IFN-02b and Pegasys a 40-kDa branched pegylated
IFN-02a [17, 18].
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Fig. 10.2. A comparison of the surface area of the wild-type
IFN-$ and the modified IFN-$ (Soluferon).
www.igb.fraunhofer.de. (This figure also appears with the color
plates.)

Fusion proteins, such as Albuferon-« and -, in which of human serum albumin
(HSA) is conjugated to IFN, also show improved pharmacokinetic and pharmaco-
dynamic profiles due to prolonged serum half-life [119, 120]. Albuferon-« is in clin-
ical phase II and Albuferon-f in the preclinical phase.

10.4
Pharmacokinetics

10.4.1
IFN-o

IFN-o is normally administered by intramuscular (i.m.) or subcutaneous (s.c.) in-
jection. Maximal plasma concentration of the IFN-u occurs after 1-8 h [4]. For the
im. route of administration, the peak plasma level was observed earlier (after 4 h)
than for the s.c. route (after 7.5-8 h).

IFN-« is totally filtered out in the kidney glomeruli and undergoes proteolytic
degradation during renal tubular reabsorption, causing a negligible amount of
IFN-o to remain in systemic circulation. Liver metabolism and subsequent biliary
excretion are minor pathways in the elimination process [106].

A major drawback to the therapies with IFNs (« and f), however, is their short
serum halflife and rapid clearance from the circulation. The reported terminal
elimination half-life of IFN-o ranges from 4 to 16 h [17, 20]. After 24 h, IFN-u is
undetectable in the bloodstream.

Compared with unmodified IFN-o, pegylated IFNs display a significantly (ap-
proximately 10-fold) prolonged plasma half-life [18]. Polyethylene glycol (PEG)
shows little toxicity and is eliminated from the body intact either by the kidneys
(for PEGs < 30 kDa) or in the feces (for PEGs > 20 kDa). PEG lacks immunoge-
nicity and antibodies to PEG are generated in rabbits only if PEG is combined with
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highly immunogenic proteins. There are no reports of the generation of antibodies
to PEG under routine clinical administration of pegylated proteins [19].

The amount of IFN-« used in clinical treatments is disease dependent. Several
oncological indications require daily dosing, while viral indications may require
only thrice-weekly dosing. The IFN treatment for these disease categories may
range from periods of several months to a year or longer [17]. Pegylated IFNs gen-
erally follow a once weekly administration schedule.

Nonpegylated IFNs and pegylated IFNs have comparable safety and pharmaco-
dynamic profiles [18]. However, the potential for inducing neutralizing antibodies
(NADs) may differ. For example for Intron A this potential was found to be lower
(fewer than 1% patients treated developed Nabs) than for Roferon A (about 25%)
before the formulation of the latter was changed; subsequently “new formulation”
Roferon A has shown much reduced immunogenicity [10].

10.4.2
IFN-8

IFN-f is metabolized in the liver. Peak serum concentrations were achieved in 3—
15 h in healthy volunteers following a 60 pg i.m. dose. It remains controversial
whether the administration route has an impact on the bioavailability or not. For
IFN-f1a it was shown that it has a 3-fold increase in bioavailability with i.m. injec-
tion as compared with s.c. route [106]. The elimination half-life varies from 1 to
10 h [4, 106]. Obert and Péhlau arrived at the conclusion that both administration
routes lead to comparable bioavailabilties [111]. Sometimes IFN-f is also adminis-
tered by intravenous (i.v.) or intratumoral (i.t.) routes.

Biologic response marker levels (e.g. neopterin, tryptophan and f,-microglobulin)
increase within 12 h of injection and remain elevated for at least 4 days; they usu-
ally peak within 48 h of administration. Injection site reactions show that IFN-f1a
is better tolerated than IFN-$1b [109, 110].

The incidence of Nabs to IFN-f is found to be within the range of 2-24% for
IFN-p1a preparations and 31-58% for IFN-$1b [111-113] (see Chapter 13).

10.5
Clinical Applications of Type | Interferons

The first clinical studies were undertaken in the late 1970s with crude preparations
derived from virus-induced leukocytes that were less than 1% IFN by weight
and consisted of a mixture of various type I IFNs. Kari Cantell in Helsinki was
nevertheless able to produce appreciable amounts of that crude IFN. This “low-
level-pure” IFN was the first and, until that time, the only IFN available for human
clinical trials [136]. However, these preparations indicated the therapeutic potential
of IFNs [3]. Studies found that IFN-o could induce regression of tumors in signifi-
cant numbers of patients.
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IFN-0. was first cloned by Weissman et al. at the end of 1979 and IFN-§ was
cloned for the first time by Taniguchi et al. in September 1979 [136]. From 1978
onwards substantial progress was made in the purification of IFNs: Pestka et al.
found a strategy to purify human leukocyte IFN (now known as IFN-x) to ho-
mogeneity [114] by using reverse-phase high-performance liquid chromatography
technology.

Today there are many fields of application for IFNs and there are thousands of
people worldwide — suffering from certain types of cancer, viral diseases or auto-
immune diseases — who benefit from the plentiful availability of IFNs. The most
prominent areas for medical applications and the role of IFNs for each of the dis-
eases is described in the sections.

10.5.1
Chronic hepatitis B (CHB)

Viral hepatitis infections are one of the major public health concerns world-
wide and CHB is one of the chief causes of adult mortality. Millions around the
globe are infected with the hepatitis B virus (HBV; Fig. 10.3), but most people
who become infected get rid of the virus within 6 months. A short infection is
known as an “acute” case of hepatitis B. About 10% of people infected with HBV
develop a chronic, life-long infection; approximately 350-400 million people are af-
fected.

A proportion of these people (Fig. 10.4) develop chronic liver disease and are

HBsAg Prevalence

B >8%- High

2-7 % - Intermediate
<2%- Low

Fig. 10.3. Geographic distribution of chronic HBV infection [61].
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Fig. 10.4. Course of hepatitis B infection. (Modified from [6]).

therefore at risk of progression to cirrhosis or hepatocellular carcinoma (HCC). It
has been estimated that about 0.5% of all people infected with HBV develop HBV-
associated HCC 20-40 years after infection [60].

The HBYV belongs to the family of hepadnaviruses and is a double-stranded, en-
veloped DNA virus, which replicates in the liver and causes hepatic dysfunction
[61, 62]. The virus particle is 42 nm in diameter and is composed of a 27-nm nu-
cleocapsid core (HbcAg) surrounded by an outer lipoprotein coat containing the
surface antigen (HBsAg). It has been found that it is not the virus itself that dam-
ages the hepatocytes, but the host response to the infection, e.g. apoptotic signals
mediated by the CD95 receptor-ligand system [63].

IFN-z has been shown to be an effective agent to suppress the replication of
HBV. The application of IFN-u tends to decrease the levels of serum HBV DNA
and HBeAg in the blood as several clinical trials have clearly shown. Between 15
and 40% of treated patients respond with a long-term remission [64—67].

There are several different categories of patients and the efficacy of IFN-u treat-
ment in CHB depends on what category the patient belongs to. A very detailed and
precise overview on this topic is given by Lok and McMahon [70]. The following
categories have to be taken into consideration:
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* HBeAg-positive patients

* HBeAg-negative patients

¢ Nonresponders

e Dositive clinical cirrhosis patients

The dose regimen by s.c. injection of IFN-x in therapy for treatment of CHB is
normally:

e Duration of IFN-z administration: 4—6 months
e 5 MU m~2 daily or 10 MU m™2 thrice weekly (for children 6 MU m~2 thrice
weekly)

A response to therapy is monitored by a decrease of HBV-DNA (undetectable levels
in unamplified assays; below 10> copies mL™") and the loss of HBeAg in patients
who were initially HBeAg-positive. Furthermore, the decrease of serum alanine
aminotransferase (ALT) levels as a biochemical response is also monitored.

In February 2005, pegylated IFN-a2a (Pegasys) was approved for the treatment
of CHB. Pegasys is also well known as a highly effective treatment of CHC (see
Section 10.5.2). The approval was granted for two categories of the disease —
HBeAg-positive and HBeAg-negative CHB.

In comparison to the conventional, unpegylated IFN-x, the virological responses
were significantly higher with pegylated IFN-02a (Pegasys). At the end of follow-
up, HBeAg was cleared in 37, 35 and 29% of patients receiving Pegasys at doses
of 90, 180 and 270 pg, respectively, compared with only 25% of patients on conven-
tional IFN-02a therapy [71]. Furthermore it was found that the remission rate was
significantly higher than observed in a monotherapy with Lamivudine (Epivir-HBV
or 3TC). Lamivudine is the (-)-enantiomer of 2’,3’-dideoxy-3’-thiacytidine (3TC).
Incorporation of the active triphosphate (3TC-TP) into growing DNA chains results
in premature chain termination and thereby inhibits HBV-DNA synthesis [70].
Forty-three percent of Pegasys-treated patients showed a reduction of HBV-DNA
to less than 2 x 10* copies mL~!, whereas only 29% of patients who were admin-
istered Lamivudine achieved this reduction [68].

10.5.2
Chronic hepatitis C (CHC)

Infections with the hepatitis C virus (HCV) are common worldwide. The WHO es-
timates that about 3% of the world’s population are HCV carriers. Progression to
CHC occurs in up to 85% of infected people; approximately 20% of these develop
liver cirrhosis and 2-5% contract HCC [93].

The HCV was found in 1989 by Michael Houghten et al. and is an enveloped
RNA virus with a diameter of 60-80 nm that belongs to the Flaviviridae family.
Eleven major HCV genotypes and several subtypes are known today. These geno-
types differ by 30-50% in their nucleotide sequences. Furthermore, these viruses
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Tab. 10.2. Location of the various HCV genotypes (adapted from [91])

Genotype Location

1a, 1b, 1c Western Europe, Scandinavia, Eastern Europe, USA, Japan, Hong Kong
2a, 2b, 2¢ Western Europe, Scandinavia, USA, Japan, Hong Kong

3a, 3b Western Europe, Scandinavia, USA

4a Middle East, Egypt

5a South Africa

6a Hong Kong

have a high tendency to mutate. Table 10.2 indicates the geographic location of the
different genotypes [62, 91, 92].

The genetic heterogeneity of HCV plus the significant antigenic variation among
virus quasispecies within individual patients probably explains the difficulties of
finding a unified effective therapy and accounts for the problems in the develop-
ment of prophylactic vaccines. Nevertheless, propitious effects of IFN-« in hepatitis
C treatment were first reported by Hoofnagle et al. in 1986, but only 15-20% of
patients with CHC achieved a sustained virological response when IFN-x was
used in a monotherapeutic approach [94]. In 1998, a combination therapy with
IFN-o and ribavirin was introduced. Ribavirin is a synthetic guanosine analog that
was initially developed for the treatment of HIV. Given alone ribavirin has no effect
on HCV-RNA, but it was found to reduce the serum ALT levels when given 600—
1200 mg daily for a period of 12-36 months [96]. This observation led to clinical
studies of the combination of IFN-« and ribavirin, which have shown that a sus-
tained response rate of 38—43% is achieved in patients treated for 12 months [95].

An additional improvement in the treatment of hepatitis C has been was
achieved with the development of pegylated IFNs. The advantages of pegylated
proteins are well known and established in many cases [98-100]. The responses
to pegylated IFNs in a monotherapy are in the same range of those reported in
therapy with IFN-a combined with ribavirin [101, 102].

The current “gold standard” for treatment of CHC is a combination therapy of
pegylated IFN-o and ribavirin. In contrast to unmodified IFNs, the pegylated IFNs
have a significantly prolonged, approximately 10-fold greater, plasma half-life [18].
As a consequence the frequency of “drug”’ administration is reduced to a once-
weekly regime from the thrice-weekly regime used for the unmodified I[FNs. Their
diminished/slower clearance increases the efficacy for the combination therapy
with ribavirin. Peglntron-ribavirin is known as Rebetol (Schering-Plough) and
Pegasys-ribavirin is known as Copegus (Hoffmann-La Roche).

Both pegylated IFNs are given weekly by s.c. injection; examples of the dose
levels are given in Tab. 10.3. On average, sustained virological responses in 50—
60% of patients have been found in either Rebetol or Copegus therapies. However,
HCV genotype 1 is less responsive (cure rates 42—52%) and requires 12 months for
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Tab. 10.3. Regimen for combination therapy of pegylated IFN with Ribavirin

IFN Ribavirin

Pegylated IFN-22a: 180 pg Genotype 1, 1000 mg day ! if <75 kg
Genotype 1, 1200 mg day ' if >75 kg
Genotype 2/3, 800 mg day~!

Pegylated IFN-02b: 1.5 pg kg™! Genotype 1, 1000 mg day~! if <75 kg
Genotype 1, 1200 mg day ! if >75 kg
Genotype 2/3, 800 mg day !

therapy compared to the responsiveness of the genotypes 2 and 3 (cure rates 78—
84%; therapy duration 6 months) [93, 103, 104].

10.5.3
Chronic hepatitis D (CHD)

CHD is caused by the hepatitis J virus (HDV). Rizzetto et al. discovered HDV in
1977 [80]. It is a small, defective, single-stranded RNA virus of 36—-43 nm that
only replicates efficiently in the presence of HBsAg. CHD leads to cirrhosis in up
to 70% of patients and is a severe form of liver disease [81-84]. Worldwide, approx-
imately 10-15 million people are infected by HDV [85]. Diagnosis is based on find-
ing both anti-HDV and HBsAg in serum of patients with chronic liver disease.
This diagnosis is important because the dose and regimen of IFN-u differs from
the therapy used in CHB [81].

Pilot studies as well as randomized controlled trials indicated that in CHD treat-
ment requires high doses of IFN-u (5 MU day~! or 9-10 MU thrice weekly) for a
prolonged period of time. High dosages were effective in reducing disease symp-
toms in 25-50% of patients. For instance, one CHD patient treated in this manner
and monitored for 12 years was found to have lost HDV RNA, HBV DNA and
HBsAg at the end of treatment. In one randomized controlled study, IFN-u was
given at 9 MU thrice weekly for 12 months and 36% of patients showed remission
in disease. A dose of 3 MU thrice weekly was shown to be less effective [81, 84, 86—
91].

10.5.4
Hairy Cell Leukemia (HCL)

HCL (or leukemic reticuloendotheliosis) is a rare malignant lymphoproliferative
disorder. It is an uncommon form of leukemia that is a slowly progressive cancer
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of lymphocytes. Malignant cancer cells are found in both the peripheral blood and
bone marrow. HCL is characterized by a reduction in all types of blood cells. HCL
cells have fine projections from their surface that create an impression of the cells
appearing “hairy” [22].

People affected with this form of leukemia have an increased risk of acquiring
infections because of the lowered resistance to infection. The cause of this disease
is still unknown. The risk of men being affected is 5 times higher than for women
and the median age of onset is 55. Other risk factors are unknown.

In 1984, it was first reported that patients with HCL showed a response to [FN-x
therapy. In 1986, both IFN-x2a and -22b were approved by the FDA for treating
HCL. IFN-u therapy is associated with high overall response rates; normalization
of peripheral blood (including hemoglobin levels, white blood cells, neutrophils,
monocytes and platelets) is usually manifested in more than 80% of treated pa-
tients. A study using Roferon A, for example, showed that out of 75 treated pa-
tients, 61% achieved a complete or partial response, 28% had a minor remission
and 11% remained stable. None had worsening of disease. Responding patients
also showed a marked decrease in infection episodes and improvement in perfor-
mance status [23].

In the standard treatment of HCL, IFN-u is normally administered over a 2-year
period at 3 MU/day. Relapse of almost all patients occurs upon cessation of ther-
apy. Today, IFN-o has been superceded by more effective therapies for HCL, e.g.
by 2-deoxycoformycin or Cladribine [4].

10.5.5
Renal Cell Carcinoma (RCC)

RCC, a form of kidney cancer that involves cancerous changes in the cells of the
renal tubule, is the most common type of kidney cancer in adults. RCC affects
about 3:10000 people [54]. What causes the cells to become cancerous is not
known, but family history, smoking and inheritance increase the risk for RCC.
The first symptom is usually blood in the urine. The cancer metastasizes easily,
most often to the lungs and other organs, and about one-third of patients have
metastasis at the time of diagnosis. Rare spontaneous remissions have been ob-
served and documented [55].

In clinical trials, Ritchie and Pyrhonen [56, 57|, for example, demonstrated a 10—
15% objective response rate together with a modest increase in survival times in
patients treated with IFN-o.. Since its antitumor activity in RCC was low and there
was no dramatic effect on long-term survival of patients, IFN-o has also been tested
in many combination therapies, using both chemical drugs and biological agents,
such as interleukin-2 [58]. As yet, none of these studies has resulted in durable
clinical benefits. Since October 2003, another phase III clinical trial is underway
in order to analyze the combination of IFN-o plus an anti-vascular endothelial
growth factor antibody (anti-VEGF) [59]. No results have been reported yet.
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10.5.6
Basal Cell Carcinoma (BCC)

Basal cells are normal skin cells. They may develop cancerous changes, causing a
lump or bump that is painless. A new skin growth that ulcerates, bleeds easily or
does not heal well may indicate development of basal cell skin cancer. BCC is a
slow-growing skin tumor involving cancerous changes in basal skin cells. BCC is
the most common type of skin cancer in humans, but has a high cure rate with
conventional cancer therapies. However, neglect can allow the cancer to enlarge,
causing possible disability or, in rare cases, death. This cancer usually remains
local and almost never metastasizes to distant parts of the body, but it may con-
tinue to grow, and invade and destroy nearby tissues and structures, including the
nerves, bones and brain.

In several clinical trials intralesional injection of IFN-a has been found to be
highly effective in inducing BCC regression. Using intralesional IFN-o over a 3-
week period, the overall success rate in most of the trials was between 70 and
100%.

10.5.7
Malignant Melanoma

Melanomas are malignant neoplasms arising from melanin-producing cells of the
basal layer of the skin epidermis. It can also involve the pigmented portion of the
eye. Melanoma is an aggressive type of cancer that can spread very rapidly. The ex-
act cause of melanoma is unknown although risk factors have been intensively
studied. Melanomas tend to occur at sites of intermittent, intensive sun exposure
rather than at body sites receiving the greatest UV irradiation. Major risk factors
for melanoma include changing nevus, increased age, large number of moles, his-
tory of multiple atypical moles, etc.

In treatment of malignant melanoma, IFN-x is normally used as an adjuvant
therapy [24] after surgical removal of the tumor, with a margin of normal skin
also removed. Surgical removal of nearby lymph nodes may accompany removal
of the tumor. Radiation therapy or chemotherapy may also be an additional treat-
ment to the IFN-a therapy. The benefit from IFN-« therapy remains controversial
because concerns over toxicity have limited its application. The IFN-a treatment
regimen currently most in favor is a prolonged regimen, which demonstrates a
significant relapse-free benefit in some cases, but shows strong adverse effects
[116-118].

10.5.8
Kaposi Sarcoma (KS)

KS is named after Moritz Kaposi, who first described it in 1872. A sarcoma is a
type of cancer that develops in connective tissues such as cartilage, bone, fat, mus-
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cle, blood vessels or fibrous tissues [29]. There are several types of KS. They each
differ in their patterns of symptoms and organs likely to be affected, how aggres-
sively the cancer grows and spreads, risk factors, and other personal characteristics
of patients. The treatment used and the likelihood of survival depend on the type
of KS, as well as other factors.

The different types of KS are:

e Classic KS

¢ African (endemic) KS

e Transplant related (acquired) KS
e AIDS related (endemic) KS

KS is caused by a virus called the KS-associated herpesvirus (KSHV) [human her-
pesvirus 8 (HHV-8)]. HHV-8 is related to other herpes viruses, such as the viruses
that cause cold sores and genital herpes, as well as Epstein—Barr virus (EBV; the
“mono” virus) and cytomegalovirus (CMV). However, these other herpes viruses
do not cause KS [30, 31].

A standard therapy for the treatment of Kaposi sarcoma does not exist. Apart
from surgery, chemotherapy and radiation therapy, immunotherapy with IFN-o is
a very effective therapy, either as monotherapy or in combination, e.g. with AZT
(zidovudine) or paclitaxel. With IFNs, IFN-a2a or -02Db, it is possible to achieve a
remission rate for the intermittent KS as well as for the AIDS-related KS of 45-
70%. The probability of responding to IFN therapy is correlated with CD4 cells.
Patients with more than 400 CD4 cells pL.=! show a response higher than 45%,
whereas only 7% of those patients with less than 200 cells pL~! showed a response
[32].

A great deal of research is under way to find more effective treatments for KS,
above all to reduce toxicity of treatments. The administration of pegylated IFN-u2b
(Peglntron), for example, gave promising data in a study that was performed by
Thomas-Gerber in 2002 [33]. Alternative therapeutic approaches using the so-
called angiogenesis inhibitors, drugs that block the development of blood vessels
— the main component of KS lesions — within tumors, may also provide increased
clinical benefits.

10.5.9
Multiple Myeloma

Multiple myeloma (also known as myeloma or plasma cell myeloma) is a progres-
sive hematologic (blood) disease. It is a cancer of the plasma cells — an important
part of the immune system that produces immunoglobulins to help fight infec-
tions and diseases.

Multiple myeloma is characterized by excessive numbers of abnormal plasma
cells in the bone marrow and overproduction of intact monoclonal immunoglobu-
lin (IgG, IgA, IgD or IgE). Hypercalcemia, anemia, renal damage, increased sus-
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ceptibility to bacterial infection and impaired production of normal immunoglo-
bulin are common clinical manifestations of multiple myeloma. It is often also
characterized by diffuse osteoporosis, usually in the pelvis, spine, ribs and skull
[121].

The role of IFN in the treatment of multiple myeloma has been investigated for
several decades. The benefits of therapy with IFN remain controversial because of
discordant results from different clinical trials. Mandelli et al. published data from
a comparison of IFN-treated patients versus non-treated and found a 22% reduced
relapse rate after 33 months of follow-up [137, 138]. A moderate improvement in
relapse-free survival was shown in a recent meta-analysis of 24 randomized clinical
trials carried out with 4000 patients. In the same trials only a minor improvement
in survival was demonstrated.

Currently, a high-dose melphalan regimen is still the standard therapy, because
of its potential for inducing complete remission rates in the 40% to 50% range
[139].

10.5.10
Chronic myelogenous leukemia (CML)

CML is a disease characterized by three well-defined stages:

e Initial (chronic) phase: variable duration ranging from a few months to a few
years

e Accelerated phase: variable duration

e Terminal (blast) phase: median duration of 2—4 months

The blast crisis is a highly malignant, secondary acute leukemia defined by the
presence of 30% or more blasts in the peripheral blood or bone marrow. The blasts
affect the normal elements of the marrow, leading to bleeding or hemorrhage, in-
fection and thrombosis in the central nervous system, which result in death of the
patient.

CML is a clonal disorder that is usually easily diagnosed because the leukemic
cells of more than 95% of the patients have a distinctive cytogenetic abnormality —
the Philadelphia chromosome (Ph1). The Ph1 results from a reciprocal transloca-
tion between the long arms of chromosomes 9 and 22, and is demonstrable in all
hematopoietic precursors. This in turn results in a fused BCR-ABL gene and in
the production of an abnormal tyrosine kinase protein that causes the disordered
myelopoiesis found in CML.

IFN is the only substance that has consistently been shown to prolong survival
and decrease tumor burden, as compared to chemotherapy [21, 35, 36]. In 1994, a
group of 322 patients was treated either with IFN-a2a or by conventional chemo-
therapy. The IFN-a2a monotherapy was associated with a major cytogenetic re-
sponse of about 30% in comparison to 5% in the chemotherapy arm [37]. Several
other clinical trials confirmed these results.
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Combination therapy is now considered as a rational approach, since research
studies have demonstrated synergistic growth inhibition of leukemic myeloid
progenitors with the coadministration of IFN-o and ara-C (cytarabine) [40, 41]. In
1999, Kantarjian et al. [40] found that 92% patients treated with IFN-zz at 5 MU m 2
and daily 10 mg ara-C showed a complete hematologic response, and 74% demon-
strated a cytogenetic response. These results were significantly higher than in con-
trol groups (IFN-o. monotherapy or IFN-o with intermittent ara-C). However, the
introduction of Imatinib, an ABL tyrosine kinase inhibitor, has revolutionized
drug treatment of CML and has in the last few years largely supplanted IFN-u
therapy [141].

10.5.11
Non-Hodgkinis lymphoma (NHL)

The ailment is named after Thomas Hodgkin, who described it as a new disease as
long ago as 1832. Two types of lymphomas have to be distinguished: (i) the Hodg-
kin lymphoma and (ii) all other lymphomas, which are collectively called NHLs
[49]. NHLs are malignancies of lymphoid tissue (lymph nodes, spleen and other
organs of the immune system). The NHL is classified into four different stages
ranked in ascending order by the severity code [50].

A variety of factors, including infectious, physical and chemical agents, have
been associated with an increased risk of developing NHL. Infectious agents such
as viral infections (EBV, HIV and the human T cell leukemia virus), and bacterial
infections (such as Heliobacter pylori) have been associated with the development of
NHLs.

IFN can induce shrinkage of tumors in some NHL types. For example, IFNs
have been found to be active as agents against follicular lymphoma or T cell lym-
phoma [51-53]. Nevertheless clinical experts remain uncertain about the benefits
of IFN and there are questions about its suitability in combination with chemo-
therapy. IFNs generally are ineffective as single agents against intermediate- or
high-grade lymphomas [122].

10.5.12
Laryngeal Papillomatosis

Laryngeal papillomatosis is a disease resulting in the growth of benign tumors in-
side the larynx (voice box), vocal cords or the air passages leading from the nose
into the lungs (respiratory tract). It is a rare disease caused by the human papillo-
mavirus (HPV). Although scientists are uncertain how people are infected with
HPV, more than 60 types of HPVs have been identified. Tumors caused by HPVs,
called papillomas, are often associated with two specific types of the virus - HPV-6
and -11. They may vary in size and grow very quickly. Eventually, these tumors may
block the airway passage and cause difficulty in breathing [45].
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Treatment is usually based on the cryodestruction of the lesions with a carbon
dioxide laser or on mircosurgery. Once they have been resected, the tumors have
a tendency to return. In addition to the above-mentioned treatments, IFN-¢ was
successfully used by i.v. application in combination with cidofovir, whereas a
monotherapy with IFN-o seems to be inefficient [46, 47]. Controversial results
were reported from a multicenter phase IV study of 169 patients in September
2004 [48]. After surgical removal of the lesions, IFN-«2b was administered by the
im. route. Seventy-three percent of the patients concluded the treatment without
reappearance of new lesions, while the rest showed a significant reduction in the
number and size of lesions.

10.5.13
Mycosis Fungoides (MF)

In 1806, the term “mycosis fungoides” was first used by Alibert, a French derma-
tologist, when he described a severe disorder in which large necrotic tumors re-
sembling mushrooms presented on a patient’s skin [43].

MEF is the most common type of the relatively rare lymphomas which are known
under the “umbrella” name of cutaneous T cell lymphoma. It represents a specific
subset of cutaneous non-Hodgkin’s lymphoma [42]. MF is usually an indolent
(slow-growing) cancer, but in rare cases may become aggressive. This cancer is
seen only rarely by most physicians, dermatologists or oncologists and is often
hard to diagnose in its early stages.

Recombinant IFN-o has been recognized as an active substance in the treatment
of MF in patients who did not respond to standard therapies. These trials demon-
strated significant response rates of 45-65% in extensive pretreated patients [42].

Today IFN-« is often administered in a combination to a chemotherapy or a so-
called “psoralen and UV A (PUVA)” therapy [44].

10.5.14
Condyloma Acuminata

Condyloma acuminata (genital warts) is the official name for a type of wart that
appears on the genital area of men and women. It is caused by highly contagious
HPV, which is generally sexually transmitted between adults. However, some
people apparently can have the virus, not show any signs of condyloma and still
transmit the virus to a partner, who may then develop condyloma. The incubation
period typically ranges from 3 weeks to 8 months.

Alferon N, a human leukocyte-derived, multi-subspecies IFN-« is especially indi-
cated for the intralesional treatment of refractory and recurrent external condyloma
acuminata (approval in 1986). In a double-blind study with 156 patients, Alferon N
produced complete or partial resolution of warts in 80% of treated patients com-
pared with 44% of the patients receiving placebo. Patients were injected intra-
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Tab. 10.4. Degree of resolution as measured by total wart volume per patient [n (%)]

Degree of resolution Alferon N (N = 81) Placebo (N = 75)
Complete resolution 44 (54%)? 15 (20%)
Partial resolution (>50%) 21 (26%)? 18 (24%)
Minor resolution (<50%) 12 (15%) 10 (13%)
Progression/no change 4(5%) 32 (43%)

aComplete and partial resolution data show a statistically significant
(P < 0.001) difference from placebo [34].

lesionally with a mean of 225000 IU of Alferon N injection per wart 2 times a
week for up to 8 weeks. See Tab. 10.4.

Recombinant IFN-2b is also administered by intralesional injection and has
also been approved for the treatment of genital warts [34].

10.5.15
Multiple Sclerosis (MS)

As one of the most common inflammatory diseases of the central nervous system,
MS (or encephalomyelitis disseminata) affects approximately 2.5 million individu-
als worldwide. MS is approximately twice as common in women as in men, and
the symptoms typically begin in young adulthood and are rarely present outside
the age range of 20-50 years [73, 74].

A single cause for MS is not yet identified [72] and the disease seems to originate
from the interaction of several environmental influences. Many studies hint that
MS is an autoimmune disease whereby the body’s defenses attack and destroy the
myelin sheath of neuronal axons at multiple centers of inflammation. This results
in a so-called “myelin stripping process”’, and leads to unprotected axons and to a
significant dysfunction of the nervous system. The consequence is a progressive
loss of myelin. Only a few parts of the myelin can be rebuilt and other parts of
the nerve tissue are scared over (sclerosis) [73].

It is also conjectured that genetic factors and viral or bacterial infections are as-
sociated with MS and play a prominent role in its initiation and progression [75,
76]. Several scientific investigations are for example focused on the influence of
Chlamydia pneumoniae, HHV-6 and the EBV [77]. Results presented in a recent
publication [78] suggest the impact of EBV infection to the pathogenesis of MS.

MS is classified into four categories as in the Tab. 10.5.

Cytokines have been extensively studied in MS and several different [FN-f1 (a/b)
preparations are established as first-line therapeutics for RRMS, but not for other
categories. IFN-f has been demonstrated to be efficacious in RRMS by decreasing
the relapse rate between exacerbations of the disease by approximately 30%; a re-
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Tab. 10.5. Different categories in MS [77, 132]

Category Description

Primary-progressive MS (PPMS) PPMS is characterized by a nearly continuous
neurologic deterioration from the onset of
symptoms (around 15% of patients)

Progressive-relapsing MS (PRMS) involves a progressive course from onset with
occasional relapses later in disease

Relapsing-remitting MS (RRMS) 80-85% of patients have a RRMS characterized by
episodes with or without full or partial recovery and
clinically stable periods between these episodes

Secondary-progressive MS (SPMS) around 50% of patients with RRMS develop many
years later a slow, insidiously progressive,
neurological deterioration over many years with or
without clinical attacks superimposed - this is
termed SPMS

duction in the number of magnetic resonance imaging (MRI) lesions has been
found as well.

The recommended dosage for IFN-$-1b (Betaferon, Betaseron) is 250 pg (8 MIU)
s.c. every second day. The administration for the IFN-f1a differs for the two prod-
ucts (Avonex, Rebif) on the market. Avonex is given in 30 pg (8 MIU) portions
once a week by i.m. injection, whereas Rebif is administered s.c. 3 times a week
using 22 or 44 pg (6-12 MIU) IFN-f1a.

The application for SPMS is not yet approved, but has been evaluated in several
distinct studies [133, 134].

The exact mechanism of how IFN-f acts as a therapeutic agent in MS is not fully
understood at present, but it has been found that IFN- suppresses T cell prolifer-
ation, leads to a reduction of T cell migration into the central nervous system and
alters the T cell cytokine secretion repertoire from relatively pro-inflammatory T
helper 1 (T,1) response to relatively anti-inflammatory Ty, 2 response [77, 135].

10.6
IFN Toxicity

Apart from all the positive influences IFN shows in clinical usage, there is unfortu-
nately always an association with significant toxicological side-effects, which are
largely dose dependent. Very high doses are profoundly toxic and have defined the
maximum tolerated dose at around 30-50 MIU.



10.7 Type | IFNs in the Future

Toxicological side effects can be divided into the following eight groups:

Constitutional (fatigue, headache, lightheadeness, chills, dehydration, loss of
weight, anorexia, fever, myalgias)

Neuropsychiatric (confusion, dizziness, lethargy, numbness, tingling, depression)
Hematologic (thrombocytopenia, anemia, neutropenia, leukopenia)

Hepatic

Gastrointestinal (diarrhea, emesis, nausea, abdominal pain, constipation)
Cardiovascular (hypotension, hypertension, sinus tachycardia)

Metabolic (hypocalcemia, hyperglycemia, hypoglycemia, hypophosphatemia)
Other (allergic reaction, pruritis, wound infection, dry skin, rash)

A further classification of toxicological phenomena can be done by division into
chronic and acute appearances. Fatigue, anorexia and neuropsychiatric symptoms
rank among the chronic manifestations [4]. Fever, chills, headaches, myalgias and
malaise count as examples of the acute phenomena.

10.7
Type | IFNs in the Future

Although over the past decades a great deal of successful development work in the
production of IFNs by biotechnological processes, as well as some success in their
clinical application, has been achieved, significant hurdles to bring additional
applications forward, to optimize dosages in existing therapies without serious tox-
icological side-effects and to develop the next generation IFNs, with an improved
pharmacokinetic and pharmacodynamic profile, are still to be overcome.

One of those potential new fields of application, with improved IFN formula-
tion and administration, could be the treatment of Sjogren’s syndrome, an auto-
immune disease in which the body’s immune system mistakenly attacks its own
moisture-producing glands. Sjogren’s is one of the most prevalent autoimmune
disorders, striking as many as 4000000 Americans, for example. Nine out of 10
patients are women. The average age of onset is the late 40s, although Sjogren’s
can occur in all age groups in both women and men [123, 105].

About 50% of the time Sjogren’s syndrome occurs as a single pathology and 50%
of the time it exists together with another connective tissue disease. The four most
common diagnoses that co-exist with Sjogren’s syndrome are rheumatoid arthritis,
systemic lupus erythematosus, systemic sclerosis (scleroderma) and polymyositis/
dermatomyositis. Sometimes researchers refer to the first type as “primary Sjog-
ren’s” and the second as “secondary Sjogren’s.” All instances of Sjégren’s syn-
drome are systemic, affecting the entire body [123, 105].

The hallmark symptoms are dry eyes and dry mouth. Sjégren’s may also cause
dryness of other organs, affecting the kidneys, gastrointestinal tract, blood vessels,
lung, liver, pancreas and the central nervous system. Many patients experience de-
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bilitating fatigue and joint pain. Symptoms can plateau, worsen or go into remis-
sion. While some sufferers experience mild symptoms, others suffer debilitating
symptoms that greatly impair their quality of life [123, 105].

Amarillo Biocsciences has developed a low-dose oral IFN-02a [123] which is now
in different clinical trials. Apart from this application for Sjogren’s syndrome, there
are trials for therapeutic applications in fibromyalgia syndrome, pulmonary Fibro-
sis, oral warts (HIV-positive) and Behcets disease on the way.

Flamel Technologies is developing another next-generation formulation of native
IFN-u2b with better performance (i.e. longer time of action, higher bioavailability
and efficacy, reduced side-effects, and improved compliance) compared with first-
generation IFNs. They use a poly-amino acid nanoparticle system (Medusa) for
their product formulation. This modified IFN is currently in phase I/II clinical
trials [124].

Albuferon-o and -f are novel, long-acting forms of IFN-«2a and - from Human
Genome Sciences (HGS). They are both fused to HSA, thus combining the thera-
peutic activity of IFN-a/f with the long half-life of HSA. In April 2005, HGS re-
ported the results of phase II clinical trials for Albuferon-o in patients with CHC.
These results showed that Albuferon is well tolerated, remains in the blood sub-
stantially longer than is reported for either recombinant- or pegylated IFN-o and
exhibits robust antiviral activity [125]. Albuferon-o was detectable for up to 4 weeks
and exhibited a median half-life of 148 h.

A phase III study with recombinant IFN- in 250 patients in Asia with CHC was
initiated by Serono in 2002. Results from the study completed in 2001 suggested
that patients of Asian origin with this indication will benefit [126, 128-131]. In
2005, Serono also started with the development of an IFN-g that can be adminis-
tered by inhalation [126].

Tak et al. [79] have considered the potential of IFN- treatment in rheumatoid
arthritis. Promising data [127] from the first clinical trials have to be confirmed
by further trials; clinically meaningful benefits of IFN-f therapy remain to be
shown in rheumatoid arthritis.

On the basis of the ongoing progress in the manufacturing of “improved” IFNs
and many encouraging results for the therapeutic application of type 1 IFNs in a
broad range of diseases, it is expected that the next years and decades should result
in further enhancement of in vivo activity and the perfecting of the clinical usage of
IFNs.

New elements involved in IFN-mediated signaling may also contribute the devel-
opment of novel IFN-based or -related therapies in the future [140].
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11
Clinical Applications of Interferon-y

Christine W. Czarniecki and Gerald Sonnenfeld

11.1
Introduction

A review of any aspect of interferon (IFN) research invariably includes a reference
to the work of Alick Isaacs and Jean Lindenmann. In 1957, they described their dis-
covery of a substance that protected cells from virus infection and termed that sub-
stance “interferon” [1]. That report served as a major milestone laying the founda-
tion for a field of research that, when partnered with the subsequent advances in
molecular biology and biotechnology, led to the clinical availability of novel thera-
pies for a wide range of human diseases beyond viral disease.

Today, we know that IFN is not one “substance”, but a group or family of pro-
teins that are: (i) defined by the ability to inhibit the replication of both RNA and
DNA viruses, and (ii) induced by and secreted from cells that have been exposed to
a variety of stimuli. Currently there are two “types” of IFNs: types I and II. There
are seven “classes” of type I IFNs (IFN-q, -f, -¢, -k, -w , -0 and -t ), but only one type
IT IFN (IFN-y). IFN-like cytokines have also been described [limitin, and interleu-
kin (IL)-28A, -28B and -29]. For a recent review of IFNs, IFN-like cytokines and
their receptors, see Pestka et al. [2].

Many of these classes of IFNs have been produced in sufficient quantities as
purified products to allow evaluation in clinical trials. The therapeutic uses eval-
uated were based on the natural roles of these molecules — host defense and mod-
ulation of the immune system. Today, almost 50 years from the initial 1957 dis-
covery, a number of IFNs, including modified IFNs (“second-generation” IFNs),
have been approved by health authorities worldwide for use as clinical therapeu-
tics. The ever-growing list of IFNs currently available as approved therapies in the
US is provided in Tab. 11.1. Many other clinical indications have been evaluated,
and the results of these phase 1, 2, and 3 clinical trials have met with various levels
of success.

In 1986, Jaffe and Sherwin summarized the early clinical trials of IFN-y con-
ducted to evaluate the therapeutic potential of this cytokine [3]. These early studies
focused on safety and pharmacokinetic parameters, and showed evidence of anti-
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Tab. 11.1.  Human IFNs commercially available in the US and their FDA-approved indications
IFN type IFN class Trade name/ Description Indication for use in Manufacturer
(proper name) the US
Type 1 IFN-o Roferon A recombinant — chronic hepatitis C ~ Hoffman La-Roche
(Interferon human IFN-«2a — hairy cell leukemia
alfa-2a) — chronic
— myelogenous
- leukemia
Intron A recombinant — hairy cell leukemia  Schering
(Interferon human IFN-a2b — AIDS-related
alfa-2b) Kaposi's sarcoma
— malignant
melanoma
— follicular
lymphoma in
conjunction with
chemotherapy
— chronic hepatitis C
- condylomata
accuminata
Infergen recombinant chronic hepatitis C InterMune
(Interferon consensus IFN-o
alfacon-1)
PEGASYS pegylated IFN-02a alone and in Hoffman La-Roche
(Peginterferon combination with
alfa-2a) ribavirin for chronic
hepatitis C
PEG-Intron pegylated IFN-22b alone and in Schering
(Peginterferon combination with
alfa-2b) ribavirin for chronic
hepatitis C
Alferon N natural human refractory or Hemispherx
(Interferon leukocyte derived recurring external Biopharma
alfa-n3) IFN condylomata
accuminata
IFN-f AVONEX recombinant human  relapsing forms of Biogen
(Interferon IFN-f1a multiple sclerosis
beta-1a)
Betaseron recombinant human relapsing forms of Chiron and Berlex
(Interferon IEN-A1b multiple sclerosis
beta-1b)
Rebif (Interferon recombinant human relapsing forms of Serono
beta-1a) IFN-fla multiple sclerosis
Type II  IFN-y ACTIMMUNE recombinant human delaying time to InterMune
(Interferon IFN-y1b disease progression
gamma-1b) in patients with CGD

or severe, malignant
osteopetrosis




11.3 FDA-approved Indications: Established Benefit and Risks

cancer and anti-infective activities. Since that summary report, many additional clin-
ical trials with IFN-y have been conducted in a wide range of clinical indications.
In this chapter, we will review clinical trials that have been conducted with IFN-
7, focusing on its current clinical use and will review adverse effects and potential
risks. As described below, the well-established anti-inflammatory, antimicrobial
and antifibrotic activities attributed to IFN-y formed the basis for clinical studies
designed to evaluate its therapeutic potential in a wide range of clinical indications.

11.2
IFN-y — The Molecule

Human IFN-y is a glycosylated protein, 143 amino acids in length, that has mini-
mal sequence homology with IFN-« classes or IFN-f. IFN-y is produced endoge-
nously by activated T (CD4" and CD8%) lymphocytes and natural killer (NK) cells
in response to specific mitogenic stimuli. While IFN-y shares many activities with
the type I IFNs, it also exhibits many other activities, which has led to the conclu-
sion that its natural role is the modulation of the immune system [4, 5].

IFN-y1b is a form of human IFN-y produced by recombinant DNA technology.
IFN-y1b is manufactured by fermentation of genetically engineered Escherichia coli
containing the DNA that encodes the human protein and purification by conven-
tional column chromatography. IFN-y1b and IFN-y produced by human peripheral
blood leukocytes (PBL-y) have been shown to have the same primary structure,
without any insertions or deletions [6, 7]. However, these two forms of IFN-y differ
in several ways: (i) PBL-y is glycosylated and IFN-y1b is not, (ii) IFN-y1b is 140
amino acids in length compared to the 143 amino acid length of PBL-y, and (iii)
PBL-y has blocked N-termini in the form of pyroglutamate residues and IFN-y1b
has methionine at the N-terminus [6, 7]. The majority of the clinical trials sum-
marized in this chapter were conducted with this recombinant form of IFN-y.

1.3
FDA-approved Indications: Established Benefit and Risks

11.3.1
Chronic Granulomatous Disease (CGD)

CGD is the first clinical indication for which IFN y1b received US FDA approval/
licensure [the FDA-approved product is termed Actimmune® (Interferon gamma
1b)]. This approval was granted in 1991. CGD is a rare, congenital disorder that
causes patients, mainly children, to be vulnerable to severe, recurrent bacterial
and fungal infections. This disease results in frequent and prolonged hospitaliza-
tions, and commonly leads to death. CGD is an inherited disorder of leukocyte
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function caused by defects in reduced nicotinomide adenine dinucleotide phos-
phate oxidase — the enzyme complex responsible for generation of superoxide [8].
The lack of superoxide and hydrogen peroxide production in phagocytes predis-
poses patients to bacterial and fungal infections.

Based on earlier data identifying IFN-y as an agent able to enhance respiratory
burst in phagocytic cells of cancer patients [9] and patients with lepromatous
leprosy [10], clinical studies were conducted to evaluate the potential of IFN-y to
reverse the immunological defect in CGD patients.

Based on the results of a randomized, double-blind, placebo-controlled study
which showed a 67% reduction in there relative risk of infection in CGD patients
receiving IFN-y1b compared to placebo [11], IFN-y1b was approved by FDA for “re-
ducing the frequency and the severity of serious infections associated with CGD”".
The recommended dosage is 50 ug m~2 (1 MIU m~2) for patients whose body sur-
face area is greater than 0.5 m? and 1.5 mg kg~! per dose for patients whose body
surface area is equal to or less than 0.5 m?. Injections are to be administered sub-
cutaneously (s.c.), 3 times a week.

In the above pivotal study, 128 eligible patients with different patterns of inheri-
tance were enrolled and IFN-y1b was administered s.c., 3 times a week. Patients
ranged in age from 1 to 44 years with the mean age being 14.6 years. The primary
endpoint was “time to serious infection” with serious infection defined as a clinical
event requiring hospitalization and the use of parenteral antibiotics. Analysis of re-
sults demonstrated a 67% reduction in relative risk of serious infection in patients
receiving IFN-y1b (n = 63) compared to placebo (n = 65) across all groups. In ad-
dition, the length of hospitalization for the treatment of all clinical events provided
evidence for a beneficial effect of IFN-y1b treatment with placebo-treated patients
requiring 3 times as many inpatient hospitalization days compared to IFN-y1b
treated patients.

After the above study was completed, a phase 4 open-label study designed to
evaluate the long-term efficacy and toxicity of IFN-y1b was initiated. Enrollment
in this open-label study extended from 1992 to 2001 (observation of patients for
up to 9 years). Seventy-six patients were evaluated in this study [12]. As in the
initial study [11], “serious infection” was defined as an infection that required
hospitalization or treatment with parenteral antibiotics or antifungals. Assess-
ments included measurements designed to evaluate the effects of IFN-y1b treat-
ment on growth and development.

The results of this long-term follow-up study confirmed the safety and efficacy
profile established in the earlier study. The persistent reduction in the frequency
of serious infections and mortality was demonstrated. In addition, the investigators
observed no evidence for delay in endocrinologic development, and concluded that
prolonged IFN-y1b therapy permitted normal growth and development, which is
an important factor in any therapy indicated for chronic use in children.

Long-term data from patients treated with IFN-y indicate that the natural course
of CGD has changed dramatically with the availability of this cytokine as well as
the trimethoprin-sulfamethoxazole, itraconazole [12]. However, the mechanism by
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which IFN-y improves host defense against infections in these patients remains to
be elucidated. Although reports from pilot trials of IFN-y in CGD patients showed
evidence of treatment-related enhancement of phagocyte function, including in-
creased levels of superoxide levels and enhanced inhibition of Staphylococcus aureus
[13, 14], data from the prospective human trial showed no reversal in the defect in
superoxide production in IFN-y-treated CGD patients [11].

11.3.2
Osteopetrosis

The second FDA-approved clinical indication for IFN-y1b was for osteopetrosis —
another life-threatening pediatric disease.

Congenital osteopetrosis is a rare osteosclerotic bone disease characterized by a
defect in osteoclastic function (leading to decreased bone resorption resulting in
blindness or deafness) and reduced generation of superoxide by leukocytes [15].
Patients with this disease are predisposed to pathologic fractures due to accumula-
tion of sclerotic bone compromising marrow space and cranial-nerve foramina.
Mortality caused by compromised resistance to infection, neurological deficits and
bone marrow failure is common within the first decade of life. Bone marrow trans-
plantation is curative therapy, while ameliorative treatments focused on: (i) improv-
ing hematologic function (prednisone), (ii) stimulation of osteoclast activity (high-
dose calcitriol and parathormone) and (iii) improving immune function.

Based on results from the IFN-y1b/CGD trials demonstrating reduced infections
in treated patients with the rare superoxide generation defect (summarized above),
and data from nonclinical studies of IFN-y in mice with osteopetrosis and micro-
phthalmos [16], Key et al. conducted clinical trials to evaluate IFN-y1b treatment
in patients with osteopetrosis [17, 18].

In 2000, based on data from a controlled, randomized study in which patients
with severe malignant osteopetrosis were treated with IFN-y1b (dose, route ectio-
nand schedule as that established for CGD patients) plus calcitriol versus calcitriol
alone, US FDA approval was obtained and this disease indication was added to the
approved labeling for IFN-y1b.

In that study, 16 patients (ranging from 1 month to 8 years of age) with severe,
malignant osteopetrosis were randomized to receive either IFN-y1b plus calcitriol
(n = 11) or calcitriol alone (n = 5). Disease progression was defined as: (i) death,
(ii) significant reduction in hemoglobin or platelet counts, (iii) serious bacterial in-
fection requiring antibiotics or (iv) a 50-dB decrease in hearing or progressive optic
atrophy. The results of this study demonstrated a significant delay in median time
to disease progression in the IFN-y1b plus calcitriol arm compared to the control
arm. In addition, an analysis which combined data from a second study showed
that patients receiving IFN-y1b treatment (with or with calcitriol) for at least 6
months demonstrated reduced trabecular bone volume compared to baseline, pro-
viding evidence of increased bone resorption [18].
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11.3.3
Adverse Reactions

Complete information on the risks and benefits of IFN-y can be found in the pack-
age insert for the commercial product. The most common adverse experiences oc-
curring with IFN-y therapy are “flu-like” symptoms such as fever, headache, chills,
myalgia or fatigue. Other most common events are rash, diarrhea, nausea and
vomiting. Acetaminophen has been used successfully to prevent or partially
alleviate fever and headache. Due to these flu-like symptoms, individuals receiving
IFN-y are cautioned regarding pre-existing cardiac conditions, including ischemia,
congestive heart failure or arrhythmia. Reversible neutropenia and thrombocytope-
nia that may be severe have been observed with IFN-y treatment. Up to 25-fold
elevations of aspartate aminotransferase (AST) and/or alanine aminotransferase
(ALT) have also been observed during therapy.

11.4
Infectious Diseases

Using experimental models of infectious disease, IFN-y has been shown to exert
effective antimicrobial activity against all classes of nonviral pathogens, including
intracellular and extracellular parasites, fungi, and bacteria [19-23]. The innate
immune system, consisting of neutrophils, monocytes and tissue-based macro-
phages, plays an important role in the host defense against these pathogens, and
IFN-y is a potent activator of these cells, forming a basis for evaluation of IFN-y as
a therapeutic option in the management of infectious diseases.

11.4.1
Mycobacterial Infection

IFN-y has been studied in infectious diseases caused by several types of Mycobac-
teria. In vitro and in vivo studies indicate multiple pathways by which this cytokine
inhibits infection with this class of microorganism. IFN-y treatment enhances
phagocytic oxidative metabolism and also leads to: (i) release of antimicrobial pro-
teins and other cytokines; (ii) degradation of tryptophan; antigen processing and
presentation; and prostaglandin synthesis [21].

11.4.1.1  Leprosy

Leprosy afflicts over 12 million people world-wide. This disease is caused by Myco-
bacterium leprae (the Hansen bacillus) and the initial infection can progress into ei-
ther the tuberculoid (a contained infection) or the lepromatous form of the disease.
The lepromatous form is characterized by no immune response to M. leprae anti-



11.4 Infectious Diseases

gens, no granuloma formation and destructive tissue infiltration [21]. Lepromatous
leprosy is characterized by deficient cell-mediated immune responses, high myco-
bacterial burden, widespread cutaneous and neurologic disease, and worse clinical
outcome. The lesions in the tuberculoid form are characterized by abundance of
IFN-y and IL-2 mRNA; and lesions from the lepromatous form are characterized
by abundance of IL-4, IL-5 and IL-10 mRNAs. This T helper (T,1/T2) pattern
and the lack of IFN-y led to clinical trials of IFN-y in the disseminated form of
leprosy.

Results from these trials are mixed. Intradermal administration of IFN-y led to
accelerated bacillary clearance from the skin, associated with local accumulation
of mononuclear cells and the killing of infected macrophages [24, 25]. However,
this encouraging finding was also accompanied by the observation that treatment
resulted in development of erythema nodosum leprosum (ENL) — a toxic syndrome
that is characterized by excess tumor necrosis factor (TNF)-a production [26]. The
inclusion of thalidomide in the treatment regimen of IFN-y and chemotherapy
resulted in a lower frequency of ENL, but also resulted in elimination of the IFN-
y-induced bacillary clearance [27].

11.41.2  Mycobacterium avium Infection

Disseminated infection with M. avium can occur in patients with cancer or those
receiving immunosuppressive therapy and localized infection can occur in patients
with underlying structural lung disease (e.g. smokers) [23]. IFN-y has been used to
treat small numbers of patients with AIDS and non-AIDS associated M. avium
complex infection, in open-label, pilot studies [21, 28, 29]. These results showed
that treatment was well tolerated and led to reduced levels of microorganisms in
patients only when IFN-y was used in combination with antimycobacterial agents.
In vitro studies demonstrated that IFN-y can increase the intracellular concentra-
tion of macrolide antibiotics [30], suggesting a possible mechanism for the ob-
served enhanced antimicrobial activities with combination treatment.

11.41.3 Tuberculosis (TB)

Multidrug-resistant TB (MDR-TB) is defined as disease caused by strains of Myco-
bacterium tuberculosis that are resistant to at least isoniazid and rifampin. The
emergence of these drug-resistant strains has resulted in high morbidity and mor-
tality, and has created a major global threat. Infection is transmitted by inhalation
of bacilli from infected airway secretions. Therapy is often a combination of
second-line orally administered drugs (with significant systemic toxicity) and resec-
tional surgery.

The basis for evaluation of IFN-y as therapy in this indication stems from its role
in the activation of macrophages to inhibit the growth of and kill mycobacteria,
and the observed inhibitory effects on M. avium discussed in Section 11.4.1.2.

With the goal of activating alveolar macrophages, IFN-y was administered by
aerosolization to patients infected with MDR-TB. In an open-label trial, aerosol
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IFN-y1b (500 pg, 3 times per week for 4 weeks) was given to five patients with
smears and cultures positive for pulmonary MDR-TB [31]. The aerosol route of ad-
ministration was chosen with the goal of achieving high local levels of IFN-y1b in
the epithelial lining fluid and lower respiratory tract, with low systemic levels and
therefore potentially lower systemic side-effects. Results suggested a decrease in
mycobacterial burden as evidenced by sputum acid-fast bacillus smears becoming
negative in all patients and a nonsignificant increase in time to positive culture
from 17 to 24 days. Additionally, 2 months after treatment cessation, the size of
cavitary lesions was reduced. However, the sputum smears of all patients reverted
to positive within 1-5 months after discontinuation of treatment. The authors con-
cluded that longer courses of IFN-y1b treatment may be necessary for sustained
effect and the low level of observed toxicity supported further investigation.

A subsequent study evaluated the effects of 6 months of aerosolized IFN-y
therapy in patients with refractory MDR-TB [32]. In an open-label, nonrandomized
observational study, six patients received 2 MIU IFN-y (100 pg), 3 times a week for
6 months. After IFN-y inhalation treatment, sputum cultures remained positive
throughout the study period. Sputum cultures for two patients were transiently
negative at month 4, but reverted to positive at 6 months.

These small studies led to a double-blind placebo-controlled trial in which anti-
mycobacterial therapy was administered with or without aerosolized IFN-y1b to
patients with MDR-TB in South Africa. Unfortunately, this study was terminated
prematurely due to lack of efficacy and the unethical aspects of continued exposure
to an experimental treatment in the absence of benefit [33]. This lack of efficacy led
to the question of whether the diseased state of the lungs of these patients pre-
vented adequate deposition of IFN-y1b.

Condos et al. [33] addressed the deposition question in a study in which 14
patients with pulmonary TB received 12 treatments with IFN-y1b aerosol (500 pg)
plus antimycobacterial therapy. This study showed that while deposition was inef-
ficient, significant distribution was achieved throughout the lower respiratory tract
in all patients (with mild to moderate disease), but one patient who had advanced
parenchymal and airway disease. The authors hypothesized that the lack of efficacy
observed in the South Africa clinical trial may have been due to inclusion of
patients with destroyed lungs in whom aerosol deposition was insufficient. The
results of this study have led the authors to conduct a randomized clinical trial of
antimycobacterial therapy alone or with aerosolized IFN-y1b (for 4 months) in TB
patients with mild to moderate cavitary disease. Results from this study have not
yet been reported.

Suarez-Mendez et al. [34] reported results of an open-label pilot study in which
eight patients received daily intramuscular injections of 1 MIU IFN-y for 1 month
and then 3 times per week for up to 6 months as adjuvant to indicated chemother-
apy. Results of this study indicated that after IFN-y treatment, all eight patients
exhibited loss of disease signs and symptoms, conversion of sputum test results,
and improvement in pulmonary lesions. In both studies IFN-y treatment was well
tolerated.

The studies that have been conducted to date indicate the numerous variables
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and factors that complicate the ability to definitively establish the efficacy of IFN-
y1b in this clinical indication.

11.4.2
Leishmaniasis

Leishmaniasis is an intracellular parasitic infection. The clinical manifestations of
this disease vary, based on the Leishmania species causing the infection and the
state of the host’s immune response. Cutaneous leishmaniasis, the mildest form
of the disease, is characterized by single or multiple focal cutaneous lesions and is
associated with strong delayed hypersensitivity reactions to leishmanial antigens.
This form of the disease usually heals spontaneously. Visceral leishmaniasis (kala-
azar), the most severe and often fatal form, is characterized by high fever, hepato-
slenomegaly, bone marrow suppression, widespread organism dissemination, and
profound anemia, leukopenia and thrombocytopenia. The disease is associated
with an inability to mount a delayed hypersensitivity response to leishmanial anti-
gen and lymphocytes from these patients cannot produce IFN-y or IL-2 in response
to leishmanial antigen [35]. Clinical trials of IFN-y in this indication have shown
promising results. Apparent cure rates of 60—-75% were observed after treatment
of refractory visceral leishmaniasis with IFN-y in combination with the standard
chemotherapy for this disease, i.e. pentavalent antimony. The cure rate with anti-
mony alone for 87 historical control patients who had untreated or refractory
disease was 43%. Cure was defined as improvement in signs, symptoms and labo-
ratory abnormalities of leishmaniasis and eradication of parasites from splenic as-
pirates [36-38].

11.4.3
Opportunistic Infections in HIV Disease

Opportunistic infections continue to contribute to morbidity and mortality ob-
served in HIV-infected individuals in spite of the widespread use of highly active
antiretroviral therapy (HAART). The scientific basis for consideration of IFN-y for
the treatment of opportunistic infections in HIV-infected individuals is broad rang-
ing from its well-established antimicrobial activities to varied forms of IFN-y dys-
regulation in these patients, such as decreased production of IFN-y and decreased
macrophage antimicrobial activity [39]. In a clinical study in which 22 HIV-infected
patients were treated with IFN-y or IL-2, decreased bacterial infections was ob-
served in the IFN-y-treated group [40].

A subsequent phase 3 study was conducted to rigorously assess the potential
benefit of IFN-y in this clinical indication [39]. In this multicenter, double-blind,
placebo-controlled study, 84 HIV-positive patients on stable antiretroviral therapy
received either IFN-y (0.05 mg m~2 s.c., 3 times per week for 48 weeks) or placebo.
The primary endpoint in this study was incidence of opportunistic infections.
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While IFN-y treated patients did exhibit fewer opportunistic infections in the first
48 weeks (mean of 1.71 versus 3.45 in the placebo group) this decrease was not
statistically significant. Similarly, the enhanced survival rate at 3 years observed
in the IFN-y-treated group was also not statistically significant. Despite these dis-
appointing results, the authors were encouraged by the observed trends, the observed
inhibitory effects on difficult-to-treat infections such as herpes simplex, cytomega-
lovirus and mucosal candidiasis, and the safety profile established in this patient
population.

Pappas et al. [41] conducted a phase 2 trial to evaluate the antifungal activity of
IFN-y in HIV-infected individuals with cryptococcal meningitis. The 75 patients an-
alyzed in this randomized, double-blind, placebo-controlled multicenter study were
HIV-positive or HIV-negative and had newly diagnosed or relapsed cryptococcal
meningitis. All patients received standard antifungal therapy for cryptococcal men-
ingitis and either placebo or IFN-y1b (100 or 200 pg s.c., 3 times per week for 10
weeks). The endpoints included conversion of cerebrospinal fluid fungal cultures
from positive to negative at week 2. The results of this study established safety of
IFN-y1b treatment in this patient population. A trend towards more rapid steriliza-
tion of cerebrospinal fluid in the IFN-y-treated group compared to the placebo
group was observed; however, this result was not statistically significant. No dose
response of IFN-y1b was observed in this study. The authors concluded that while
this study was underpowered to be able to definitively establish the benefit of IFN-
y1b in this patient population, additional studies are warranted.

11.5
Infection Following Serious Trauma

The use of IFN-y to prevent or ameliorate infection after serious trauma raised con-
siderable interest beginning in the late 1980s [42-50]. This was due to coincident
appearance of a series of experiments that demonstrated that IFN-y could modu-
late infections in murine models as well as new developments in the understand-
ing of the effects of serious trauma on resistance to infection [42-50].

Late-term infection after serious trauma remains a significant medical problem
[48-50]. Despite aggressive use of antibiotics, the use of sterile techniques and de-
velopment of mechanical barriers have been shown not to be completely ineffective
in dealing with this problem [48-50]. Research has demonstrated that some indi-
viduals that have undergone severe traumatic event and corrective surgery appear
to be immunosuppressed. The main immunologic factors that have been shown to
be inhibited are expression of class II histocompatibility antigens on circulating
monocytes and opsonic capacity of serum from trauma patients [48-52].

Decreased class II histocompatibility antigen expression on the monocytes of
trauma patients could be an indication of inhibited antigen presentation, which
could have lead to the decreased ability to handle infections often observed in seri-
ous trauma patients [48—52]. At the same time that those results were observed,



11.5 Infection Following Serious Trauma

data were emerging that indicated a fundamental immunoregulatory role for IFN-y
[42-47]. Data were developed that indicated that treatment of animals or mono-
cytes with IFN-y resulted in enhanced expression of class II histocompatibility anti-
gens. Therefore, it was a logical step to follow-through on these data to postulate
that treatment of trauma patients with IFN-y could enhance their resistance to
surgical wound infection. This hypothesis was supported by data that were also
emerging that indicated that treatment of experimental animals with IFN-y could
prevent or ameliorate the development of infections with the same Gram-negative
pathogens that were the cause of devastating post-trauma surgical wound infec-
tions [42-47].

Experimental work was begun and involved studies with a series of animal
models of trauma wound infection [42-45]. None of the models could perfectly
replicate the conditions of trauma and infection. However, taken together, they
suggested that infection after serious trauma could be influenced by treatment
with IFN-y. The models initially used included: (i) IFN-y treatment of mice that
had received an intramuscular injection of Klebsiella pneumoniae [44], (ii) IFN-y
treatment of mice that had applied a suture contaminated with K. pneumoniae
[42], (iii) IFN-y treatment of mice that had burn wounds infected with K. pneumo-
niae [43], and (iv) IFN-y treatment of mice that were infected intraperitoneally (i.p.)
with Escherichia coli, then received a laparotomy and then were infected intramus-
cularly with K. pneumoniae [45]. In all four models, prophylaxis with IFN-y usually
significantly decreased mortality. Treatment after the initiation of infection also de-
creased mortality, but not to the same extent as prophylaxis. The only exception
was mice that had a burn wound infection with Pseudomonas aeruginosa [42]. Later
it was discovered that P. aeruginosa produces a protease that inactivates IFN-y and
if bacteria that were deficient in that enzyme were used, mice could be protected
against P. aeruginosa infection as well [53].

These studies were later expanded to include a hemorrhagic shock model of sur-
gical wound infection [46, 47]. In this model, rats were subjected to hemorrhagic
shock and then resuscitated. Rats maintained in this model do not have infections
that respond to antibiotic prophylaxis, which is similar to what is often found in
trauma patients [45, 46]. The mice were then infected s.c. with a combination
dose of E. coli and Bacteroides fragilis. The rats were treated with appropriate anti-
biotics and some were also treated with IFN-y. Only those rats treated with both
antibiotic and IFN-y were able to resolve the infected abscesses, suggesting that
the IFN-y restored the immune system of the rats to a point where it could elimi-
nate the lowered state of infection produced by antibiotic therapy.

Armed with the supportive information of the animal model studies, clinical
studies began. First, it was observed that severely injured trauma patients had
decreased IFN-y production [54]. Second, it was observed that in vitro treatment of
the monocytes of even the most severely injured patients with IFN-y resulted in
enhanced expression of class II histocompatibility antigens [55]. These data were
sufficient to support the development of clinical trials to determine the capacity of
IFN-y treatment to prevent or ameliorate infection in severe trauma patients.

The first human trial was a small (15 patient) “proof-of-concept” study. The pa-
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tients were treated with three different doses of IFN-y1b and, consistently, there
was upregulation of class II histocompatibility expression on monocytes (unpub-
lished observations). This led to a full-scale clinical trial study involving 213 trauma
patients at four different hospitals. The patients began receiving IFN-y1b for 10
days shortly after admission. Patients with an injury severity score of greater than
20, indicating identifiable bacterial wound contamination and other severe injury
signs, were entered into the study and received 100 pg IFN-y1b s.c. for 10 days after
admission to hospital [56]. Standard supportive therapy, including antibiotic ad-
ministration, was included for all patients. Levels of monocyte class II histo-
compatibility antigen expression increased significantly in the IFN-treated group
compared to placebo controls. Although there was a trend towards decreased inter-
ventions for infections and lower death rate due to infection in the IFN-y-treated
group, there were no significant differences noted between the IFN-treated and
placebo-treated groups [56]. This led the authors of the study to call for a larger
trial with longer treatment periods [56].

A second trial was undertaken involving 416 patients in nine different hospitals.
The regimen was similar to that used in the previous trial, except that IFN-y1b was
administered for a longer period of 21 days [57]. No difference in infection rate was
observed between IFN- and placebo-treated groups, but it appeared that the death
rate due to infection was decreased in the IFN-yl1b-treated group compared to the
placebo-treated group [57]. However, after analysis, it became clear that the find-
ings were skewed by the results from one hospital that had the highest number of
patients enrolled in the study, as well as the highest infection and death rates of all
of the nine hospitals involved in the study. This skewing of the data appeared to be
due to multiple confounding variables that could not be fully identified [58]. How-
ever, it was clear that the severity and type of injury in that one hospital influenced
the outcome of IFN-y1b treatment. Therefore, the results of the study could not
provide adequate support for use of IFN-y1b to prevent or ameliorate infections in
serious trauma patients.

Evaluation of the original clinical study confirmed that IFN-y1b treatment of
severely injured trauma patients did not decrease the rate of infection overall of
the patients [59]. Class II histocompatibility antigen expression was enhanced in
the patients. Even though the class II histocompatibility antigen expression of the
patients was restored, there was no benefit shown in reducing the incidence of in-
fection. Therefore, it appears that effects additional to restoration of class II histo-
compatibility antigen expression may be required to reduce the rate of infection of
trauma patients. Several additional studies demonstrated that IFN-y treatment
of severe trauma patients resulted in enhanced expression of immunological and
other trauma-altered physiological parameters, but none were able to show protec-
tion from infection or death due to infection in those same patients [60—65].

Therefore, the results of the clinical trials involving IFN-y and infection after
trauma indicate a potential use for IFN-y that has value for only a subset of pa-
tients. It appears that the most severely injured patients benefit most from IFN-y
treatment to ameliorate or prevent serious complications due to infection [56-58].
No studies to date have been carried out to determine which factors involved in se-
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rious trauma or just how severely injured the trauma patient must be in order to
benefit from IFN-y treatment. Such studies must be carried out to fully identify the
characteristics of the patient population that would benefit from IFN-y therapy and
to allow for design of definitive study for this clinical indication.

11.6
Atopic Dermatitis (AD)

AD is a chronic, relapsing cutaneous disease that occurs most frequently in chil-
dren, but can also effect adults. This relapsing disease can result in significant
physical and psychological morbidity; while numerous treatments are used, many
patients do not improve and side-effects of treatments are significant, leading to
the need for new effective therapeutics [66, 67].

The clinical trials that were conducted to evaluate the potential of IFN-y as a ther-
apeutic for this indication were based on the classification of AD as a type 2 helper
T lymphocyte (T,2) cell-mediated disease with patients exhibiting a deficiency in
levels of type 1 (T,1) cytokines. This Ty, 1/T}2 imbalance results in increased levels
of IL-4 and IL-5, elevated blood eosinophilia, and decreased IFN-y production [68].
IL-4 induces class switching to IgE production in B cells and IFN-y inhibits this
activity [69]. It was hypothesized that the decreased production of IFN-y in AD pa-
tients could lead to the observed increase in IL-4-induced IgE levels [70], and,
therefore, it was hoped that treatment of AD patients with IFN-y would decrease
the Ty2 responses (decrease serum IgE levels and IL-4 levels) and lead to clinical
benefit.

The clinical trials included: (i) open-label [71-73], (ii) double-blind placebo con-
trolled [74] and (iii) long-term, open-label follow-up studies [75, 76], and these
were summarized in detail by Chang and Stevens [66]. In these studies, IFN-y
was administered s.c. in daily (or every other day) injections over periods of
time up to 22 months. The early studies used 100 pg day~! and the double-blind
placebo-controlled and long-term follow-up studies used 50 pg m~2. The results of
these studies indicate that IFN-y treatment leads to long-term safety and efficacy
in a subset of patients [66]. The observed adverse effects were minimal and could
be ameliorated by prophylactic acetaminophen. Observed improvement of clinical
parameters included decreases in severity of erythema, pruritis, excoriations,
edema/indurations, dryness and reduction in total body surface area involvement.
However, these beneficial effects were observed in the absence of effects on serum
IgE levels (spontaneous IgE production), while improvement in clinical symptoms
did correlate with decreases with absolute white blood cell and eosinophil counts
[75, 77, 78]. Since eosiniphilia correlates with clinical severity of AD and eosino-
phil counts correlate with benefit of IFN-y treatment [71, 73, 74] Noh and Lee
proposed a guideline to recommend IFN-y therapy for AD patients with blood eo-
sinophil percentages less than 9% and serum IgE levels less than 1500 1U ml~!
[78].
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The general conclusion from analyses of the completed studies is that s.c. ad-
ministration of IFN-y shows clinical benefit in a subset of patients with AD with
few adverse events while the immunological mechanism for this benefit still re-
mains unclear.

11.7
Idiopathic Pulmonary Fibrosis (IPF)

IPF is a chronic, progressive and lethal pulmonary fibrotic lung disease. This
devastating form of interstitial lung disease is characterized by fibrosis of the lung
interstitium, progressive pulmonary insufficiency and a poor survival prognosis
[79].

IPF is the most common form of the idiopathic interstitial pneumonias (IIPs) —
a group of related, but distinct, interstitial lung diseases. Advances in the character-
ization of these diseases have led to historical changes in nomenclature and classi-
fication complicating the interpretation of results from clinical trials [80]. One of
the most significant challenges in the conduct of clinical trials to evaluate and
identify effective therapies for this disease continues to involve the ability to iden-
tify well-defined patient populations.

The term IPF is reserved (by current consensus statements) for a specific clinical
condition associated with diagnostic histological patterns of usual interstitial
pneumonia (UIP). The prevalence of this disease is rare (3—20 cases per 100000
individuals), and more prevalent in males, in older adults and in current or former
smokers [81]. IPF has the highest mortality rate of all the diffuse lung diseases.
IPF is characterized by insidious onset of dyspnea and abnormal pulmonary func-
tion. Most patients die of respiratory insufficiency within 3-8 years with a median
survival of 2.5-3.5 years after diagnosis. However, survival varies widely with some
patients dying within 1 year of diagnosis and others surviving longer than 6 years
[81].

The only proven therapeutic option for patients with IPF is lung transplantation.
However, many patients die awaiting transplant [82]. Treatment of IPF is contro-
versial, and current management of IPF involves treatment with agents exhibiting
immunosuppressive and/or antifibrotic activities. Common treatments include cor-
ticosteroids, and immunosuppressive and cytotoxic agents. No randomized, well-
controlled, blinded studies have established efficacy of any of these treatments,
and due to the unproven benefit and serious toxicity of these agents, there is a gen-
eral reluctance to use these treatments until late-stage disease [80, 81, 83]. Hence,
there is a critical need for new therapies for this serious disease.

The etiology of IPF has not been established. Selman et al. [81] have proposed
that there are at least two pathogenic mechanisms for the development of IPF: (i)
an inflammatory pathway in which an early phase of inflammatory pneumonitis is
followed by a late phase of fibrosis, and (ii) the alveolar pathway in which alveolar
epithelial cell injury and activation leads to fibrotic responses.
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Data from nonclinical studies have identified pathways involved in fibrosis and
the production and deposition in the lung of extracellular matrix proteins such as
procollagens and elastin. Molecules playing roles in these pathways include (i)
cytokines and chemokines associated with inflammation, angiogenesis, and cell
trafficking, and (ii) growth factors such as transforming growth factor (TGF)-,
platelet-derived growth factor (PDGF) and connective tissue growth factor (CTGF)
[84, 85].

It is thought that in response to injury, alveolar epithelial cells release fibrogenic
cytokines such as TGF-f, PDGF, TNF-o, IL-1, insulin-like growth factor-1 and basic
fibroblast factor. The release of these cytokines may lead to fibroblast proliferation
and migration to sites in the lung as well as fibroblast differentiation which may
play a role in the chronic nature of IPF [81, 83].

The type 2 T cell response predominates in IPF. Studies of lung tissue and blood
from patients with IPF show deficits in IFN-y as compared to T,2 cytokines [86].
Tyl cells produce IFN-y, IL-2 and TNF-o, which are involved in delayed hypersen-
sitivity responses; Ty2 cells produce IL-4, -5, -6 and -10, which mediate inflamma-
tory and profibrotic responses. T 1 and T2 cytokines have reciprocal modulatory
effects, and the balance between their expression is thought to play a central role
in the nature and control of the immune response at sites of disease.

Thus, as with AD (see Section 11.6), the reciprocal regulation of type 1 and 2 cy-
tokines formed the basis for evaluation of IFN-y as a potential therapy for halting
and hopefully reversing the IPF disease process. Additional activities attributed to
IFN-y and relevant to this indication include: (i) inhibition of the in vitro prolifera-
tion of lung fibroblasts and protein synthesis in fibroblasts [87, 88|, (ii) suppres-
sion of proliferation of fibroblasts and production of collagen synthesis [89-91]
and this effect is mediated, partly, by blockade of TGF-f signaling [92], (iii) reduc-
tion of tissue myofibroblast numbers [93], (iv) inhibition of collagen synthesis by
human fibroblasts in vitro [90], (v) enhanced transcription of the c-met protoonco-
gene, the receptor for hepatocyte growth factor, a potent mitogen for epithelial cells
[94]; (vi) increased expression of MMP-1 message [95], and (vii) downregulation of
the gene transcription of TGF-f when used to treat mice with bleomycin-induced
lung fibrosis [96].

In 1999, Ziesche et al. [97] reported results from a preliminary study of IFN-y1b
and low-dose prednisolone in patients with IPF. In that study, 18 patients with IPF
who had previously failed therapy with corticosteroids were randomized to receive
prednisolone (7.5 mg day~!) alone or combined therapy with prednisolone (7.5 mg
day~!) and IFN-y1b (200 pg s.c., 3 times weekly). After 12 months, pulmonary
function deteriorated in all nine patients receiving prednisolone alone and im-
proved (increase in total lung capacity and improved arterial oxygenation) in all
nine patients receiving IFN-y1b plus prednisolone. Molecular assessments of lung
tissue from all patients prior to treatment showed lack of IFN-y message and levels
of gene transcription for TGF-$1 and CTGF far in excess of levels in normal tissue.
After treatment, improvement in lung function in IFN-y1b-treated patients corre-
lated with significantly reduced levels of transcription of genes for TGF-f1 and
CTGF. These results are consistent with the hypothesis that the therapeutic effi-
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cacy of IFN-y was related to its ability to shift the type 1/type 2 balance in favor of
the antifibrotic type 1 response.

Importantly, a retrospective analysis of enrolled patients performed by an inde-
pendent panel demonstrated that 15 of these patients had definite or probable IPF
(some of the patients that were enrolled had non-IPF diagnoses, such as non-
specific interstitial pneumonia), and confirmed the improvement in gas exchange
and lung volumes in the IFN-y treated patients [98]. The study by Ziesche et al.
[97] formed the basis for a large phase 3 multicenter study of IFN-y1b in patients
with UIP [99]. In this phase 3 study (GIPF-001), a well-defined population of pa-
tients (330 patients from 58 centers) with UIP that was unresponsive to corticoste-
roid therapy was randomized to receive either IFN-y1b and low-dose prednisolone
or placebo and low-dose prednisolone.

The primary efficacy endpoint for this study was progression-free survival, mea-
sured from randomization to either disease progression or death. Progression of
disease was defined by measures of lung function and gas exchange [changes
from baseline of (i) decrease of at least 10% in the predicted forced vital capacity
(FVC) or (ii) an increase of at least 5 mmHg in the P(»_, O, at rest (alveolar—
arterial gradient)]. These parameters were chosen as clinical measures of fibrosis
thought to be sensitive to the treatment effects of INF-y1b based on the earlier clin-
ical study by Ziesche et al. [97]. The study was designed and powered to detect a
difference in this composite endpoint rather than in overall survival.

Unfortunately, over a median of 58 weeks of IFN-y1b treatment, no significant
differences were observed in the primary endpoint and no treatment effect was ob-
served on measures of lung function, gas exchange or quality of life. In spite of the
lack of improvement in lung disease, there was a trend toward decreased mortality
in patients treated with IFN-y1b. Sixteen of the 162 patients in the IFN-ylb-treated
group died as compared 28 of the 168 in the placebo-treated group. The survival
benefit occurred in a subgroup of patients with less severe lung impairment in
lung function at baseline who adhered to the protocol.

In attempts to evaluate the effects of IFN-y1b treatment on blood and lung bio-
markers thought to play a role in the pathogenesis of IPF, Streiter et al. [100] con-
ducted a randomized, double-blind placebo-controlled multicenter study in which
32 patients were randomized to receive either s.c. IFN-y1b (n =17) or placebo
(n=15) three times per week for 26 weeks. Bronchoalveolar lavage (BAL) and
transbronchial biopsy (TBB) were performed at baseline and at 6 months to mea-
sure mRNA transcription in TBB tissue and BAL cells as well as protein levels in
BAL fluid and plasma. Safety and efficacy outcome measurements were also con-
ducted. The authors chose to measure genes thought to play a role in IPF (Tab.
11.2); however, the results showed trends, but no significant changes, in expres-
sion of genes thought to increase or decrease connective tissue in the IPF lung.

Results of this study demonstrated changes in expression of molecules such as
elastin, and types I and II procollagen. IFN-y1b treatment resulted in the following
trends: decreased levels of mRNA for elastin, PDGF-f, type I1I procollagen and IL-
4, and upregulation of mRNA for ITAC/CXCL-11. Measures of protein in BAL
fluid and plasma showed decreased levels of ENA-78/CXCL-5, type I procollagen
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Tab. 11.2. Proteins associated with fibrosis and infection that
are affected by IFN-y

Protein Reference
Downregulated
TGF- 101
PDGF 102
1L-4 103
IL-8 (IL-8/CXCL-8) 104
1L-13 103
ENA-78/CXCL-5 104
extracellular matrix proteins 90, 91, 105
Upregulated
[P-10/CXCL-10 106
MIG/CXCL-9 106
ITAC/CXCL-11 106, 107
defensins 108

and PDGF-o, and increased levels of ITAC/CXCL-11. The observed changes in
these fibrosis-associated biomarkers are consistent with the nonclinical effects of
IFN-y which formed the rationale for evaluation of IFN-y in the treatment of this
disease. However, in contrast to the observations of Ziesche et al. [97], this bio-
marker study detected no direct effect of IFN-y1b treatment on mRNA for TGF-f
or CTGF. It is important to note that clinical benefit in survival was shown after 1
year of IFN-y1b treatment and the biomarker analysis [100] was done after only 6
months of IFN-y1b treatment. As pointed out by Dauber et al. [109], it is possible
that changes in gene expression may be more pronounced after 1 year of therapy
and that IFN-y1b may exert its beneficial effect through alternate pathways with
changes in expression of genes that were not measured in the biomarker study.

The increased levels of ITAC/CXCL-11, a molecule that exhibits defensin-like
antimicrobial activity (against E. coli and Listeria monocytogenes) and antiangiogenic
activity [110] across lung and plasma compartments, led the authors to hypothe-
size that the decrease in mortality observed in IFN-ylb-treated patients could be a
result of beneficial effects on the pathogenesis of IPF through multiple mechanis-
tic pathways involving the antimicrobial, antiangiogenic, antifibrotic and immuno-
modulatory activities of IFN-y.

Using the database from the GIPF-001 study, a retrospective analysis of the vari-
ables that measure clinical outcomes in patients with IPF was performed [110].
The purpose of the analysis was to determine the most appropriate efficacy end-
point for a follow-up phase 3 trial of IFN-ylb termed the INSPIRE trial. The
analyses evaluated characteristics including reliability, validity and sensitivity to
treatment effect. The data indicated that in placebo-treated patients, changes in
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P(s_4)O, were not associated with an increased risk of death until an increase of 15
mmHg or more was reached while a 10% or higher decrease in percent of pre-
dicted FVC was associated with a 2.4-fold risk of increased mortality. The authors
concluded that mortality is the most inclusive endpoint for future trials of IFN-y1b
in this indication and that a 10% or higher decrease of predicted FVC is a reliable
and predictive measure of mortality.

The 600 patient INSPIRE trial is currently enrolling patients in 75 sites in North
America and Europe. The primary efficacy endpoint is measurement of overall sur-
vival time from randomization. The results from this study will be critical in estab-
lishing the therapeutic potential of IFN-y1b in this clinical indication.

11.8
Systemic Sclerosis (SSc)

SSC (or scleroderma) is a rheumatic disease characterized by excessive fibrosis
of the skin and other connective tissue-containing organs (lungs, heart, kidney,
joints). Analysis of the T,1/Ty2 cytokine profiles in SSc patients has led to the
characterization of this disorder as a T2 disease with the presence of high levels
of TGF-B. The rationale for the evaluation of IFN-y as a potential treatment of the
fibrosis associated with SSc is the same as that described above for IPF, i.e. the
identification of IFN-y as a Ty, 1 cytokine that can inhibit the synthesis of collagen
and abrogate the pro-fibrotic effects of TGF-f. Hein et al. [111] reported results of a
trial in which 9 patients were treated with IFN-y (50 pg day™!) intramuscularly
(i.m.) for 3 days per week over a 12-month period. Significant improvements in to-
tal skin score and arterial oxygenation were observed. A subsequent randomized,
controlled multicenter study (44 patients) showed mild beneficial effects of IFN-y
treatment (100 pg s.c., 3 times per week for 12 months) on skin sclerosis and dis-
ease associated symptoms [112]. Serum levels of type III and IV collagen propepti-
des and laminin remained unchanged following IFN-y therapy, whereas type I col-
lagen mRNA levels in the involved skin, and in vitro collagen synthesis and mRNA
expression in fibroblasts derived from post-IFN treatment biopsies were reduced.
Based on these results, it appears that IFN-y may exert maximal antifibrotic effects
in early progressive SSc when collagen synthesis is prominent and when treatment
effects on progressive skin involvement would be of benefit.

11.9
Radiation-induced Fibrosis

In 1986, 237 individuals were exposed to - and y-irradiation in the Chernobyl Nu-
clear Power Plant accident and experienced acute radiation disease [113]. Of these,
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32 subjects died acutely of cutaneous radiation syndrome; 56 of 115 patients
referred for treatment were diagnosed with cutaneous radiation syndrome. Peter
et al. [114] reported results of the treatment of six of these patients with low dose
IFN-y (50 pg s.c., 3 times per week for 30 months; once per week for an additional
6 months). The results of this study showed that in all treated patients a significant
reduction in radiation fibrosis (skin thickness) compared to a significant increase
in fibrosis in the two untreated patients. Although the follow-up of IFN-y-treated
patients 1 year after discontinuation of treatment showed a significant recurrence
of fibrosis, the investigators concluded that these results warrant additional evalua-
tion of IFN-y as a therapeutic for patients receiving radiation therapy or accidental
exposure to radiation [114].

Other radiation-induced fibrotic conditions that may benefit from IFN-y treat-
ment due to inhibition of TGF-f1 include radiation pneumonitis, radiation-
induced renal fibrosis and radiation-induced liver fibrosis [115].

11.10
Chronic Hepatitis

Infection with hepatitis viruses causes acute liver disease. In the case of infection
with hepatitis B or hepatitis C viruses, in a number of infected individuals, chronic
infections can develop and lead to chronic liver damage, potential development of
cancer and death [116-118]. According to the Centers for Disease Control, an esti-
mated 3.9 million people in the US have been infected with hepatitis C virus and
2.7 million of these are chronically infected. In the US, this virus infection causes
an estimated 10000-12 000 deaths annually and is the leading indication for liver
transplants. Although the use of IFN-o treatment (alone and in combination with
ribavirin) to control hepatitis B and C infections in humans is well established, the
virus cannot be eliminated and the search for more effective treatments has contin-
ued [116-118].

The need for additional treatments led to studies using IFN-y, with [FN-y as the
sole treatment agent or as adjuvant therapy together with IFN-« or -f.

The first studies were begun by testing the efficacy of IFN-y therapy in chronic
hepatitis B [119]. In this study, patients were treated with 0.1 mg m=2 3 times
weekly for 16 weeks and compared to untreated control patients. This study indi-
cated that there were minimal toxic effects of the IFN-y therapy, but no antiviral
effects of IFN-y therapy were observed. A subsequent study compared the effects
of therapy with IFN-y to therapy with IFN-o for treatment of hepatitis B [120].
IFN-2 was found to be a much more effective agent in decreasing viral expression,
but it appeared that IFN-y therapy resulted in additional modulation of immune
responses against hepatitis B. Similar results were also found in a clinical trial in
children with chronic hepatitis B [121]. Therefore, although IFN-y treatment did
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not affect viral marker levels, its use in combination with other therapies might
have benefit due to its stimulation of the immune system.

The results of the previous studies led to experiments to determine the effects of
combined therapy of IFN-y and other IFNs against chronic hepatitis B. The con-
cept developed for these experiments was that IFN-y would enhance the immune
response against hepatitis B, while the other IFNs would have an antiviral effect
[122, 123]. In addition, it is well established that IFN-y when used in combination
with IFN-« or -3, exerts synergistic antiviral and antiproliferative activities [124].

The first study reported poor tolerance of combined therapy with IFN-o and -y,
and no benefit to resolving the disease process beyond use of IFN-o alone [122].
The second study involved combined short-term treatment of hepatitis B with
both IFN-# and -y. The results of this study suggested that treatment effects of the
combined therapy were equivalent to that of treating with IFN-o alone, but that the
combination of IFN-f and IFN-y was much better tolerated by the patients than
was IFN-a [123].

A more recent study was focused on the effects of IFN-y on hepatic fibrosis in a
rat model of chemically induced liver fibrosis and in humans with hepatitis B
virus-induced fibrosis [125]. The results in both systems indicated that IFN-y ther-
apy was effective in treatment of fibrosis in the rats and in patients with moderate
disease [125]. Therefore, IFN-y might be very useful for treatment of earlier stages
of hepatitis B virus-induced liver fibrosis. This is a very interesting finding in view
of potential beneficial effects of IFN-y therapy in other types of fibrosis described
elsewhere in this chapter (Sections 11.7-11.9).

Studies on the use of IFN-y for therapy of chronic hepatitis C have been more
limited. Treatment of chronic hepatitis C with IFN-y was ineffective [126]. Pretreat-
ment of hepatitis C with IFN-y before beginning IFN-« treatment resulted in en-
hanced immunologic activity of the patients [127]. The authors speculated that
the enhanced immunologic activity in the patients might contribute to improved
viral clearance [127]. Therefore, the results of IFN-y treatment of chronic hepatitis
C are consistent with those obtained after treatment of chronic hepatitis B with
IFN-y. Combination treatments with forms of IFN-o (pegylated and nonpegylated)
and ribavirin have been shown to be effective in the treatment of chronic hepatitis
C [128, 129]. However, there is a group of patients that fail to achieve a sustained
virologic response after first-line treatment with this combination and these are
termed “nonresponder” patients. With the possibility of demonstration of en-
hanced activity, a phase 2 trial of a form of IFN-u termed Infergen (Interferon
alfacon-1) and IFN-y1b with and without ribavirin for the treatment of hepatitis C
virus nonresponders is currently ongoing.

The usefulness of IFN-y therapy for treatment of chronic hepatitis has yet to
be established. The results reviewed above have generated additional clinical trials
with I[FN-y for treatment of hepatitis, with particular emphasis on combined thera-
pies and effects on liver fibrosis. These trials are ongoing at the time of preparation
of this chapter. The determination of the value of IFN-y in the treatment armamen-
tarium for chronic hepatitis treatment will have to await the completion of the
ongoing trials.
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The direct antiproliferative activities and immunomodulatory activities of IFN-y
have led to numerous clinical studies to evaluate its therapeutic potential in a
wide variety of malignant conditions. Studies that have focused on the use of IFN-
y as a single-agent treatment for various oncology indications have yielded results
that are disappointing as those seen in studies of metastatic renal cell carcinoma
[130], melanoma [131, 132]; colorectal cancer [133], leukemias [134], small cell
lung cancer [135, 136] and metastatic carcinoid tumor [137].

Reports of the use of IFN-y in combination with other anticancer therapies have
been more encouraging, but are still mixed, showing some failures as in renal cell
carcinoma with granulocyte macrophage colony-stimulating factor (GM-CSF) and
IL-2 [137] or with IFN-x [139], colorectal cancer with 5-fluorouracil [140], and mel-
anoma with IL-2 [141]; and some promise as in metastatic renal cell carcinoma
with vinblastine [142] or IL-2 [143] or IFN-o [144], multiple myeloma with rituxi-
mab [145], inoperable hepatocellular carcinoma with GM-CSF [146], and colon
cancer with 5-fluorouracil and leukovorin [147]. In the US, to date, no phase 3
oncology trials have provided sufficient evidence of effectiveness to establish the
benefit of [FN-y alone or in combination for the treatment of any form of cancer.

While using IFN-y in combination with “standard of care” chemotherapy for
specific cancers appears to hold most promise, the inherent difficulty with phase
3 trials of this type of design is that the trials take many years to complete in order
to obtain endpoint data and during that time the “standard” chemotherapy might
change to a more effective therapy, thus leading to the inability of the study data to
be used for licensure by health authorities. Such was the case for a phase 3 study of
IFN-y1b in ovarian cancer.

As the third most common cancer in women, in the US, epithelial ovarian can-
cer represents approximately 20 000 new cases per year and is the leading cause of
death from gynecologic cancers [148]. The disease is difficult to detect early and,
therefore, most cases are diagnosed at an advanced stage. Epithelial ovarian cancer
responds well to chemotherapy. However, while more than 50% of diagnosed
patients achieve remission after surgery and primary chemotherapy, the overall 5-
year survival rate is less than 40% [148]; hence, the need for improved therapeutic
regimens.

Data from in vitro and in vivo studies suggest benefit of IFN-y treatment in ovar-
ian cancer [149-154]. Clinical trials showing benefit of IFN-y in this clinical indica-
tion have utilized the i.p. [152], i.v. [153] and s.c. [154] routes of administration.
The study of ip. administered IFN-y demonstrated achievement of surgically
documented benefit as second-line therapy of ovarian cancer. Subsequently, Wind-
bichler et al. [154] reported their results of a randomized phase 3 trial of IFN-y
administered s.c. to women receiving first-line platinum-based chemotherapy (cis-
platinum and cyclophosphamide) after surgery for advanced staged ovarian cancer
(FIGO stages Ic-III and some stage IV). This study was conducted in multiple
sites in Austria, enrolling 148 patients from 1991 to 1997. Patients were randomly
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assigned to receive either the standard chemotherapy regimen of cisplatin and cy-
clophosphamide given every 4 weeks or the same chemotherapy plus IFN-y in a
fixed dose and schedule. At 3 years, progression-free survival was improved from
38% in the control group to 51% in the IFN-y treated group. Complete clinical
response was observed in 68% of the patients in the IFN-y-treated group versus
56% in the control group. Evaluation of safety parameters showed the typical side-
effects associated with IFN-y treatment (flu-like syndrome with fever, headache, fa-
tigue and myalgia).

The protocol was originally designed to enroll 200 patients; however, due to the
change in standard treatment from chemotherapy with cisplatin and cyclophospha-
mide to a platinum plus taxane, the study had to be prematurely terminated [154].
On the basis of these promising results and due to this change in standard treat-
ment, a new phase 3 study termed the “GRACES” (Gamma interferon and Che-
motherapy Efficacy Study) study was initiated to evaluate IFN-y in combination
with carboplatin and paclitaxel in patients with advanced ovarian cancer or primary
peritoneal cancer. The results of the interim analysis for this trial are expected in
mid-2005. It is hoped that the results of this currently ongoing study will establish
the evidence of effectiveness needed to establish this clinical use as an FDA
approved indication.

11.12
Conclusions

The clinical indications for which IFN-y has been evaluated for potential efficacy
can be grouped into three categories: (i) established clinical benefit (CGD and os-
teopetrosis), (ii) negative or marginal effect in controlled trials (allergic rhinitis
[155], steroid-dependant asthma [156] and rheumatoid arthritis [157, 158]) and
(iii) encouraging results, awaiting additional confirmatory controlled clinical trials.
This last category includes, but is not limited to, bacterial and fungal infections (in-
cluding infection following trauma and opportunistic infections in AIDS patients);
idiopathic pulmonary fibrosis, chronic hepatitis and ovarian cancer.

IFN-y has been definitively shown to play a major multifaceted immunoregula-
tory role in host immune function. The ability to establish uses for IFN-y in the
treatment of clinical disorders may be limited by that very fundamental immunor-
egulatory role. Even in the areas where there are positive indications for the use of
IFN-y, it has become clear that the best effects are seen for specific subgroups of
patients. For example, in infection after trauma and in idiopathic pulmonary fibro-
sis, the most seriously ill patients had the greatest response to IFN-y therapy.

If the observed effectiveness of IFN-y in specific subsets of patients represents a
true event, clinical investigations will need to be carefully designed to establish
evidence of effectiveness. First, the appropriate subjects for study must be identi-
fied, based on a clear understanding of the clinical features and course of the dis-
ease. Many of the diseases targeted for treatment with IFN-y are heterogeneous in



References

nature, resulting in heterogeneity of patients enrolled in the studies. Validation of
clinically useful diagnostic criteria will allow for better characterization of these pa-
tients and will improve our ability to define the subgroups of patients that might
benefit from IFN-y treatment. Second, given the potent immunomodulatory activ-
ities of IFN-y, a better characterization of a patient’s baseline immune responsive-
ness may help identify the patient who will be more likely to benefit from IFN-y
treatment. Finally, having identified the appropriate study subjects, more accurate
assumptions of effect size should lead to an appropriately powered study.

The authors of this chapter have been involved in research with [FN-y since the
time that it was first identified as a unique type of IFN. In the early years, when
immunoregulatory effects were suggested for IFN-y, reviewers often expressed
skepticism since IFNs were well known as antiviral substances and thought to be
only antiviral substances. It is rewarding to note that IFN-y is now firmly estab-
lished as an immunoregulatory agent and has clinical usefulness as a result of its
immunoregulatory properties. Clinical trials conducted to date show that IFN-y has
made a significant impact by altering the course of serious human diseases and
holds potential yet to be established. As we await the results of ongoing and new
trials, the future holds great promise for this important therapeutic.
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Measurement of Interferon Activities

Tony Meager

12.1
Introduction

Polypeptide growth factors and cytokines stimulate biological responses by binding
to specific cell surface receptors; these trigger cytoplasmic signal transduction
pathways and subsequent expression of specific inducible genes. In this respect,
the interferon (IFN) family of cytokines, defined by the capacity of its members to
induce antiviral activity, is typical. While structural differences exist among mem-
bers of the IFN family, and despite the existence of different classes of receptor, the
IFNs all exert a broadly similar range of biological activities in responsive cells.
These activities include antiviral, antiproliferative, antitumor and immunomodula-
tory activities, which can be observed in appropriate cell culture systems and quan-
tified where dose-dependency to IFN stimulation is manifested. Historically, the
activity of IFNs in vitro has been measured by their capacity to induce an “antiviral
state” in susceptible cell lines. On this basis, quantitative “antiviral assays” have
been developed that generate dose-response data from which the relative activity
or “potency” of particular IFN preparations may be calculated. The discovery of
other activities induced by IFNs has led to a widening of the types of bioassay that
can be used for determining potency. For example, antiproliferative assays where
IFN activity leads to dose-dependent inhibition of cell proliferation are now regu-
larly carried out. However, the identification of those proteins that are specifically
upregulated following IFN stimulation has led to the development of more specific
bioassays. The process of inducible protein expression has been further exploited
by the development of “reporter gene assays”. For these, a promoter region of an
IFN-inducible gene is ligated to a foreign gene, such as one that encodes a “mea-
surable” enzyme, e.g. firefly luciferase or alkaline phosphatase, and transfected via
plasmid DNA into a suitably IFN-responsive cell line. Expression of the reporter
gene in stably transfected cells is dependent on IFN concentration, the assay read-
out being the measured enzymatic activity, which is directly related to potency. The
elucidation of phosphorylated intermediates in IFN signal transduction pathways
might also lead to development of additional novel bioassays.

The Interferons: Characterization and Application. Edited by Anthony Meager
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-31180-7
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Using appropriate examples, this chapter aims to review the bioassay methods
that are currently in use, and those that could potentially be used, for potency test-
ing of IFNs. The advantages and disadvantages of particular bioassay methods will
be considered.

12.2
The IFNs: Mechanisms of Action, Protein Induction and Biological Activities

12.2.1
Mechanisms of Action

The basis for understanding how the potency of IFNs is measured is underscored
by knowledge of their mechanisms of action, the proteins they induce and their
consequent biological activities. These topics have been extensively reviewed by
other authors in this book (see Chapter 7) and therefore these areas will be only
briefly covered here.

The IFN family includes type I and II IFN molecules: type I IFNs are a mixture
of heterogeneous proteins in all animal species, while type II IFN appears to have
remained as a single protein throughout evolution. Within the type I IFN family,
several subclasses have been characterized; these are normally specified by letters
of the Greek alphabet, and include IFN-a, -, -¢, - and -w in Homo sapiens; IFN-0
and -7, and limitin are found in other mammals [1, 2]. The single type II IFN is
commonly designated IFN-y. Recently, another small family of three related cyto-
kines, interleukin (IL)-28A, -28B and -29, very distantly related to type I IFNs,
have been shown to induce IFN-like activities. For this reason, they have been
called IFN-s (A1 = IL-29, A2 = IL-28A and 13 = IL-28B) and referred to collec-
tively as “type III IFNs” [3-5]. It is clear that the potency of these IFN-like cyto-
kines can be determined in bioassays similar to those applied to potency determi-
nations of type I and II IFNs [6]. Thus, they are included for consideration and
comparison with the “classical” type [ and II IFNs, and will be referred to as type
III IFNs (IFN-1s) from here on.

All TFNs exert their activities in cells following initial binding with high affinity
to IFN-specific cell surface receptors. The characteristics of these receptors have
been extensively reviewed (see Chapter 5). Briefly, all type I IFNs share a common
receptor comprised of two different receptor chains, which have been molecularly
characterized as belonging to the type II cytokine receptor family (CRF2) [1, 2, 7].
The CRF2 family also contains receptors for IL-10 and its paralogs. Type II IFN or
IFN-y binds to a heterodimeric receptor distinct from that of the type I IFN recep-
tor, but whose subunits are also members of the CRF2 family. Lastly, type III IFNs
or IFN-/s bind to another distinct CRF2 heterodimeric receptor; it is comprised of
a unique IFN-A-binding subunit, IL-28Ra or IFNLR, but the other, IL-10R2, is one
of the subunits of the functional IL-10 receptor [3, 4, 7]. However, it is not un-
common for different cytokines to share receptor subunits; besides IL-10 and
IFN-4s, IL-10R2 is also an integral component of the IL-22 and -26 receptors [7].
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Amino acid sequences of IFN receptors of different animal species indicate their
coevolution with their cognate IFNs; this has led to some degree of species specif-
icity for most IFNs [1, 2]. For example, while human type I IFN-f and most IFN-«
subtypes bind poorly to the mouse type I IFN receptor, human IFN-x1 subtype is
active in both human and murine cells, although it has the lowest antiviral activity
of all the subtypes in human cells [2, 8]. Curiously, human IFN-a subtypes are
active in bovine cells. In contrast, human type II IFN-y shows high species specif-
icity [9].

IFN binding to receptors occasions structural changes in the receptor molecules
leading to stimulation of cognate intracellular signaling pathways (Fig. 12.1). Al-
though the receptor chains do not contain integral protein kinases, “non-receptor”
tyrosine kinases of the Janus class are associated with their intracellular domains
[1, 2, 10-12]. Phosphorylation of specific tyrosine residues in the intracellular do-
mains by the Janus kinase (JAK) and tyrosine-specific kinase (TYK) kinases leads

Type Il IFN

i/

Nucleus

.,

H_"'\-\_,__\__ __'__,_a-'-

Fig. 12.1.  Schematic diagram illustrating the 9, phosphorylation and dimerization of STATs

IFN signal transduction pathways. IFNs bind
to extracellular domains of their cognate class
Il cytokine receptors leading to activation of
JAK-1 and -2, and TYK-2 tyrosine kinases
associated with receptor endodomains.
Subsequent phosphorylation of endodomains
leads to recruitment of STAT-1 and/or -2—IRF-

followed by their translocation into the
nucleus. These transcription factor complexes
bind to the ISRE and/or GAS present in the
promoter region of IFN-inducible genes to
activate their transcription and the synthesis of
IFN-inducible proteins. (This figure also
appears with the color plates.)
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to recruitment and phoshorylation of members of the “signal tranducers and acti-
vators of transcription (STATS)” class of transcription factors, as depicted in Fig.
12.1 [10, 11]. Dimerization of STATS, principally of STAT-1 to -2 in the case of
type I IFNs and of two copies of STAT-1 alone for type II IFNs, and pre-bound ad-
ditional accessory factors, e.g. IFN-regulatory factor (IRF)-9 to STAT-2, leads to
their translocation into the nucleus and binding to gene-activating promoter se-
quences, the IFN-stimulated response element (ISRE) for type I IFNs and the -
activated sequence (GAS) for type II IFN [10, 11]. However, transcriptional activa-
tion of ISRE- and GAS-linked genes by the individual type I and II IFN JAK-STAT
signaling pathways is not mutually exclusive, and type II IFN in particular can
stimulate some type I IFN-inducible genes. While type III IFNs (IFN-1s) have
structurally different receptor subunits to those of type I IFNs, in common with
type I IFN receptor chains they are associated with JAK-1 and TYK-2, and appear
to trigger the same, or very similar, signal transduction mechanism involving
STAT-1:2-1RF9 transcription complexes (Fig. 12.1) [3-5]. Although all three types
of IFN appear to work mainly through the JAK-STAT signaling pathways, it is like-
ly that some activities are mediated through alternative pathways [2]. For example,
signaling via serine/threonine kinases such as protein kinase C (PKC) has been
described as well as several other pathways (see Chapter 7).

12.2.2
Protein Induction

The end result of IFN-induced signaling pathways is the induction and general up-
regulation of the synthesis of IFN-inducible proteins. These, whose total number
probably runs to hundreds [13], include both those proteins induced early after
IFN stimulation and those produced at later times, often in response to the actions
of “early” IFN-inducible proteins. Many IFN-inducible proteins are induced by
both type I and II IFNs, although some may be preferentially induced by either
type [14]. Yet other proteins are exclusively induced by either type I or II IFNs
[14]. Only a limited range of proteins are as yet known to be induced by type III
IFNs (IFN-1s), but these appear to coincide mainly with type I IFN-inducible pro-
teins [3, 4]. In some instances, the strength of induction and/or the rapidity of in-
duction of IFN-inducible proteins may vary according to the type of IFN, or even
between members of a type of IFN, e.g. IFN-f can often appear to be a stronger
inducer than IFN-« subtypes [13]. In some cases, IFN-inducible proteins are virtu-
ally absent from cells before IFN stimulation, while in others the stimulation
results in an overall increase in concentration of proteins that are already being ex-
pressed. Table 12.1 shows a list of well-characterized IFN-inducible proteins, out-
lining their functions and their relative inducibility by either type I or II IFN. It
should be recognized that cell dependency of induction probably occurs such that
only limited subsets of the total IFN-inducible proteins are likely to be present in
specific cell types.
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Tab. 12.1.  IFN-inducible proteins
Protein Function Induction by
Type I IFN  Type Il IFN

2'-5'-0AS dsRNA-dependent synthesis of ppp(A2'p)nA;  + +
activator of RNase L

PKR phosphorylation of peptide initiation factor + +
elF-2a

MHC class I antigen presentation to cytotoxic T + +

(HLA-A, -B, -C) lymphocytes

MHC class II antigen presentation to T helper lymphocytes — + +

(HLA-DR)

IDO tryptophan catabolism -

Guanylate- GTP, GDP binding +

binding proteins

(GBP; y67)

Mx specific inhibition of influenza virus + -

IRF-1/ISGF-2 transcription factor + +

IRF-2 transcription factor + -

IP-10 related to chemotactic IL-8-like cytokines + +

Metallothionein metal detoxification + +

TNF receptors mediate TNF action + +

IL-2 receptors mediate IL-2 action - +

ICAM-1 endothelial cell adhesion protein - +

Ig FcR Ig binding by macrophages/neutrophils +

Thymosin g, induction of terminal transferase in B ?
lymphocytes

p,-microglobulin  immune function + +

Nitric oxide production of nitric oxide from arginine; -

synthetase increased microbicidal activity in
macrophages

200 family from cluster of six genes; p204 is located in + -
nucleolus

6-16 unknown; extracellular

1-8/9-27

cell surface proteins
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12.2.3
Biological Activities

12.2.3.1 Antiviral Activity

In natural infections, viruses provoke the synthesis of IFNs, which are secreted
from infected cells and act in a paracrine manner to induce antiviral activity in sur-
rounding cells. Depending on the nature of their genomes, i.e. RNA or DNA, vi-
ruses have evolved a number of replication strategies. Despite this, there appear
to be a number of common replicative stages in the diverse replication cycles of
viruses that are vulnerable to inhibition by certain [FN-inducible “antiviral” pro-
teins. One of the most studied of these “antiviral” proteins is an enzyme known
as 2'-5’-oligoadenylate synthetase (2'-5’-OAS) which, in the presence of double-
stranded (ds)RNA (often an intermediate of viral RNA synthesis), catalyzes the
formation of an unusual oligonucleotide, ppp(A2'p)nA or 2'-5'-oligoadenylate syn-
thetase (2'-5’-OAS), which is a necessary cofactor for activation of a latent endori-
bonuclease, RNase L [15-18]. Once activated RNase L degrades viral mRNAs and
thus inhibits viral protein synthesis. Small RNA viruses, such as Mengo virus or
murine encephalomyocarditis virus (EMCV), whose replication is “cytoplasmic”,
are among the most susceptible viruses to the 2’-5’-OAS/RNase L antiviral mech-
anism [19, 20].

Another IFN-inducible enzyme with antiviral potential is a protein kinase acti-
vated by dsRNA, now designated PKR, which in the active state phosphorylates
the peptide initiation factor, elF-2, involved in polyribosomal translation of viral
mRNA — phospho-elF-2 is inactive and therefore viral protein synthesis is inhibited
[15-17]. Rhabdoviruses, dsRNA viruses such a vesicular stomatitis virus (VSV), ap-
pear to be among those most affected by the PKR/phospho-elF-2 antiviral mecha-
nism [16, 21]. Both the “2’-5’-OAS” and “PKR” systems are rapidly induced by
type I IFNs, but in comparison their induction by type II IFN is slower, and by
type III IFNs, probably weaker. A third “antiviral” protein with GTPase activity,
known as Mx (in mice) or MxA (in humans), is strongly induced by type I IFNs,
to a lower extent by type III IFNs, but not at all by type II IFN (3, 4, 6, 17, 22]. In
murine cells, Mx has been shown to specifically inhibit the nuclear stage of influ-
enza viral nucleic acid synthesis. In human cells, where MxA is cytoplasmically
located, MxA has been shown to interfere with the replication of ortho- and para-
myxoviruses and viruses of the Bunyaviridae family, probably mainly by binding
and “trapping” viral nucleoproteins so that they become unavailable for the gener-
ation of new virus particles [23, 24].

12.2.3.2  Antiproliferative Activity

Although the IFN-inducible “2’-5’-OAS/RNase L’ and “PKR/elF-2” systems are
involved in inhibiting viral protein synthesis, there has been growing evidence
they also inhibit cellular protein synthesis, thus leading to inhibition of cell divi-
sion [11, 25-27]. For example, levels of 2'-5’-OAS and RNase L enzymes have
been found to be high in growth-arrested cells, suggesting they are involved in reg-
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ulation of proliferation [28]. PKR has also been implicated in IFN-induced antipro-
liferative activity [27]. Cyclin-dependent kinase (CDK)-2, which mediates the phos-
phorylation of retinoblastoma (Rb) protein in the cell cycle of proliferation, is in-
hibited by type I IFNs and this could also contribute to antiproliferative activity
[29-31]. Additionally, several other IFN-induced manifestations, including in-
creased cell rigidity [32], depletion of essential metabolites [33, 34] and suppres-
sion of oncogenes [35], could be involved the antiproliferative activity of IFN. The
IFN-inducible transcription factor IRF-1 (Tab. 12.1), which is involved in the ex-
pression of a number of IFN-inducible proteins, including 2’'-5’-OAS and PKR, is
also implicated as a tumor suppressor and regulator of proliferation rates [36, 37].
IFNs probably also induce apoptosis in some cells (see Chapter 8).

12.2.3.3 Immunomodulatory Activity

While direct antiproliferative activity of [FNs may form part of their antitumor
activities, the regulation of various immune responses by IFNs in vivo can also
be significantly involved in killing of tumor cells. IFNs upregulate immune re-
sponses mainly by increasing the expression of cell surface molecules, e.g. f8,-
microglobulin, class I and II MHC antigens, and immunoglobulin G (IgG) Fc re-
ceptor (FcR), crucially required for “immune” recognition [8, 38-40]. All types of
IFN variably stimulate increased expression of class I MHC antigens, but only type
IT IFN stimulates the de novo synthesis of class II MHC antigen, HLA-DR, required
for triggering both humoral and cell-mediated immunity [9, 41, 42]. Additionally,
the expression of cellular adhesion molecules, such as intercellular adhesion mole-
cule (ICAM)-1 [43, 44] and other cell surface marker molecules, e.g. 9-27/Leul3
[45, 46], is stimulated by IFN, particularly type II IFN. Type I IFNs also act on nat-
ural killer (NK) cells to increase their cytotoxicity against virally infected and tumor
cell targets [47, 48].

123
Measurement of Biological Activities of IFNs

12.3.1
General Considerations

It is evident from the preceding section that IFNs exert a range of biological activ-
ities, many of which are demonstrable in in vitro cell culture systems. Measure-
ment of an activity relies on the capacity of the system (assay) to respond to the
IFN in a concentration-dependent manner and the ability to make quantitative
measurements of the “responding” parameter, thus creating analyzable dose—
response data. Put another way, an IFN may be quantified “if an assay generates
a measurable parameter that reproducibly increases with increasing concentration
of IFN”. In general, measurements of activity made from such assays are of rela-
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tive activity or potency — the “strength’” in biological activity units — of a particular
test IFN preparation in relation to that of a reference preparation (standard) of the
same IFN, the potency of which has been preassigned. It is important for assay va-
lidity that the test IFN preparation behaves identically in the assay to the IFN stan-
dard. This is necessary to ensure that when the test and standard are compared in
the assay, any difference in measured response reflects only the difference in their
respective concentrations. However, with complex IFN protein molecules, even
identity between identically prepared and highly purified preparations can be diffi-
cult to attain/prove; they could contain different impurity and/or contaminant
levels. “Less pure” IFN preparations will always contain impurities and contami-
nants, e.g. other cytokines and endotoxin, which could, in theory, have effects on
IFN activity and, in practice, often do. Therefore, it is best if the measured param-
eter is exclusively related to IFN concentration. Where this is not possible, steps
to evaluate and then minimize the “interference” due to contaminants should be
taken.

12.3.2
Biological Standards for IFNs

It is evident that well-characterized, representative IFN preparations (standards),
which are available in the long term, are required to calibrate the biological assays
used to quantify the potency of test preparations of IFNs. In addition, since biolog-
ical assays are inherently variable — they are sensitive to cell culture and general
assay conditions — such standards serve to qualify/monitor the performance of in-
dividual assays [49-51]. The WHO has for many years supported an international
program of research and development of biological standards for cytokines, includ-
ing human IFNs. This program has become of increasing importance with the
growing use of therapeutic IFN products in the clinic. The preparation of lyophi-
lized IFN standards in sealed glass ampoules took place at the Medical Research
Council (MRC) laboratories, UK, up until 1975; from then on, at the National In-
stitute for Biological Standards and Control (NIBSC), UK, and at the National In-
stitutes of Health (NIH) of the US and Japan [50]. With technological advances in
the production and purification of IFNs, the quality and purity of the IFN materials
going into IFN standards has improved markedly, with most standards now con-
taining highly purified recombinant IFNs [51]. Each candidate standard undergoes
extensive evaluation in WHO international collaborative studies involving the par-
ticipation of laboratories expert in the performance of bioassays for IFNs. Each par-
ticipant titrates the candidate standards in their own bioassays and sends assay raw
(dose—response) data back to the organizing institution for statistical analysis and
calculation of geometric mean potency. Subsequently, following receipt of the
study report and recommendations on the suitability of candidate standards to
serve as International Standards (ISs), the WHO, through its Expert Committee
on Biological Standardization (ECBS), has established ISs for many types and sub-
types of human IFN, together with some other animal IFN (Tab. 12.2) [51, 52].



12.3 Measurement of Biological Activities of IFNs | 347

Tab. 12.2. WHO ISs for IFNs

Preparation Product code Status Potency/ampoule (IU)
Human IFN

IFN-u leukocyte 94/7842 first 11000
IFN-z1 rDNA (E. coli) 83/5142 first 8000
IFN-01/8 rDNA (E. coli) 95/5722 first 27000
IFN-02a rDNA (E. coli) 95/6502 second 63000
IFN-02b rDNA (E. coli) 95/5662 second 70000
IFN-02c rDNA (E. coli) 95/5802 first 40000
IFN-om1 lymphoblastoid 95/5682 second 38000
IFN-on3 leukocyte 95/5742 first 60000
IFN-uconl rDNA (E. coli) 94/7862 first 100000
IFN-o rtDNA (CHO cell) 94/7543 first 20000
IFN-p, glycosylated, rDNA (CHO cell) 00/5722 third 40000
IFN-B, Ser17, rDNA (E. coli) Gxb02-901-535P first 6000
IFN-y rtDNA (E. coli) Gxg01-902-535P second 80000
Murine (mouse) IFN

IFN-o/f Gu02-901-511> second 10000
IFN-o Ga02-901-511 first 12000
IFN-B Gb02-902-511P first 15000
IFN-y Gg02-901-533P first 1000
Rabbit IFN

IEN-o/ G-019-902-528 first 10000
Chick IFN

IFN-§ 67/18 first 80

aThese international standards are available from NIBSC, Blanche
Lane, South Mimms, Hertfordshire EN6 3QG, UK.

bThese international standards are available from The Research
Resources Branch, National Institute of Allergy and Infectious
Diseases, NIH, Bethesda, MD 20205, USA.

These WHO ISs are the result of considerable effort to prepare and establish ap-
propriate biological reference materials for particular IFN types and subtypes and,
therefore, represent a valuable resource. ISs, as primary standards with potency as-
signed in International Units (IU), should be used to calibrate working standards
(in-house or national standards), which are well-characterized and as close as pos-
sible in purity and form to the IS (see Box 1). The latter can then be used to cali-
brate further assays, so preserving the stock of the primary IS [49-51].

Although a reasonably extensive range WHO ISs for human IFNs now exists
(Tab. 12.2), it has not been practicable to prepare an IS for every molecular species
of human IFN, e.g. for each of the 12 IFN-x subtypes. Where an IS for a particular
IFN is not available, e.g. for human IFN-06, calibration of working standards (for
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Box 1

That the IS and the working standard contain identical or very similar IFN is necessary for
compliance with the central tenet of biometric validity of assays, which states: “When two or
more IFN preparations are being compared, they must behave identically in the assay for the
assay to be truly valid”. In this case, where the IS serves as primary reference preparation, the
working standard must behave as if it were a more concentrated or more dilute solution of
the IS preparation. Stated differently, if like is compared with like in the same assay system,
under the same conditions, then any difference in the measured response from the assay
system should reflect only the difference in concentration. Dose—response lines for the IS
and the working standard must be parallel for biometric validity [53]. Usually, the IS and
working standard are compared in assays performed on at least five separate occasions
and the geometric mean potency of the working standard, expressed in IU, assigned to it
[54]. The working standard should then be used to routinely calibrate all further assays to
estimate the potency in IU of IFN preparations containing the same IFN as the working
standard. [It has to be emphasized that the potency of IFN cannot be expressed in molar con-
centrations or mass units since molarity/mass is a measure of the physical quantity of material
and, thus, does not reflect its biological activity. For example, the potency of an IFN preparation
held under different conditions may vary significantly as a function of time without any change in
molarity/mass. It is imperative therefore to express potency in U of biological activity.]

IFN-06) should be made with the IS for the human IFN preparation to which IFN-
o6 shows most similarity. In this case, an IS for a single human IFN-o subtype, e.g.
IFN-u2b, should be chosen and not one for a mixture of IFN-u subtypes, e.g. leuko-
cyte IFN [51, 54, 55]. The converse will be true when establishing a working stan-
dard for a leukocyte IFN preparation. The availability of ISs for animal IFNs is cur-
rently limited to a few species (Tab. 12.2).

1233
Practical Considerations for IFN Preparations

There are many ways in which IFN preparations are presented for potency testing.
Variation can occur not only in the type of IFN, but also in the constituents of the
solution in which IFN is present. Clinical-grade or commercially supplied, highly
purified IFN products are usually formulated in simple buffered salt solutions,
which may contain excipient protein, e.g. human serum albumin (HSA), to stabi-
lize IFN activity, or as a “bulking agent” for lyophilization [51]. In contrast, IFN
preparations/samples obtained from stimulated cell cultures or clinical samples,
including sera, plasmas, cerebral spinal fluid, bronchial lavage fluids, etc., are gen-
erally more complex. Often the IFN present will be in low concentration, may be
comprised of a mixture of IFN types and/or subtypes, and contain other cytokines
and substances which have modulating effects on the sensitivity and performance
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of assays. Serum samples for example may contain substances that act additively or
synergistically with IFN, or interfere with assay responsiveness in general.

Lyophilized IFN preparations, including WHO ISs for IFN and clinical grade
therapeutic IFN products, have demonstrated long-term thermal stability of their
activity [49, 51]. However, once reconstituted, the resultant solutions of these IFN
preparations and those other preparations maintained in liquid solutions are not
guaranteed to maintain their full activity, especially at temperatures above 20 °C
(room temperature). Generally, any potential loss of activity is prevented by storing
IFN solutions as frozen liquid, preferably in small aliquots, at —70 °C. For exam-
ple, for a working standard of IFN, a suitably large volume should be subdivided in
appropriately sized aliquots and frozen at —70 °C, thus maintaining a plentiful
stock for future continuous use. Since most IFN are hydrophobic proteins that
can adsorb to unsiliconized borosilicate glass surfaces and therefore activity can
be lost in this way, plastic containers or siliconized glass containers are recom-
mended for storage. Alternatively, adsorption may be prevented by adding a
strongly hydrophobic protein, such as bovine casein [56].

A major problem with clinical grade IFN products from an assay point of view is
that they are very highly potent. Their potencies are usually 1 MIU or greater and
therefore they require considerable dilution before titration in assays. The accuracy
of the IFN potency determination is therefore subject to the accuracy with which
the off-plate dilution can be made. This may involve several 10-fold dilution steps.
Appropriate volumes of dilution medium, normally cell culture medium contain-
ing bovine serum, should be chosen and dilution at each stage carried out with mi-
cropipettes calibrated for precise delivery of the dilution volume [54, 55]. At the
other end of the scale, samples of body fluids such as sera often contain very low
concentrations of IFN. Here, dilution of sample may reduce the already low IFN
concentration to below the detection limit of the assay. However, if no dilution is
made, the constituents in the sera probably will interfere with the performance of
the assay. Thus, potency estimations of IFN activity in such samples remain “‘chal-
lenging” to the IFN assayist.

12.3.4
Antiviral Assays

A wide variety of mammalian cell lines has been established in culture. The use
of empirical approaches to determine sensitivity to IFNs and susceptibility to infec-
tion by viruses has enabled researchers to choose those combinations of cell line
and virus that are suitable for the development of antiviral assays [52, 54, 55, 57].
Experience has shown that several adherent human and other mammalian cell
lines yield, when coupled with a suitable “challenge” virus, highly sensitive antivi-
ral assays (Tab. 12.3). However, it is worth knowing that many tumor-derived cell
lines have defective IFN response systems, probably resulting from deficiencies in
known effector molecules in the IFN-stimulated signal transduction pathway, e.g.
lack of TYK-2 in a mutant adenocarcinoma cell line [58] or lack of STAT-1 and -2,
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Tab. 12.3. Antiviral assay cell/virus combinations

Cell line Virus IFN

Madin-Darby bovine kidney Vsv human, bovine, etc: type I [FN-«
(MDBK)

Human lung carcinoma (A549) VSV or EMCV human: types I, II, and III

Human amniotic cell line
(WISH)

Human hepatocyte carcinoma
(HepG2)

Human larynx carcinoma
(Hep2)

Human foreskin diploid
fibroblast (FS4, MRC5)

Human amnion-derived (FL)

VSV, EMCV, SEV or
SINV

EMCV or VSV
EMCYV, VSV or MV

VSV, EMCV or MV

VSV, EMCV, MV or

human: types I and II (not III)

human: types [, II, and III

human: types [, II, and III

human: types I and II (not III)

human: types I and II (III not

SINV tested)
Human glioblastoma cell line EMCV human: types I and II (not III)
(2D9)
Human glioblastoma cell line EMCV human: types I, II and III
(LN319)
Murine fibroblastic cell line VSV or EMCV murine: types I and II

(1929)

and p48 (IRF-9) in certain melanoma cell lines [59]. In addition, cell lines such as
HEK 293 [60] which express adenoviral E1A (normally required for early adeno-
viral transcription) are resistant to IFN since E1A reduces p48 (IRF-9) and seques-
ters p330/CREB-binding protein (CBP) required for transcriptional activation
through STAT-2 [11]. In other cases, the underlying deficiencies responsible for de-
fective IFN responses remain unknown [61]. Such cell lines are weakly protected
from lysis by viruses such as VSV and EMCYV, even in the presence of relatively
high concentrations of IFN ([61, 62] and Meager, unpublished), and are thus un-
suitable for antiviral assays. In a recent study [6], it was shown that, excluding
those with the known defects in IFN responsiveness, about 20 human cell lines
were responsive to type I IFNs, but only about a third of those to type III IFNs
when the same challenge virus, EMCV, was used. Since type I and III IFNs appear
to stimulate the same JAK-STAT signaling pathway [3-5] (see Chapter 6), lack of
type III IFN receptors seems the most likely explanation for unresponsiveness, al-
though this has yet to be confirmed. Alternatively, the establishment of the antivi-
ral state by type I IFNs may require additional signaling pathways not found, or
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not stimulated, in those cell lines unresponsive to type III IFNs [6]. Overall, type
IIT IFNs appeared to act more weakly in inducing antiviral activity to type I IFNs,
even in cell lines that were most responsive to type III IFNs [6].

For all antiviral assays, there is a requirement to quantify the inhibitory activity
of IFN on viral propagation or replicative processes. Several “read-out” parameters,
including reduction of virus yields, reduction of viral cytopathic effect (CPE), re-
duction of viral plaque formation, reduction of viral protein or RNA synthesis,
etc., are amenable to quantification [54, 55, 57, 63]. The virus yield reduction assay
[54, 55, 57, 63, 64], which involves infectivity (plaque) assays of virus progeny ob-
tained from cells treated with each serial dilution of IFN, can be informative and
quantitative, but is tedious, cumbersome and expensive to perform. Reduction of
expression of viral antigens in [FN-treated cells may also be measured by immuno-
assays [65, 66]. However, for practical reasons, most antiviral assays now involve
the more straightforward procedure of measuring the capacity of IFN to protect
cells against the CPE of a lytic virus over a range of IFN concentrations 54, 55,
57, 63, 64, 67]. This type of antiviral assay is commonly known as the CPE reduc-
tion (CPER) assay. The basic procedure for carrying out a CPER assay is outlined
in Box 2. The staining methods used to process CPER assays are by no means pet-
fect; they require washing steps that often remove cells and which might have an
adverse impact on dose-responses. Direct addition of chemical reagents that are
converted by cellular activities to colored products can overcome this potential
problem. The classical example of this is the metabolic reduction of tetrazolium
salts such as MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide)
in viable cells to a colored (purple) formazan product [68]. More recently, MTS
(3-[4,5-dimethylthiazol-2-yl]-5-[ 3-carboxymethoxyphenyl]-2-[4-sulphophenyl]-2H-
tetrazolium, inner salt) [69], a tetrazolium salt that is taken up by live cells and
which, in the presence of electron acceptors such as phenazine methosulphate or
menadione sodium bisulfite (soluble vitamin Kj3), is metabolically reduced to a sol-
uble red formazan product, has been preferred to MTT as the soluble formazan
diffuses out of cells into the medium in which its absorbance can be determined
at 492 nm after 1-2 h incubation at 37 °C without further interventions. In prac-
tice, the MTS method only works satisfactorily for cells that are efficiently killed by
the challenge virus, e.g. 2D9 by EMCYV, since if any live cells remain they will pro-
duce red formazan into the medium, i.e. a high background will be generated and
the dose-response line will be correspondingly shallow. However, it has been
shown that, with suitable virus and cell combinations, the MTS method of process-
ing antiviral assays gives as good as dose-response data as staining methods and
even better sensitivity ([71] and Meager, unpublished).

12.3.5
Antiproliferative Assays

Among the enormous number established cell lines that are grown in culture,
many are now known to be susceptible to the antiproliferative activity of IFNs
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Box 2

Basic stages of the CPER assay

e Wells of 96-well microtiter plates are seeded with sufficient numbers of cells of an adher-
ent, IFN-sensitive, cell line to form confluent monolayers.

e Serial dilutions of IFN preparations are incubated with the cells to induce the antiviral
state (usually requires overnight incubation).

e Cells are challenged with a cytolytic virus until maximum CPE (usually about 24 h re-
quired) is manifested in ‘“virus” control (no IFN added) cells; cells in the “cell” controls
(no virus added) should appear totally alive and healthy, whereas cells in the virus con-
trols should appear dead.

e At this stage, viable, IFN-protected cells are stained with a vital dye? to determine CPE
levels and, following spectrophotometric measurements of dye absorbance, readings are
plotted graphically to generate dose—response curves from which potency of IFN prepara-
tions in terms of units of antiviral activity may be calculated [54, 55].

aThe majority of CPER assays are still terminated by staining and fixing
cell monolayers. Several vital stains, i.e. those that stain only, or
preferentially, live cells, are available. The violet dyes, such as crystal or
gentian violet prepared as 1-2% solutions in 20% ethanol/PBS, are
often used for this purpose, but tend to be very messy [54, 63]. For this
reason, naphthol blue black (alternatively called amido black or amido
blue black) dissolved in sodium acetate/acetic acid buffer for staining,
followed by cell fixation with acidified formalin solution, is recommended
[55]. Some cell lines, e.g. Hep2 and A549, tend to give high back-
grounds in the “virus” controls because of the stickiness of dead cells.
These high backgrounds may affect the slope of the dose-response
lines and therefore adversely impact on the outcome of antiviral assays.
To avoid high backgrounds, cell lines such as human glioblastoma-
derived 2D9 [70], the dead cells of which are removed by washing/
staining, should be used.

[72]. There are, however, some notable exceptions such as normal diploid fibroblast
lines, which are virtually nonresponsive. Furthermore, the antiproliferative effects
are variable according to the type of IFN. Type I IFNs have been the most studied
of the IFNs regarding antiproliferative activity, which has been shown in a range of
primary, e.g. hematopoietic (myeloid) precursor cells [73], and transformed/tumor-
derived cell lines [72, 74-80]. Nevertheless, in most cases where antiproliferative
activity has been demonstrated, in comparison with the induction of antiviral activ-
ity, relatively much larger concentrations of type I IFNs are required. IFN-f has
usually been found to be more effective than [FN-« [6, 72, 74, 77, 78, 80]. However,
there are a few exceptional cases, such as the Burkitt’s lymphoma-derived B cell
line Daudi [81], which is highly sensitive to type I IFN; IFN-o has greater inhibi-
tory activity than IFN-$ in this case [30, 62, 72, 75, 82—-84]. In contrast, Daudi cell
proliferation is insensitive to inhibition by type II [83] and III IFNs [3, 6]. A typical
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Box 3

Basic stages of an antiproliferative assay using the Daudi cell line

e Type | IFNs are appropriately diluted in 96-well microtiter plates and Daudi cells?, ob-
tained from exponentially proliferating cultures, added to all wells at 80000 cells well ™
(8 x 10° cells mlI~T).

e After incubation at 37 °C for 3—-4 days, the cells are pulsed with [*H] thymidine at
0.5-1.0 uCi well™! for 4—6 h at 37 °C.

e Cells are harvested onto filter mats and uptake of [*H] thymidine determined by liquid
scintillation counting [83, 85].

e The data are represented as counts per minute (c.p.m.) for each well against the (log)
reciprocal dilution of IFN standard or test sample.

e Potencies of IFN are estimated from the antiproliferative dose-response lines of test
samples relative to that of the IFN standard.

3Although the Daudi cell line originated from a single source [81], there
are now numerous sublines, which may vary in sensitivity to IFN, used
in different testing laboratories. The sublines have probably arisen due
to nonuniform culturing methods and conditions. It should be noted
that probably most of these sublines are continuously secreting a range
of growth factors and cytokines, which is a feature of cultured B cells

[86].

antiproliferative assay protocol using Daudi cells is outlined in Box 3. While type II
IFN can have antiproliferative activity equivalent to or stronger than type I IFN in
certain cell lines ([41] and Meager, unpublished), only weak antiproliferative activ-
ity for type III IFNs has as yet been shown and in only one cell line [6].

While the Daudi cell line has proved very useful for antiproliferative assays, it is
evident that its proliferation may also be influenced by cytokines other than type I
IFN. Some of the older WHO ISs, e.g. 69/19, First International Reference Prepa-
ration for Human Leukocyte IFN (no longer distributed; see Tab. 12.2), were pre-
pared from rather crudely purified material and thus contain a range of cytokines,
e.g. IL-1p3, -6, -8, etc. Following titration of 69/19 in a Daudi antiproliferative assays,
it was observed that slope of the antiproliferative dose response line for 69/19 dif-
fered significantly from those of other IFN-o preparations, e.g. recombinant IFN-
o2a, that did not contain “cytokine contaminants” [51].

As alternatives to Daudi for antiproliferative assays, other suspension cell lines
that have proved useful include the human promyelocytic leukemia HL60 cell
line, the M1 myeloid cell line [31], and human megakaryocytic cell lines such as
Dami [87] and MEG-01 88, 89]. These cell lines are not growth factor dependent,
although their proliferation may be subject to autocrine regulation, e.g. by IL-6
[88]. In addition to these, there are, however, certain growth factor-dependent cell
lines, e.g. the human erythroleukemic TF-1 cell line [90] and the human mega-
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karyoblastic UT-7/EPO cell line [91], whose proliferation is inhibited by type I IFN.
For instance, the granulocyte macrophage colony-stimulating factor (GM-CSF)-
dependent proliferation of TF-1 is inhibited by type I IFN, thus providing the
basis for an “antiproliferative-type” assay [92]. Alternatively, erythropoietin (EPO)-
dependent proliferation of both TF-1 and UT-7/EPO is inhibited by type I IFN [91,
92]. Such assays have been termed “anticytokine bioactivity assays” by Mire-Sluis
et al. [92], but are essentially similar in format, performance and processing to
other antiproliferative assays. They would appear to be suitable for purified type I
IFN preparations, but their regulation by a variety of cytokines suggests that they
may be inappropriate for titration of “cytokine-containing” IFN preparations, e.g.
samples derived from stimulated cell cultures.

With regard to adherent cell lines, several glioblastoma-derived cell lines have
been shown to reasonably sensitive to the antiproliferative activity of human IFN-
f and to a lower degree to IFN-x [6, 74, 79], and thus may be suitable for develop-
ing antiproliferative assays.

12.3.6
IFN-inducible Protein Assays

12.3.6.1 Bioimmunoassays

In addition to antiviral assays and antiproliferative assays, several alternative bioas-
says based on the principle of detecting the expression of individual IFN-inducible
proteins by immunoassay have been developed. These assays are commonly re-
ferred to as bioimmunoassays — either cells in which the induced protein is
expressed are chemically fixed and the protein quantified by binding of protein-
specific antibody followed by anti-antibody—enzyme conjugate and substrate con-
version to a colored metabolite or the induced protein is extracted from cells and
quantified in a protein-specific immunoassay. The choice of IFN-inducible proteins
for bioimmunoassays includes cell surface proteins such as class I and I MHC
antigens [9, 39-41], and ICAM-1 and other cellular adhesion molecules [43, 44].
With the availability of specific monoclonal antibodies (MAbs) to these surface
antigens, it has been possible to develop bioimmunoassays that measure increased
binding of antigen-specific MADbs in response to IFN stimulation. For example,
dose-dependent HLA-DR induction by type II IFN in the human colon adenocarci-
noma cell line, COLO 205, has been demonstrated and has led to the development
of a novel enzyme-linked bioimmunoassay that utilizes anti-HLA-DR MAD as the
primary detection antibody [42]. Similarly, dose-dependent increased expression of
f,-microglobulin, the common component of class I MHC antigens, by type I or
type II IFN may be quantified by bioimmunoassay in the human lung carcinoma
cell line, A549 [66], or in the vascular endothelial cell xA549 hybrid cell line, EA-
hy926 [93] in which f,-microglobulin expression was found to increase over a wide
range of IFN concentrations, with highest sensitivity to type II IFN (Fig. 12.2)
(Meager, unpublished). Additionally, IFN-mediated upregulation of expression of
cellular adhesion molecules such as ICAM-1 and vascular cell adhesion molecule
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(VCAM)-1 [44] or the 17-kDa 9-27/leul3 expression [45] could be considered for
bioimmunoassay development. Although bioimmunoassays have the advantage of
not requiring viruses (as for antiviral assays), the basal level of expression of cell
surface antigens can be relatively high and variable leading to problems with repro-
ducibility. Another significant drawback is that, like most other biological assays
for IFN, they often lack specificity, i.e. they may respond to all types of IFN and,
in some instances, to other cytokines, such as IL-1 and tumor necrosis factor
(TNF)-o [44].

As alternatives to cell surface antigens, use has been made of IFN-induced intra-
cellular proteins for developing bioimmunoassays. Protein Mx (mouse) or MxA
(human) is just one of several “antiviral” proteins induced by type I and III IFNs;
it mediates antiviral activity, especially against ortho- and paramyxoviruses and
bunyaviruses [6, 17, 22-24]. In susceptible cell lines, protein Mx/MxA is induced
relatively quickly after IFN stimulation and persists for many hours thereafter. Al-
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Box 4

MXxA assay procedure (after [97])

o A549 cells are seeded into wells of 96-well microtiter plates to form semi-confluent mono-
layers after overnight incubation at 37 °C.

Serial dilutions of IFN are prepared in culture medium in separate microtiter plates and
then transferred to A549 cell assay plates for a further 24-h incubation at 37 °C.

Following which culture medium is removed, cells are lysed with a “lysis” buffer and
plates with lysates frozen at —70 °C.

Thawed lysates are added to wells of ELISA plates coated with anti-MxA antibody, incu-
bated for 2 hr with “detector” biotinylated anti-MxA antibody, washed, incubated for 1 h
with streptavidin-horseradish peroxidase conjugate, washed and TMB (3,3',5,5'-
tetramethylbenzidine dihydrochloride) substrate solution added.

Following color development in the ELISA, the enzyme reaction is terminated with 2 M

sulfuric acid and absorbances in wells read spectrophometrically at 450 nm.

though it has GTPase activity [94], it is more readily measured by ELISA or chemi-
luminescent immunoassays using specific MAb reagents [95, 96]. A sensitive bio-
immunoassay for type I IFN based on induced expression of MxA in human A549
cells has been developed by [97]. An outline of the procedures used for this bio-
immunoassay is given in Box 4. In contrast to many other bioimmunoassays for
IFN, this MxA-based bioimmunoassay is reported to have low background, a wide
dynamic range and to be unaffected by other cytokines [97]. Although the A549
cell line from the American Type Cell Collection (ATCC) is highly responsive to
type I and, to a lower degree, to type III IFNs, not all “A549” cell lines in laborato-
ries around the world, especially those at high serial passage levels, produce suffi-
cient MxA for the ELISA. In a recent survey [6] of human tumor-derived cell lines,
a glioblastoma cell line, LN319, was also found to be suitable for the type I/III IFN-
induced MxA bioimmunoassay, as illustrated in Fig. 12.3. Such bioimmunoassays
have been readily adapted to the measurement of anti-type I IFN neutralizing anti-
bodies ([98]; see also Chapter 13).

12.3.6.2 Enzyme Expression and Reporter Gene Assays

In a few instances, the enzymatic activity of IFN-inducible enzymes, e.g. 2-5A syn-
thetase, PKR, RNase L and MxA GTPase, can be directly measured and form the
basis of bioassays. For example, a bioassay for IFN-o has been developed based on
induction and quantification of 2—-5A synthetase; this bioassay is reportedly much
less sensitive to IFN-# and type II IFN or IFN-y [99]. In contrast, type II IFN spe-
cifically induces the enzyme indoleamine 2,3-dioxgenase (IDO), which converts
L-tryptophan to N-formyl kynurenine (NFK). Thus, a type II IFN-specific bioassay
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of protein MxA to IFN concentration in the ELISA after 24 h incubation. Note the weaker
human LN319 glioblastoma cell line [6, 111]. effectiveness of the IFN-4s compared with IFN-
Two-fold serial dilutions of IFN-u2b, -8, -A1 u2b or -f in stimulating MxA synthesis.

and -12 were titrated in duplicate, and MxA

has been developed based on measurement of kynurenine, the hydrolyzed product
of NFK, in the IFN-y-stimulated human glioblastoma cell line, 2D9 [70]. However,
a significant drawback of such bioassays is that they require several manipulations
for quantification of the enzyme product to be performed.

The emergence of recombinant DNA technologies has permitted the now readily
achievable preparation of hybrid DNA sequences containing IFN-inducible pro-
moters coupled to encoded well-characterized “immunoassay”’ enzymes, such as
luciferase, alkaline phosphatase or horseradish peroxidase; their enzyme products
are more easily measurable than the [FN-inducible enzymes cited above. The con-
struction of reporter gene assays is dependent on the stable transfection of IFN-
responsive cell lines with DNA plasmids containing IFN-inducible promoters
coupled to encoded enzymes and selectable markers, e.g. for neomycin or puromy-
cin resistance. Once a stably antibiotic resistant cell line has been created, it forms
the cell substrate for IFN-mediated activation of plasmid-encoded IFN-inducible
promoter-driven enzyme synthesis (Fig. 12.4). In theory, the enzyme concentration
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and TYK-2 tyrosine kinases associated with plasmids and are fused to enzyme genes, such
receptor endodomains. Subsequent as luciferase or SEAP. Binding of the
phosphorylation of endodomains leads to transcription factor complex to these plasmid-
recruitment of STAT-1 and -2, phosphorylation  encoded IFN-inducible promoters leads to
and dimerization of STATs, followed by their synthesis of enzyme mRNA and enzyme
translocation into the nucleus. There, STATs protein, the latter being quantified by addition
combine with another DNA-binding protein, of appropriate substrates. (This figure also
IRF-9 or p48, and this transcription factor appears with the color plates.)

in the cells or, following secretion from the cells, in the culture medium is directly
proportional to the IFN concentration used to stimulate cells. Therefore, quantita-
tive assays based on this concept should be achievable, and could offer improved
assay simplicity, selectivity and reliability [100-102].

In the first described reporter gene assay, the mouse Mx promoter was linked to
the human growth hormone (hGH) gene and this hybrid DNA used to transfect
the African Green monkey cell line, Vero [100]. The hGH that accumulated in
type I IFN-stimulated, transfected Vero cells was measured by a hGH-specific ra-
dioimmunoassay and therefore this particular reporter gene assay has something
in common with bioimmunoassays (Section 12.3.6.1). However, substitution of
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the hGH gene with the firefly luciferase gene provided a more direct readout sys-
tem in Vero cells [102, 103]. The luciferase activity accumulated in type I IFN-
stimulated transfected Vero was determined following cell lysis in the presence of
protease inhibitor aprotinin, addition of a luciferase assay reagent (luciferin) and
measurement of luminescence in a luminometer [102]. A linear dose-response re-
lationship was found between 1 and 16 IU ml~! for IFN-B. The transfected cells
did not respond to type II IFN (IFN-y) or a number of other cytokines. A trans-
fected A549 cell line expressing luciferase driven by type I IFN-inducible protein
M=xA (generously provided by Dr. G. Adolf, Bender and Co., Vienna, Austria) has
also provided a sensitive bioassay for type I and III IFNs, which can be completed
in only 6 h from the point of addition of IFN ([6] and Meager, unpublished). How-
ever, special white microtiter plates with shielded wells are needed for low back-
grounds and prevention of well-to-well crosstalk and, due to the use of relatively
expensive reagents, can be less economical to perform than many other bioassays
for IFN. Similar reporter gene assays have also been developed for mouse IFN
[101], e.g. using the mouse L-M cell line transfected with Mx promoter—luciferase
gene hybrid DNA (generously provided by Dr G. Adolf) (Meager, unpublished). A
protocol for this type of reporter gene assays is illustrated in Box 5.

Cell lines stably transfected with IFN-inducible promoter sequences linked to the
secreted alkaline phosphatase (SEAP) gene [104] provide useful alternatives to luci-
ferase (Fig. 12.4); however, but, since in these assays SEAP slowly accumulates in
the cell culture medium (without phenol red to avoid interference in color develop-
ment), they take longer (24-48 h) to complete. Advantageously, however, p-
nitrophenylphosphate (NPP), the SEAP substrate, may be directly added to wells,
leading to the production of yellow product within 30-60 min. Color development
may be terminated with 3 M sodium hydroxide and absorbances measured at 405
nm in an ELISA reader. Our experience of such SEAP-based reporter gene assays
suggests they are much less sensitive than those based on luciferase (Meager, un-
published), although they have proved highly reproducible for both type I and III
IFNs [6]. This lower sensitivity may be turned into an advantage for highly concen-
trated IFN preparations in that far fewer “off-plate dilutions” will be required to
generate dose—response lines than for ultra-sensitive reporter gene assays or anti-
viral assays (see Section 12.3).

In another example of a reporter gene assay, cells of a human glioblastoma cell
line were stably transfected with a glial fibrillary protein (GFAP) promoter linked
to a lacZ (Escherichia coli f-galactosidase) reporter gene [105]. In contrast to in-
creased expression of luciferase or SEAP, GFAP is normally constitutively pro-
duced and the transfected cells respond to IFN acting in an inhibitory manner,
leading to dose-dependent reduction of f-galactosidase activity. Levels of p-
galactosidase were determined by conversion of an added fluorophore to a product
readily estimated by fluorimetry. This reporter gene assay was most sensitive to
IFN-o, then to IFN-f and least sensitive to type II IFN (IFN-y); of other cytokines
tested, only TNF-o induced an appreciable change in f-galactosidase expression
[105].
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Box 5

CPS

Protocol for reporter gene assay with MxA-luciferase transfected A549 cells

For this assay, A549/93D7 cells are seeded at 5 x 10> ml~" in 100 pl well~" colorless Dul-
becco’s modified minimal essential medium (DMEM) supplemented with 10% heat-
inactivated fetal calf serum (FCS) in white 96-well culture plates (special white microtiter
plates with shielded wells are required for low backgrounds and prevention of well-to-well
crosstalk) and incubated overnight at 37 °C.

The culture medium is removed and 100 pl well~" of DMEM culture medium containing
2% heat-inactivated FCS added to the wells.

Serial titrations of human type | IFNs are performed in the wells and plates returned to
the incubator.

After 6 h, 100 pl of LucLite reagent? (PerkinElmer Sciences) is added per well according to
the manufacturer’s instructions.

The plates are sealed (Topseal adhesive) and dark adapted before measuring lumines-

cence using a luminometer.

2Luciferin is converted to adenyl-luciferin by luciferase in the presence
of ATP. Adenyl-luciferin reacts with molecular oxygen to emit light and
produce adenyl-oxyluciferin. The emission of light is usually extremely
short and this originally imposed a significant limitation since only one
assay plate could be handled at a time. However, several substances
have been identified that modify the enzyme reaction to produce a
long-lasting light emission. These substances have been combined with
luciferin and developed as commercially available reagents, e.g. LucLite
(Perkir Elmer).
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12.3.7
Assays Based on Intracellular Signaling Intermediates

All type I IFNs, IFN-o, -8, -¢, -k and -o, bind to a common receptor of the class II
cytokine receptor category comprised of two chains, IFN-aR1 and -aR2, whose
endodomains are associated with JAK-1 and TYK-2 protein tyrosine kinases, re-
spectively (Fig. 12.1) [10, 11]. Type I IFN binding induces aggregation of receptor
chains, bringing JAK-1 and TYK-2 together to cause their activation. Activated JAK-
1 and TYK-2 then phosphorylate receptor chain endodomains on specific tyrosine
residues, which leads to the recruitment and phosphorylation of transcription fac-
tors designated STATS, in this case STAT-1 and -2, causing their dimerization. In
combination with an accessory p48 DNA-binding protein (IRF-9), STAT-1:2 hetero-
dimers translocate to the nucleus and bind to a common nucleotide sequence des-
ignated the “ISRE” of type I IFN-inducible genes [10, 11, 106]. This signaling “cas-
cade” may be exploited for the design and development of quantitative assays of
IFN activity. Various individual stages in such cascades are amenable to quantita-
tive measures of activation, e.g. receptor endodomain phosphorylation by determi-
nation of phosphotyrosine residues, phosphorylation of intracellular proteins and
STAT cytoplasm—nuclear translocation.

The first type of assay that may be applied to this signaling cascade is the so-
called kinase receptor activation (KIRA) assay [107, 108], in which specific phos-
photyrosines present in the activated receptor endodomains are quantified. As de-
picted in Fig. 12.5, it utilizes two separate microtiter plates — one for growth factor/
cytokine stimulation of receptor-bearing intact cells, and the other for receptor cap-
ture and phosphotyrosine ELISA using antibodies that recognize phosphotyrosine
(Fig. 12.5). In principle, the KIRA assay format has potential as a rapid and specific
bioassay for type I IFN potency determinations. However, type I IFN receptor
numbers per cell are frequently low and there might therefore be insufficient P-Y
residues for a strong signal-to-noise ratio, necessary for manifestation of quan-
tifiable dose-responses, to be achieved. Possibly, the paucity of receptors could
be overcome by transfecting cells with plasmids that constitutively express, or
overexpress, specific receptor chains, although this would be more difficult to
accomplish since IFN receptors are comprised of two or more chains [1, 2, 7,
12].

A second type of assay that would measure the phosphorylation of intracellular
proteins by specific antibody reagents could be set up in a similar manner to KIRA
assays. Such assays have been designated phosphospecific antibody cell-based
ELISA (PACE). PACE has the advantage that, following direct permeabilization of
cells, the ELISA steps may be performed in the same microtiter plate. At this point
in time, however, it is not clear how applicable PACE for IFN determinations
would be.

Following IFN stimulation STATs are phosphorylated, dimerize and then
translocate to the nucleus (Fig. 12.1). The process of translocation is detectable
and quantifiable, and thus can provide the basis of an assay. For example, plated
cells are incubated overnight, stimulated with IFN, and fixed and permeabilized
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Fig. 12.5. Schematic flow diagram of the KIRA addition of biotinylated anti-P-Tyr MAb (step

assay. Receptor activation is triggered by 4), followed by addition of streptavidin

growth factor (GF) binding resulting in peroxidase conjugate (step 5), addition of
autophosphorylation of tyrosine residue(s) peroxidase substrate (TMB; step 6) with

in the receptor endodomain (step 1). Follow-  appropriate washings between steps. Following
ing a brief incubation, cells are lysed (step 2)  color development and termination of enzyme
and lysates transferred to an ELISA plate activity with 2 M sulfuric acid, absorbances are
coated with anti-receptor MAb (step 3). read at 450 nm (step 7). (This figure also
Phosphorylated receptor is quantified by appears with the color plates.)

between 0.5-1.0 h later. STAT complexes are stained by a primary anti-STAT
antibody followed by a secondary fluorescent antibody and Hoechst 33342, which
defines the nuclear—cytoplasmic boundary. Using a cytoplasmic—nuclear trans-
location algorithm and Array Scan II Technology (Cellomics) to compare IFN-
stimulated with untreated cells, STAT translocation into the nucleus can be
quantified (Dr Stephen Indelicato, Schering-Plough, personal communication).
Although the hardware involved is sophisticated and expensive, assays based
on STAT translocation have shown great promise for high throughput and
precision.
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12.3.8
Assay Design and Data Analysis

The majority of assays reviewed in the preceding sections are based on cell cultures
evenly distributed in 96-well microtiter plates. However, the introduction of un-
toward biases resulting from, for example, uneven cell distribution, “nonuniform-
ity” of wells of 96-well microtiter plates and defects in the precision of delivery of
multichannel micropipettes can contribute to variable responses across plates. In
some cases, the outer wells of 96-well microtiter plates give responses significantly
different from inner wells, either due to uneven spraying of wells in manufacture
or due to exposure of cells in these outer wells to more rapid fluctuations in tem-
perature and pH. Experience in my laboratory [109] has shown that, even if wells
in columns 1 and 12 are excluded, titrations performed in the wells of columns 2
and 11 are still more likely to produce results that are “outliers” than columns 3—
10. For example, if wells in columns 2 and 3 are used as duplicates, the responsive-
ness of cells to IFN can often be higher in column 3 compared with column 2. The
untoward variations in response at the plate edges has led some investigators to
use only the inner 60 wells for titrations, even though this means usually fewer
samples can be titrated on each plate and that the number of serial dilutions of
each sample may be more restricted.

The likely manifestation of “plate effects” can have an impact on decisions re-
garding positions of samples and standards. Ideally, when several preparations are
tested they should be titrated on several plates such that the positions of individual
samples relative to the standard are varied. The position of the standard can also
influence results and therefore this should be varied too. For instance, an interna-
tional study to assign potencies to TNF-o preparations found that designs in which
each preparation is tested on several plates in any assay with independent serial
dilutions of the preparation on each plate generally gave more accurate and repro-
ducible estimates of potency [109]. Complete randomization of samples in terms
of plate positions is usually not feasible, but efforts should be made to carefully de-
sign assays to permit more valid use of classical methods of analysis. One way of
checking intra-assay variability and thus the validity of results in each assay is, us-
ing independent dilutions, to titrate one preparation twice, e.g. as coded duplicates,
say B and G where G is identical to B except for code. The ratio of the potency of B
to that of G should approach 1.0. Large deviations from 1.0 indicate that biases
have been introduced or occurred in the assay and may compromise its overall
validity.

As far as is possible, samples of different IFN types should not be run in parallel
in the same assay and, especially, not together on the same microtiter tray. Assay
results will only be valid when “like” is compared with “like” and the dose—
response curves are parallel [50, 53]. In general, the measured response parameter
for each dilution of a preparation titrated in an assay is plotted graphically (nor-
mally on the y-axis) to generate dose—response curves. They are frequently sigmoi-
dal in shape with only the “middle” portion forming the linear part of the curve.
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Fig. 12.6. Graphical plot of sigmoidal log of one preparation which gives the same
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IFN preparations that behave similarly in an the other, i.e. the horizontal distance between
antiviral assay. The potency of one preparation the linear part of the curves B-C (standard)

to the other is represented by the amount and b—c (test preparation).

The slopes of these linear portions for two or more preparations of the same IFN
(identical in molecular structure) should be parallel such that the displacement, i.e.
horizontal distance, between two linear portions represents the relative potency of
one preparation to another (Fig. 12.6). If, in the example given in Fig. 12.6, B—C is
the linear portion of the dose—response curve of the IFN standard and c-b that of a
test preparation, then the horizontal distance (displacement) between the two lines
is a measure of their relative potencies. This distance may be computed at several
points on the lines and interpolated as a value in International Units per milli-
liter (IU ml~!) for the test preparation from the assigned potency of the standard.
For many assays, raw dose—response data are transformed to generate log dose
(transformed)-response lines to yield as extended a linear range as feasible. Esti-
mates of relative potency are then obtained as the displacement of parallel log
dose-response lines. Potency estimates of the same preparation titrated on several
different microtiter plates can then be combined as geometric means and compar-
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isons among them made using analysis of variance of the logs of the estimates
[110].

For most graphical plots of dose—response data, it is also possible to define an
endpoint. This is frequently taken to be the 50% point of measurements of the re-
sponse parameter that lies in the range or scale of measurements spanning empir-
ically determined positive and negative controls. For example, in the CPER assay
(Section 12.3.4) the positive “cell control” (no IFN, no virus) will generate the
highest absorbance reading and the negative “virus control” (no IFN, plus virus)
the lowest reading. The dilution of IFN that generates the 50% endpoint between
these two readings is directly related to the potency of the preparation, which may
be expressed in Laboratory Units per milliliter (LU ml~!) [54]. Using the 50% end-
point on the dose-response curve of the standard allows its potency to be given in
LU ml™! and also gives a measure of how sensitive the assay is - if the potency in
LU ml~! is less than its assigned potency in 1U ml~!, then the assay is of lower
sensitivity than if the converse, i.e. more than its assigned potency, were found.
Once the potency of the standard has been estimated in LU ml™, it is possible to
calculate the potency of other IFN preparations by multiplying the ratio of the po-
tency of the test preparation in LU ml™! to that of the standard in LU ml~! by the
potency of the standard in IU ml~' [54]. For example, if in a particular assay the
potency of a standard of assigned potency of 5000 TU ml~! is 10000 LU ml~! and
that of the test preparation 20000 LU ml~!, then the potency of the test prepara-
tion is 20000/10 000 x 5000 = 10 000 IU ml~!. While this type of endpoint analy-
sis is readily applicable to most graphically plotted assay data and provides a sim-
ple means for potency calculation, there can be some shortcomings that make it
less reliable than the parallel line displacement method of analysis. For instance,
the maximum (cell control) and minimum (virus control) readings may vary signif-
icantly from plate to plate; the readings on individual dose—response curves may
variably approach, but not exceed, the maximum and minimum readings, or may
variably exceed these at one end of the scale or both ends. Translated this means
that the 50% endpoint determined from individual dose—response curves may not
correspond to the 50% endpoint between the maximum and minimum readings,
leading to untoward errors and biases in potency estimates. Furthermore, parallel-
ism of dose—response curves is not determined, leaving open the question of bio-
metric validity of results.

12.4
Regulatory Landscape

Both historically and by definition, IFNs have been characterized by their antiviral
activity. Biological assays that measure antiviral activity were thus chronologically
the first to be developed and have been widely used and accepted by regulatory
agencies for potency testing of therapeutic IFN products. The assigned potencies
in IU of all WHO ISs of IFNs were derived from data derived from antiviral assays.
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Although the assays described based on the induction of other characteristic IFN
activities, e.g. antiproliferative activity and inducible protein expression, have been
shown to be valid for potency determinations, generate results that can be highly
correlated with those generated by more “classical” antiviral assays, and may have
certain advantages with respect to precision, reliability and speed of performance,
there may be some resistance from regulatory authorities in accepting them for
clinical product characterization and assignment of potency values. This usually
stems from unfamiliarity with these novel assays, rather than from prejudices
held against them, and sometimes results in Regulatory Authorities asking for
data from both “classical” antiviral assays bioassays and any new assay used. In
some cases this may be initially justified, e.g. the results from a reporter gene assay
do not indicate the intended biological activity of an IFN for therapeutic purposes.
Nevertheless, if a strong correlation between potency in the reporter gene assays
and potency in a ‘“classical” antiviral assays bioassay is demonstrated when the
product is in preclinical evaluation studies, then acceptance of the reporter gene
assays data should follow for licensing and marketing authorization of product for
clinical investigations and treatments. Additional data from classical bioassays
should no longer be necessary.
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13
The Development and Measurement of
Antibodies to Interferon

Sidney E. Grossberg and Yoshimi Kawade

13.1
Introductory Perspective

Soon after the discovery of interferon (IFN), the use of polyclonal antibodies
(PAbs) to neutralize the ability of IFN to induce antiviral resistance in cultured
cells or tissue preparations made it possible to define the different major types of
IFN as o, ff and y, and to distinguish their animal species of origin [1-4]. The de-
velopment of monoclonal Abs (MAbs) led to the identification of epitopes or mo-
lecular domains that appear to play a vital role in achieving the effects of biologi-
cally active molecules through their binding to specific receptors, e.g. of human
IFN-2 [5], -B [6-8] and -y [9].

The growing recognition of Ab formation in patients administered biologically
active proteins derived from human genes by recombinant DNA technology for
the treatment of very different kinds of diseases has made these issues of immedi-
ate clinical concern. It is now appreciated that many patients can develop neutral-
izing Abs (NAbs) to such proteins, become resistant to therapy, and undergo
relapse. Inasmuch as an imposing amount of scientific literature has developed
about the development of Abs in patients receiving various forms of IFN-o and -,
this chapter will concentrate on the observations and problems revealed by experi-
mental, theoretical and clinical studies on the Abs to these type I IFNs. Although
the administration of anti-IFN-y Abs can prevent the occurrence of disease or alle-
viate its manifestations in animal models of inflammation, immunity, cancer,
transplant rejection and delayed-type hypersensitivity, a definitive use of IFN-y as
a clinically useful therapeutic agent remains elusive [10]. Some of the lessons
learned about Abs to IFN-o and -f may be applicable to other cytokines and thera-
peutic human proteins.

13.1.1
Immunological Perspective

The IFNs are self-antigens, i.e. they are protein or glycoprotein gene products nor-
mally found in the body of an individual. Although the adaptive immune response
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is a critical component of host defense against infection and, therefore, essential
for normal health under most circumstances, such responses can be elicited by
antigens in normal tissues or their products. Ordinarily, lymphocytes during their
maturation stages are screened in vivo for reactivity with self-antigens, and those
that do respond usually undergo apoptosis and are eliminated. The normal circum-
stance is the development of tolerance to self-antigens, such as the IFNs, resulting
in the failure to mount an immune response to such antigens. Abs, which are the
secreted form of B lymphocyte receptors, can functionally be divided into two cate-
gories — those that inhibit or neutralize biological activity and those that manifest
some degree of binding in an in vitro immunoassay, but fail to neutralize; the latter
are sometimes referred to as binding Abs, but are more properly designated as
non-NAbs inasmuch as all Abs bind to antigen [11].

Each B lymphocyte carries about 50 000 Ab molecules on its surface, specific for
a single epitope. The human immune repertoire contains hundreds of millions of
B cells, each potentially of different specificity. Ab-binding sites that can interact
with specific epitopes are formed by variable regions of the heavy and light im-
munoglobulin (Ig) chains, designated the hypervariable or the complementarity-
determining regions, that can recognize quite small areas on a sugar or protein,
e.g. a peptide containing between 5 and 8 amino acids, even though the mass of
an IgG molecule is 160 000. The typical immune response involves numerous B
lymphocyte clones, producing Abs having different specificities and affinities, and
resulting in a polyclonal response [11].

13.1.2
Antibodies to Self-antigens

Abs that react with a variety of self-antigens can occasionally be found in the serum
of normal, nonimmunized individuals and in patients suffering from infectious
and inflammatory diseases — so-called auto-Abs [12-18]. Prolonged, high-dose ther-
apy with self-antigens, in particular cytokines, hormones, growth factors or clotting
factors, can induce Ab formation that can inhibit or neutralize their desired thera-
peutic biological activities. The following examples are illustrative. In patients with
hemophilia, 20-40% treated with the clotting factor VIII can develop inhibitory
Abs [19]. The effect and pharmacokinetics of the hormone human insulin can be
altered by the formation of anti-insulin Abs [20, 21]. The treatment of anemia with
recombinant human erythropoietin in patients with chronic renal disease led to
the production of Abs that interfered with the therapeutic stimulation of erythropo-
esis, with potentially lethal consequences [22, 23]. Granulocyte macrophage colony-
stimulating factor (GM-CSF) therapy induced in a large proportion of patients Abs
that inhibited its therapeutic effects [24]. Other instances as well as the possible
factors and mechanisms involved have been discussed [25]. The development of
NAbs to IFN was first reported in 1981 in a patient being treated with natural
IFN-p for a nasopharryngeal carcinoma [26]. The large literature on the develop-
ment of Abs to IFN-¢ and -f in patients is summarized in Section 13.5.
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The term “neutralization” was introduced to describe the eradication by Abs of the
lethal or otherwise severe effects in animals of microbial toxins [27], of viruses [28]
and subsequently of toxins from a variety of other biological sources. The power
of a serum to neutralize quantitatively has usually been arbitrarily defined by the
nature of the test, i.e. the effect achieved in a particular biological system, either
in the intact animal, in an organ or tissue preparation, or in cells in culture. Such
highly specific PAbs nullified, inhibited or reduced, i.e. neutralized, the activity
of biologically active IFN molecules by interfering with the binding to the two-
component receptor for the type I IFNs, IFNAR-1 and -2, and for the type II (IFN-
y) receptor, IFNGR-1 and -2 [29]. More recently, the use of neutralizing MAbs has
made possible the determination of epitopes or domains of IFN molecules that
must interact with these receptors to achieve IFN’s diverse biologic effects (see Sec-
tion 13.4).

Neutralization by Ab depends upon (i) its ability to bind, (ii) the strength of its
binding (affinity) and (iii) the location of binding on the IFN molecule. The rela-
tionship is not stoichiometric (Section 13.2.2). The measure of neutralizing po-
tency of an Ab preparation is carried out in a biological assay most conveniently
performed in cells in culture, the varieties of which are described by Meager in
Chapter 12. Any cell culture system can be used for IFN Ab bioassay, provided
that the assay is suitably sensitive to IFN action — a very important factor (Section
13.2.4). The most commonly used quantitative IFN bioassays measure as endpoint
some degree of induced cellular antiviral resistance, the classical hallmark of IFN
action, or the amount of an induced host protein, e.g., MxA, a dynamin family
GTPase that has a role in antiviral resistance to influenza virus, a myxovirus [30,
31]. The most frequently used antiviral assays employ such cell-virus combina-
tions as A549 human bronchioloalveolar carcinoma cells and encephalomyocarditis
virus [32], or vesicular stomatitis virus or Sindbis virus in human WISH or
amnion-derived FL cells [33]. The measurement of the degree of antiviral effect
(usually to a 50% endpoint) by the uptake of a vital dye, and by the use of compu-
terized automated spectrophotometry and appropriate software to calculate the
endpoints, construct the curves, and evaluate statistically the data, can make the
results obtained entirely objective. Similarly, the amount of IFN-induced MxA
protein in a series of wells of A549 cells can be objectively measured by quantitative
immunoassay with potent anti-MxA ADb to achieve a 90% reduction endpoint |30,
31]; this bioassay has the advantages [34] of avoiding the use of viruses and being
somewhat more rapid. Other bioassays, e.g. by measuring the antiproliferative
effects of IFN [35], have not been widely used. As described in Chapter 12, an
appropriate endpoint is arbitrarily chosen for the IFN effect, in comparison with
controls, in the rectilinear portion of the typically sigmoidal dose-response curve
(Fig. 13.1), an endpoint which operationally defines one Laboratory Unit (LU) per
unit volume, since the dose-response curve is concentration dependent [36]. The
relative sensitivity of an IFN bioassay is measured by its relative ability (in LU)
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Neutralizing Antibody Titration

curves in a neutralization bioassay. Shown on
the left is the titration results in duplicate of
HulFN-g1a (Rebif), performed simultaneously
with the titration of NAb, shown on the right,
in a patient’s serum measured by the constant
IFN method. The bioassay is the objective,
cytopathic effect, naphthol blue black dye-
uptake procedure, utilizing A549 human lung
carcinoma cells and encephalomyocarditis
virus [32]. The 50% endpoint (median value
between the cell control and virus control
values), indicated by the broken line is taken to
be 1 LU mL™". The IFN target dose is 10

LU mL~" and the observed antigen dose
measured in the simultaneous IFN titration is
5.25 LU mL™". The absorbance values are
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Fig. 13.1. Characteristic dose-response determined in a spectrophotometric plate

reader, and the data then processed by a
computer program created by Leslie D.
Grossberg that provides the dose-response
curves, statistical analyses of different
parameters, calculation and final adjustment of
the titers (¢ values) according to the formula
t= f(n—1)/9 (see text), reportable as TRU
mL~" [38]. The t value of NAb in this serum
sample is logyo 3.74 or 5500 TRU mL~".

This example also illustrates the need for
adjustment by the above formula in the
circumstances not uncommonly encountered
where the target IFN dose and the antigen
dose actually measured are different, thereby
allowing the expression of titer by a well-
defined unit, i.e. TRU mL~.

to detect the unitage assigned in International Units (IU) to the homologous WHO
IFN International Standard (IS) Preparation [36, 37]. The analyses below (Section
13.2.3) always refer to the intrinsic sensitivity of the bioassay for the particular IFN
and not to measurement of Ab; IFN sensitivity importantly affects the results of Ab
testing. An assay can detect more activity than that assigned to an IFN IS by a fac-
tor of 2-3 (high sensitivity), or less activity by a factor of 5-10 (low sensitivity) [38].
Data on the sensitivity of the IFN bioassay should be provided in every report.

13.2.1
Neutralization Bioassay Design

To determine the neutralizing potency of an Ab preparation, be it MAbs or PAbs in
serum or other body fluids, two approaches can be used: (i) the constant IFN
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method, in which a chosen fixed concentration of IFN is mixed with varying dilu-
tions of Ab, and (ii) the constant Ab method, by which a fixed concentration of Ab
is mixed with varying concentrations of IFN. In both designs, the endpoint is taken
where the IFN activity is reduced to give 1 LU mL~!. The two designs do not differ
in principle and can be combined to create a grid or checkerboard design. In an
initial effort to standardize the neutralization assay two decades ago, the WHO
[39] recommended an operational approach based on the studies by Kawade [40]
to utilize as antigen the amount of biological activity represented as 10 LU mL™!
of IFN which would be neutralized to 1 LU mL~! — the endpoint of most IFN bio-
assays [39]. This recommendation has been repeatedly endorsed by WHO and
other international committees [41-45] as the general approach to be taken for
the measurement of IFN neutralization by PAbs and MADbs [41-45]. Although the
WHO recommendation was generally accepted as an approach, the methodology
required further explanation and refinement based on more extensive theoretical
analyses and experimental data [36-38, 46-50] (see the following sections).

13.2.1.1  The Constant IFN Method
The constant IFN method is the bioassay design that has been most frequently
employed. The following description outlines the procedure. A dilution of IFN is
selected on the basis of previous titrations to provide 20 LU mL™! (initial concen-
tration) to be mixed with an equal volume of a series of dilutions, usually 2-fold, of
the Ab preparation. Serum should previously have been heated at 56 °C for 30 min
to inactivate nonspecific factors such as complement components. Following incu-
bation, usually 1 h at 37 °C, the IFN-Ab mixtures are placed on IFN-sensitive cells
for an additional prolonged incubation, usually overnight, and the remainder of the
IFN bioassay procedure completed. The relationship thereby obtained between the
dose of AD as the serum dilution and the IFN response, i.e. the serum dilution that
gives 1 LU mL~! of remaining IFN activity, the usual bioassay endpoint, permits
the determination of the neutralization endpoint from the Ab—IFN dose-response
curve. Since the apparent IFN antigen input unitage may vary from titration to ti-
tration, it is essential to perform simultaneous measurement of the IFN units actu-
ally used in that day’s test. A typical set of titration results is illustrated in Fig. 13.1.
Appropriate control cultures include (i) cell controls not treated with IFN, (ii) virus
controls, if appropriate, and (ii) a serum control in which the lowest dilution of se-
rum under test is placed on cells to monitor possible serum cytotoxicity. Figure
13.2 illustrates results obtained with a different bioassay from that shown in Fig.
13.1, using different IFN antigen doses. For various reasons (see below), IFN doses
in IU mL™! should not be used in the neutralization test unless there is the un-
usual circumstance of demonstrated absolute identity between IU and LU in each
titration.

The preferred way to state the result as an index of neutralization is a titer (¢)
calculated by the formula:

b= f(n-1)/9
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Fig. 13.2. Neutralization curves obtained with  changing their direction (from that in Fig. 13.1)
the constant IFN method for HulFN-f to make them comparable to the simultaneous
antiserum employing the bioassay with Sindbis IFN titration curve (No Ab) to which the lower
virus in FL cells with different doses of antigen. abscissa scale applies. CC = absorbance of cell
The scale on the upper abscissa applies to the  controls; VC = absorbance of virus controls.
three neutralization curves to the right, (Reproduced from [37] with permission.)

where f is the reciprocal of the Ab dilution achieving the endpoint and » is the
IFN concentration (in LU mL™!) measured in the same titration. (The divisor is 9,
not 10, because the endpoint is 1 LU mL™!, not 0 [36].) The resulting titer is ex-
pressed as a whole number in Tenfold Reduction Units (TRU) per milliliter [36—
38]. In the case of monoclonal Ab purified so that its concentration of Ig is known,
its neutralizing potency, as the reduction of 10 to 1 LU mL™!, can be expressed on
a weight basis as microgram of Ig protein per unit volume, or as a micromolar
concentration.

13.2.1.2 The Constant Antibody Method

For Abs of low potency, the constant IFN method described above using 10
LU mL™! of IFN as antigen will require low dilutions of Ab to effect significant
neutralization. In some circumstances the constant Ab method may be better
than the constant IFN method: (i) to determine small degrees of neutralization,
(ii) to characterize monoclonal Abs and (iii) to analyze mixtures containing differ-
ent antigenic types of IFN [47-49]. Serum samples at low dilutions often cause cyto-
toxicity and other cellular effects, and therefore must be used of dilutions at 1:10
or more — a condition that makes it difficult to detect neutralization by samples
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having low AD titers. Theoretical calculations based on Kawade’s simplest model
predict that the constant IFN method described in the preceding section will fail
to determine the Ab titer as less than about 1:10 or 1:20 unless serum dilutions
lower than 1:10 are used. The use of less IFN as antigen might remedy this situa-
tion, but the assay result would be less reliable.

The constant Ab method is useful for assaying Abs of low titer. The procedure of
the constant Ab method essentially is to carry out an IFN titration in the presence
of a certain fixed concentration of Ab, by adding a series of IFN concentrations to a
constant dilution of Ab to determine the IFN concentration (LU mL™!) that gives
the endpoint (1 LU mL™! of IFN). Examples of results from different laboratories
calculated with this method are illustrated elsewhere [37]. The value of the titer ¢ is
calculated by the formula as before [i.e. t = f(n — 1)/9]. Theoretical neutralization
curves in the Constant Proportion mode (see Section 13.2.2) are shown in Fig. 13.3
for six Abs having different titers, all assayed at a 1:10 dilution. It should be possi-
ble to screen the sera of patients by setting the lowest serum dilution at 1:10 to de-
termine unequivocally low Ab titers such as t = 2 or 5, provided the IFN bioassay
is of sufficient precision. The theory based on Kawade’s simplest model predicts
that the constant Ab method is about 10 times more sensitive than the constant

I, (LU/ml)
100 10 1
Py 2 A Laoa s o o i n loaa s s 4 n It Lisua o o n
—CC
038+ -4 Lusmi
=12 LU/mi
2 0.64
b=l
< 50% s {1 Lurmi
0.4 -
0.2 -0.5 LU/mi
L ve 0.25 LU/mI
0 —rrrrry . T — T
10 10? 104
IFN Dilution
Fig. 13.3. Theoretical neutralization curves same as the control IFN titration curve and
calculated for data obtainable with the the curves are exactly parallel to each other.
constant Ab method for six Ab preparations It = total IFN in the mixture with Ab;
(each diluted 1:10), having titers t =1, 2, 5, CC = absorbance of cell controls;
10, 20 and 100 (Constant Proportion mode), VC = absorbance of virus controls. This
assayed by a dye-uptake IFN bioassay method makes it possible to detect very low
measuring viral cytopathic effect [37]. The NAD titers.

direction of the neutralization curves is the
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IFN method, and that the neutralization curves for the Constant Proportion mode
are always parallel to the control IFN curve without Ab (Fig. 13.3).

13.2.2
Theoretical Analyses

Kawade [40, 46—49] proposed a model of the IFN neutralization reaction termed
the “simplest model”, which assumes that the Ab-binding site and IFN molecule
interact in a 1:1 relationship such that the bound IFN is totally inactive. This
model permits the use of the Law of Mass Action to correlate the extent of neutral-
ization with Ab concentration. The theoretical construct predicts that if the Ab af-
finity is high, the circumstance of equimolar neutralization applies, an Ab action
designated the Fixed Amount mode [37]. In this case, an amount of Ab would neu-
tralize 10to 1 LU mL™', 20 to 11 LU mL~! and 100 to 91 LU mL™'. If, however, the
Ab has low affinity, the AD is predicted to neutralize IFN with a set ratio of reduc-
tion of added IFN to the active IFN remaining, a circumstance described as the
Constant Proportion mode. In that case, an amount of Ab would neutralize 10 to
1 LU mL™', 20 to 2 LU mL~! and 100 to 10 LU mL~!. Theoretical neutralization
curves for high- and low-affinity Abs differ markedly in their slopes, and thus help
to distinguish between the two modes [37]. The theoretical neutralization curves
for Kawade’s simplest model using the constant I[FN method obtained for a high-
affinity Ab and a low-affinity Ab against a wide range of IFN antigen doses showed
that the curves of the high-affinity Ab are much steeper in slope than those for the
low-affinity Ab. The theoretical neutralization curves for the simplest model using
the constant Ab method showed the low-affinity curves to be parallel to the control
IFN curve and the high-affinity curves always to be much steeper [37].

The affinity of an Ab, expressed as an association constant K, is, of course, un-
varying. It should be appreciated that the apparent Ab affinity, defined in the con-
text here, is high or low in relation to the molar concentration of free IFN ([If]) left
unbound to Ab, such that the apparent affinity is low when K < 1/[I¢] and high
when K > 1/[I¢]. The [If] can be experimentally varied, so that a given Ab may act
either in the Constant Proportion mode (low affinity) or in the Fixed Amount
mode (high affinity), depending on the ratio of Ab and IFN in the mixture [50].
Since, in most neutralization assays, [I¢] at the endpoint (1 LU mL™!) is usually
very small, most Abs will therefore be low in their apparent affinity by this defini-
tion, and their neutralization will be in the Constant Proportion mode. Even when
an ADb has a very high association constant (K value), or the bioassay is very low in
sensitivity and the equilibrium is in the Fixed Amount mode, the mode will shift
and will eventually reach the Constant Proportion mode if more Ab is added and
the level of the remaining IFN is reduced. Then complete elimination of biological
activity by the Ab will, in general, be difficult to obtain because at low levels of ef-
fector molecules, Ab action is likely to be in the Constant Proportion mode, leaving
some remaining activity, however small it may be, that may exert some biological
activity. This circumstance may apply to in vivo conditions.
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If Ab were to act in the Fixed Amount mode, as many investigators seem to
imagine, different quantities of Ab will be needed to neutralize the same LU of
IFN in different assays resulting in different values of the titer. This problem is
eliminated with the Kawade method, assuming the Constant Proportion mode,
which seems to apply to most Abs.

It should be cautioned that the term “affinity”” denotes the strength of binding of
one molecule to another, such as an Ab molecule to a monovalent antigen or single
epitope, and is distinct from “avidity” sometimes mentioned in the literature. The
latter is the sum total of the strength of binding of two molecules to one another at
multiple sites, which is applicable to viruses, bacteria or other entities having mul-
tiple repetitive epitopes [11] and not applicable to the IFNs that have single, non-
repetitive epitopes.

13.2.3
Experimental Analyses

Following the original studies of Kawade [40, 46—49] describing the theoretical, ex-
perimental, and functional aspects of the neutralization of IFNs, experimental data
were provided by many laboratories involved in an international collaborative study
on human sera — one containing Abs to human IFN-o and the other containing
Abs to human IFN-f [37, 38]. The two serum preparations were then established
as WHO Reference Reagents [51] to be used to determine the functionality of the
neutralization assay and not to calibrate it. Figure 13.2 illustrates results obtained
with the constant IFN method using different concentrations of IFN-§ antigen.
Analyses of the data clearly supported the Constant Proportion hypothesis applica-
ble to Ab with low affinity in which the serum Abs reduced IFN activity in a set
ratio of added-to-residual biologically active IFN, provided that the bioassay was
suitably sensitive to IFN. A greater appreciation of the theoretical constructs can
be had by referring to the detailed explanations given in the appendices of these
two papers [37, 38].

13.2.4
Standardization and the Reporting of Neutralization Results

The need for a commonly accepted way to report the results of neutralization tests
has been repeatedly cited [34, 39, 41-44, 52—54]. The results of IFN neutralization
have been defined and reported in the scientific literature in various ways, in addi-
tion to that previously recommended by WHO. Table 13.1 lists a dozen examples of
such remarkably varied and sometimes quite imaginative approaches. The relation-
ship between IU and LU, i.e. the relative sensitivity of the bioassay used, has some-
times been stated in publication, but often not. Neutralizing potency has most
often been reported as titers but sometimes as units, often not defined.

There has been much controversy both with regard to the relative incidence of
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Tab. 13.1.  The variety of ways IFN Ab neutralization results
have been reported in the scientific literature

1. Amount of Ab required to reduce 10 to 1 LU mL™! [36-38]
2. Amount of AB required to reduce 10 to 1 TU mL™" [55]
3. IFN neutralizing units mL™!, defined as the mean of the product of the serum

dilution inhibiting the protective effect of IFN times the IFN concentration present
in the corresponding well [56, 57]

4. Serum dilution giving 50% reduction of 50 U mL~! [58]

5. Final serum dilution that reduces 3 to 1 LU mL™!, with an additional calculation,
not described, to express the titer in terms of IU [59]

6. Dilution causing significant reduction (more than 3 times the standard deviation of
3 10) [60)]
7. Highest 2-fold serum dilution (as 1 neutralizing unit) completely inhibiting

51U mL~! [61, 62]

8. Serum dilution that neutralizes 2-20 U mL~!, as a neutralizing unit defined as the
amount of Ab neutralizing 1 U of IFN [63]

9. Serum dilution after incubation with 5-20 IU mL™! yielding a 50% endpoint
multiplied by a correction factor f to obtain the neutralization titer NTso, adjusted
to 10 LU mL™!, where f = LU mL~! divided by 10 LU mL™! [64]

10. NDso, that concentration of Ab required to yield one-half maximal inhibition of
activity at a cytokine concentration high enough to elicit maximum response, e.g.
50 U [65]

11. Percent neutralization of 3, 10 or 100 U of IEN [66]

12. Number of IFN units neutralizable by the Ab [67]

Abs after treatment with particular IFN preparations and whether loss of clinical
response results when the Ab concentration in serum exceeds a critical value.
These controversies reflect the fact that there has been no universally accepted
way either to measure anti-IFN NAbs or to express their concentration. It is now
well appreciated that patients injected repeatedly with human IFN preparations
may develop NADbs that can abolish or reduce the beneficial effects of the treatment
(Section 13.5). It is, therefore, important to establish a common method of report-
ing NAD levels, by extending the recommendations by the WHO concerning the
general design of neutralization tests and how to report the data therefrom. A
WHO international collaborative study on human sera with Abs against human
IFN-o and -f made it possible to test the theoretical and experimental constructs
of Kawade et al. [46-50] concerning the neutralization reaction with data obtained
in different bioassay systems in different laboratories and to obtain many data
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points for statistical evaluation with bioassays having a great range of sensitivity to
IFN. Those analyses substantiated and extended the original conclusions of
Kawade that the reaction mode of serum Abs was that of the Constant Proportion
mode (explained above) by which Ab reduces IFN in a set ratio of added-to-
residual biologically active IFN, a consequence of the low molar concentration of
free IFN at the neutralization endpoint (1 LU mL~! or about 10~!2 M). The statis-
tical evidence indicated that the titer based on the use of IFN antigen doses in LU
was more constant in numerous assays having widely different IFN sensitivity
carried out on the same ADb preparations than did the titer based on IFN doses in
IU. The titer based on the use of IFN antigen doses in LU when the assays varied
in sensitivity by a factor of less than about 3.5, i.e. if the bioassay measured one-
third or less the number of units assigned to the appropriate WHO IS [38]. (Assay
sensitivity is determined as the relative proportion of LU actually measured in rela-
tion to the assigned value in IU of a WHO IS reference preparation, i.e. if a WHO
IS has an assigned value of 10000 IU and the assay measures 5000 units as LU,
the relative IFN sensitivity of that assay is 0.5 or one-half that of an assay which
measures 10000 units in LU.) As the premise of low Ab affinity may not be appli-
cable when the bioassay sensitivity is very low, i.e. when the molar concentration of
IFN at the titration endpoint is high, it is desirable to utilize a bioassay with rela-
tively high sensitivity.

These results, obtained in multiple laboratories, support the recommendation
that the preferred way to state the index of neutralization of Abs is a titer (t), calcu-
lated by the formula given above, i.e. t = f(n — 1)/9, where f is the reciprocal of
the Ab dilution achieving the endpoint and » is the IFN concentration measured in
that day’s titration. The Tenfold Reduction Unit (TRU) of neutralization was pro-
posed [38] (Section 13.2.5) to express the quantity or unitage of IFN NAb. The de-
termination of the index of neutralization as described herein, such that the pro-
posed derivative term TRU can be properly used, should help make results in
different laboratories employing different bioassay systems more readily compara-
ble and interpretable, provided that the bioassays are sufficiently sensitive to IFN.
(The proposal to utilize the Kawade approach to reporting NAbs to IFN-§ in
patients with multiple sclerosis was formally endorsed by an international group
of neurologists and other investigators meeting in London in 2003 [45].)

13.2.5
A Solution to the Problem of NAb Unitage

Many different methods have been used to measure anti-IFN-NADbs, and their con-
centrations have been calculated and expressed in a variety of ways (Tab. 13.1). The
unfortunate consequence is that results provided by one laboratory can be difficult
to compare with those from another, and thus the interpretation of such results
is made uncertain and the IFN neutralization titers from different laboratories
reported in the scientific literature can be difficult to correlate. Since patients may
receive subcutaneous or intramuscular injections of an IFN preparation several
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times a week for even years (Section 13.5), and a significant proportion of these
patients will develop NAbs against the IFN product administered, some in con-
sequence will lose any benefits from the treatment. Apparent titers may fluctuate
and clinical decisions may be influenced by such information. The analyses by
Kawade et al. over the past two decades have considered a large range of variables,
among them the amount of IFN antigen used in the test, the sensitivity to IFN of
the bioassay system and how to express the results — points that have been con-
firmed by experimental data from international collaborative studies [37, 38]. A
very important point is that these analyses and thus the recommendation below
do not assume a particular bioassay methodology, and thus would be applicable to
the MxA bioassay [30, 31, 34] or suitable antiviral bioassays. General recommenda-
tions about IFN neutralization had been published by WHO, but those were not
explicit about bioassay design or how to compute and report the results.

The procedure outlined below was unanimously recommended by the Standards
Committee of the International Society for Interferon and Cytokine Research for
adoption by the field to be used for the design and reporting the results of neutral-
ization tests, especially of serum samples from patients with NAbs to IFNs.

(1) Utilize a quantitative IFN bioassay that measures an IFN-inducible product or
effect in human cells and has the usual level of sensitivity to IFN (see Item 2
below). The IFN bioassay may involve the induction of a cellular gene product,
such as the MxA protein (a GTPase), or antiviral effects assessed in terms of
cytopathogenicity or reduction in virus yield. In all these assays, an arbitrary
endpoint is chosen, for example, a 50% reduction in viral cytopathic effect;
the IFN concentration at the endpoint is defined as 1 LU mL~!.

(2) Determine the sensitivity of the chosen bioassay. Titrate a preparation of the
IFN concerned that has been calibrated in IU mL™! against the homologous
WHO IFN IS. It is desirable that the endpoint in the assay, i.e. 1 LU mL™!,
should correspond to no more than about 4 TU mL™!. If the assay proves to
be very insensitive, such that the amount of IFN used is relatively much larger
than in most other assay systems, the results are less likely to be comparable
with those in other laboratories.

(3) In the NAD test, use a concentration of IFN as antigen that is expected to be
10 LU mL™', based on previous titrations with the IFN preparation con-
cerned. Carry out a simultaneous titration of the IFN in parallel with the Ab
test in order to measure the amount of IFN antigen actually used. If this anti-
gen concentration proves to be somewhat more or less than 10 LU mL™!, as
often happens, a correction should be made in calculating the titer of the Abs
(see Item 5 below).

(4) Test the selected concentration of IFN against a range of dilutions of the pa-
tient’s serum and determine the Ab dilution at which the indicated amount of
IFN is reduced to 1 LU mL~2.

(5) Enter the results into the equation t = f(n — 1)/9, where t is the titer of Ab ex-
pressed in TRU mL™", f is the reciprocal of the Ab dilution at the bioassay
endpoint and n is the actual IFN concentration in LU mL™! used in the test
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as measured in the simultaneous control IFN titration. Results should be re-
ported as TRU mL~.

For the next few years it will be very helpful if investigators calculate and report
anti-IFN NADb data not only in TRU mL~!, but also as they may have done before
for the sake of continuity with their previously published data for comparison and
possible reassessment.

13.3
Immunoassays for Non-NAbs

Various in vitro immunoassays for [FNs have been derived for the measurement of
Abs or receptors that bind IFNs but fail to reflect neutralization of biological activ-
ity. Some of these are qualitative, such as Western immunoblot, or relatively quan-
titative, such as ELISAs of various designs, radioimmunoprecipitation assay [68,
69], a column-based assay [70] and chemofluorescence [71], among others [66, 69,
72, 73]. ELISA immunoassays can be structured as direct or indirect, with the for-
mer based on binding the IFN antigen directly to the plastic tube or plate, or the
latter a sandwich or capture configuration, in which anti-IFN Ab is bound to the
plastic to which the IFN antigen is then bound and the unknown (human) AD is
then added, to be detected by heterologous species (anti-human) labeled Ab for ap-
propriate subsequent quantitation; various permutations of the latter detection pro-
cess have been described [68]. Immunoassays require the use of Abs that recognize
only the IFN to be quantified, utilizing, as appropriate, radiolabeled pure IFN ra-
diolabeled Ab, or enzyme-linked or biotinylated Ab. The general methodology has
been reviewed by Meager [68, 69], who has helpfully described the details in con-
structing immunoassays and identified the pitfalls, as well as the required controls
and how to interpret the assay. There is no standardized ELISA for IFNs, and there
are dozens of combinations of Abs, reagents and conditions that may be used.
Since immunoassays measure immunoreactive mass, it is difficult to prove the as-
sumption that native IFN molecules are recognized by anti-IFN Abs, and therefore
every immunoassay should be calibrated only with the IFN type, subtype or mu-
tant recombinant and calibrated against a positive Ab with a specific IFN type or
recombinant mutant. The results of immunoassays should be interpreted with cau-
tion and considered as alternative assays; they must not be considered as substi-
tutes for biological assays unless they can be properly validated [68, 69].
Non-NAbs detected in immunoassays have been often referred to as binding Abs
(BAb), a term which does not distinguish them from the NAbs that must obviously
also bind to IFN molecules in order to effect neutralization — a preferable term
would be non-NADs; some MAbs neutralize and some bind, but do not neutralize
(e.g. [68]). Such in vitro immunoassays measure antigenic mass reported as
weight, which may be useful for approximating the amount of IFN present either
in a preparation or in the circulation, but do not necessarily measure the amount
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of biologically active IFN molecules or NAbs. IFNs vary in their stability, and there
is a correspondence between weight and biological activity (as in most other phar-
maceutical products), but Ab tests in which IFNs may be diluted in nonstabilizing
solutions or performed under destabilizing conditions may make the measure-
ment of NAbs by in vitro immunoassays highly problematic. Some reports and de-
scriptions of methods by some commercial suppliers of ELISA kits may claim in-
correctly the measurement of, or correlation with, biologically active IFN molecules
and NADs on the basis that they have been calibrated against either reference or
even non-reference NAbs or against international IFN standard preparations that
are standards only for biological activity, not content of IFN mass. Such claims
must be substantiated by experimental evidence, for example, by correlating detect-
able binding with the progressive inactivation of biological activity of an IFN by
heat or other means [74] and may very much depend on the particular monoclonal
Ab. Non-NAbs in patients’ sera have been reported to appear earlier than NAbs
(Section 13.5). Such correlations may depend very much upon the nature of the
immunoassay as well as the particular MAb used as capture Ab in the test [75],
and require comparisons of large numbers of Ab-positive and -negative sera tested
both by IFN immunoassay and neutralization tests. There are no WHO standard
reference reagents, such as MAD, or standard conditions established for any in vitro
immunoassay for IFNs, so that currently there is no basis for the reporting of in-
ternational units of IFN by immunoassay or of the unitage of non-NAbDs.

13.4
Epitope Analysis

The development of neutralizing and non-neutralizing MAbs made it possible to
pose the question as to which part of the IFN molecule interacted with the then
putative IFN receptor, which for IFN-f was initially identified as a linear epitope
in the region of the IFN-$ molecule between amino acid residues 32 and 56 [8].
Subsequently the type I IFN-o/f receptor moieties IFNAR-1 and -2 were identified
and cloned (reviewed in [29]). When the crystal structure of the IFN-f1a molecule
was solved [76], it was possible to undertake systematic mutational mapping of
sites that are important for receptor binding and functional activity [77]. The bind-
ing properties of nine MAbs were defined on these IFN molecular mutants having
alanine substituted at targeted, surface-exposed residues and were correlated with
MADb neutralizing potency [78]. Locations of receptor and anti-IFN-f MAD binding
sites on the IFN-f molecule are illustrated in Fig. 13.4. Whereas some neutralizing
MADs directed to the AB3 and AB2 regions of the molecule and inhibited IFN-f/
IFNAR-2 complex formation, suggesting that interference with receptor binding
constituted their mechanism of neutralization, two MADs that bound to sites in-
volving the BC, C1 and C2 regions remote from the IFNAR-2-binding site also in-
hibited IFN-B/IFNAR-2 complex formation and demonstrated potent neutralizing
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(A) Areas for IFNAR-1 and IFNAR-2 binding

(B) Mutated residues reducing mAb binding

Fig. 13.4. Location of the binding sites of
receptor and of anti-IFN-f MAbs on the IFN-f
molecule. The three-dimensional crystal
structure of IFN- is shown in space-filling
models. Four different views of the molecule
are shown, as indicated at the top. (A) The
positions of amino acid residues important for
IFNAR-1 and -2 receptor chain binding are
shown in blue and red, respectively. The
regions occupied by the various alanine
substitution mutants (A1-E) are labeled on the
molecule. (B) The positions of residues, which
when mutated to alanine abrogate or reduce
the binding of anti-IFN-5 MAbs, are

highlighted in different colors on the IFN-f
molecule. Shown in pale and dark blue are
those that respectively abrogate or reduce the
binding of MAbs Bio 1, Bio 2, Bio 5, Al and
AS5. Those MADbs abrogating binding (Bio 4,
A7 or Bio 6) are shown, respectively, in red,
dark green, and purple. The sites abrogating
(BC and C1) or reducing (C2) by MAb B-02
binding are shown in pale and dark green.
(Reproduced with modifications from [78] with
permission.) For identity of the MAbs and
mutants the reader is referred to the original
publication [78]. (This figure also appears with
the color plates.)

activity. Thus, it is possible for some Abs that bind at a distance from the receptor
binding site could also neutralize, presumably by causing IFN conformational dis-
tortion, resulting in interference with its binding to receptor [78]. Comparable in-
formation on submolecular localization of neutralizing MADbs is not available for

IFN-a or -y.
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13.5
Development of Antibodies during IFN Therapy

IFN Abs, so-called natural Abs, have been detected in serum of normal individuals
[60, 79, 82], patients with autoimmune diseases [17, 83], viral infections [84], tu-
mors [85], and transplants [86]. Such Abs have also been referred to as auto-Abs
[11, 14, 68] since they are produced against self-antigens by unknown mecha-
nisms, but considered to be distinctive, at least in common parlance, from the
Abs engendered by parenteral injections of large doses of IFNs for therapeutic rea-
sons. In early experiments to show the importance of endogenous, induced IFN
during viral infection [87], injection of Abs to mouse IFN made the viral infection
worse and enhanced lethality.

Some important technical factors should be considered. Serum samples to be
analyzed for Ab to IFN should be taken at least 24 h, preferably 48 h or more, after
the last injection of IFN, since circulating IFN may affect the apparent NADb or
non-NADb Ab titer, as shown for anti-IFN-o Abs [56, 62]. The matter of nonspecific
inhibitors of IFN has been raised [88, 89]. Since IgG is heat-stable, it is important
to heat serum prior to bioassay for NAbs at 56 °C for 30 min (or 60 °C for 20 min),
which should denature such inhibitory substances [31, 36].

The levels of Abs to IFN-o and - may not only appear and disappear, especially
in patients with low titers, but can also fluctuate during therapy [90-92], perhaps
by clearance of immune complexes by the reticuloendothelal system. In 20-30%
of patients given Betaseron, NADb titers were significantly reduced or became un-
detectable (titer of less than 20) over time. Whether this phenomenon might be
related to switching in Ig isotype or subclass, epitope spreading, alterations in
antigen-presenting cells, induction of tolerance or other mechanisms remains
unknown.

The types and subtypes of Igs may vary. Anti-IFN-a NAbs are usually Ig of the
IgG type; non-NAbs, which develop before NAbs, can be of the IgM type [56].
Analysis of Ig subclasses in patients receiving IFN-f1b (Betaferon) [93] showed
that in patients with NAb, IgG2 and IgG4 occurred more frequently than in pa-
tients with non-NAb, with the NAD titer correlating strongly with the IgG4 level;
further, the median levels of IgG1 and 4 as well as of total IgG appeared to be sig-
nificantly higher in patients with NAb than in those with non-NAb.

The time of appearance of Abs to IFN is variable, ranging from 1 month to many
months after therapy is initiated, more usually 3—4 months. In hepatitis C patients
treated with IFN-o, NAbs appeared in 6.6% during the first month, 73% during the
first 3 months, and in the remaining 20% during the first 8 months [94]; of those
that developed non-NAbs, 67% did so in the first 4 months and almost all did with-
in the first 6 months. Patients given a single subtype of IFN-a may develop Abs
to that subtype that do not neutralize other IFN-a subtypes [95-99]. In most
patients with relapsing-remitting multiple sclerosis, IFN-8 non-NAD (binding) Abs
appeared after 3 months of therapy, but Ab formation may be delayed for a couple
of years [90-92].

The results of Ab studies in patients over the past two decades have at times
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been difficult to compare and interpret because of the very different ways Ab test-
ing has been carried out in the many laboratories involved (Section 13.2.4). The
lack of standardization of any in vitro immunoassay for non-NAbs Abs (Section
13.3) as well as the appreciation of factors like sensitivity, specificity and reliability
of the bioassays for NAbs have contributed to the variability of results [34, 36-38|.

There are a variety of factors that may contribute to IFN immunogenicity. They
include the frequency of IFN injection, duration of IFN treatment, as well as the
formulation (e.g. pH, stabilizers, other additives) or presence of aggregates in the
IFN product being administered. The route of administration may also be a factor,
at least based on the experience gained from the immunization of animals, where
subcutaneous injection of antigen can be more effective than intramuscular (or in-
travenous) routes, depending on the antigen. Particular circumstances relating to
the development in patients of Abs to IFN-u and -ff are discussed below.

13.5.1
Antibodies to IFN-a

Long-term treatment with recombinant IFN-22 in patients with hairy cell leukemia
or chronic myelogenous leukemia resulted in a higher incidence of Abs than in
patients treated for shorter periods [56, 61, 100]. The incidence of Ab formation
among patients treated with different subtypes of IFN-o may differ [101]. It has
been thought that patients with different forms of cancer produce Abs less fre-
quently than those suffering from infectious diseases [102]. The immunogenicity
of IFN-02a was about 10 times more immunogenic than the IFN-22b preparation
attributable to oxidation and aggregation of the IFN-02a product during storage fol-
lowing its purification and formulation [103]. Abs to IFN-o can affect its therapeu-
tic efficacy at least in some patients suffering with chronic myelogenous leukemia,
hairy cell leukemia, renal carcinoma, non-Hodgkin’s lymphoma, melanoma, B cell
leukemia, cryoglobulinemia, and hepatitis [57, 58, 94, 97, 100, 104-115]. Although
there have been attempts to relate the magnitude of Ab titers as well as the time of
their development to interference by NADbs interfered with therapeutic effect, the
considerable differences in the way Ab titers are reported and in the sensitivity of
the assays used in different studies (as discussed above) has made interpretation of
such correlations difficult and controversial [38, 97, 109-111, 113-118].

Patients who had developed Abs and had become resistant to recombinant IFN-x
preparations could subsequently be treated effectively with native IFN-x lympho-
blastoid or leukocyte products [57, 108, 115, 119, 120], probably related to the mul-
tiple IFN-« subtypes present in the latter preparations that were not neutralized by
NADs that had formed as a result of the prior, single recombinant IFN-o subtype
therapy. It is of interest that Abs to IFN-a have not been reported to be associated
with adverse clinical sequelae [61, 116], such as immune complex formation. What
the clinical significance is of non-NAbs to different IFN-o subtypes has not been
established.
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Tab. 13.2.  Comparison of characteristics of recombinant IFN-f
products and NAb responses during treatment of relapsing-
remitting multiple sclerosis

Rebif (IFN-p1a) Avonex (IFN-f1a)  Betaseron? (IFN-£1b)

Antibody induction (%) 12.5-28 2-6 28-47
Injection site reaction (%) 66 4 85
IFN producer cells CHO CHO E. coli
Molecular weight (kDa) 22-24 22-24 18.5
Specific activity 300 300 32
(MIU mg™1)
Formulation

pH 3.8 7.2 7.2

buffer acetate phosphate phosphate

stabilizer HSA/mannitol HSA HSA
Administration s.C. im. s.C.
Dose 22 and 44 pg (3/week) 30 ug (1/week) 250 pg (3/week)

2Betaseron in North America is the same as Betaferon in Europe
CHO = Chinese hamster ovary cell culture; HSA = human serum
albumin; i.m. = intramuscular; s.c. = subcutaneous.

13.5.2
Antibodies to IFN-g

Three commercial preparations of IFN-f have been introduced into clinical prac-
tice in the past decade, primarily for the treatment of relapsing-remitting multiple
sclerosis and sometimes for secondary progressive multiple sclerosis. These prod-
ucts have been the subject of a large number of clinical trials. Shown in Tab. 13.2
are some of the salient characteristics of these preparations, their modes of admin-
istration and the range of induced Ab formation reported in clinical trials that in-
cluded assessment of NADs, the results of which have been tabulated by Giovan-
noni et al. [121]. The factors that may contribute to immunogenicity include the
presence of aggregates, nature (or absence) of glycosylation, nature of product for-
mulation, dose, route of administration, frequency of administration, manifesta-
tion of the autoimmune process in multiple sclerosis and differences in bioassay
type, assay design, calculation of results as well as in the ways titers are reported.
Although it would appear that the subcutaneous administration of the molecularly
altered IFN-B1b (Betaseron, Betaferon with serine in place of cysteine at position
17) is the most immunogenic, followed by the IFN-fla (Rebif) given subcutane-
ously and then the intramuscularly injected IFN-f1a (Avonex) as the least immu-
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Fig. 13.5. Time course of development of non- bars = s.c. IFN-$1b (Betaferon), black

NAbs, designated as BAbs, and of NAbs to bars = i.m. IFN-f1a (Avonex); gray bars = s.c.
subcutaneous (s.c.) IFN-f1b (Betaferon), IFN-B1a (Rebif)]. (Reproduced with
intramuscular (i.m.) IFN-f1a (Avonex) and modifications from [92] with permission.)

s.c. IFN-B1a (Rebif) by study month [white

nogenic, other factors relating to dose and formulation may also contribute to the
differences in immunogenicity [92, 122-124] (see Tab. 13.2).

As illustrated in Fig. 13.5, NAb formation becomes detectable between 3 and
18 months after initiation of therapy, appearing earliest with IFN-£1b (Betaseron,
Betaferon) with a plateau reached in about 6 months, and somewhat later with
IFN-f1a (Rebif ), compared with IFN-f1a (Avonex), for which it took 9-15 months
to achieve a plateau [61, 92, 125-127]. Generally, the clinically negative effect of
NAbs became evident at about 2 years of therapy as indicated by relapse rate and
brain lesions detected by magnetic resonance imaging; the relapse rate was 62%
higher and the number of active lesions almost 5 times greater in NAb-positive pa-
tients than in those without detectable NADb. Thus, on the basis of several studies
[125-130], a consistent correlation between the presence of NAbs and decreased
clinical efficacy has been demonstrated, although not an all-or-none effect.

NAbs to the different IFN-£ products were cross-reactive [131, 132] and the level of
NADbs appeared to be somewhat lower tested against IFN-f1b than against IFN-f1a
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[132]. The development of NADbs to IFN-f1a (Avonex) resulted in Nab titer-depen-
dent reduction in neopterin, and f,-microglobulin induction [125]. In patients
treated with IFN-$1b (Betaseron), the appearance of NADbs correlated with a reversal
of the IFN effect on MxA [129] and on natural killer cell number and activity [133].
Similarly, during treatment with IFN-f1la (Rebif), NAbs led to a reversion to pre-
treatment levels of MxA and TRAIL (tumor necrosis factor-related apoptosis-induc-
ing ligand), which also has potent T cell-mediated, anti-inflammatory properties
[134]. NADb-positive patients can revert to negative Ab status over a 2- to 5-year fol-
low-up [126, 127, 135-138|, more usually in patients with relatively low titers of
NADs, but occasionally also in those with higher titers. Serum samples from patients
treated with IFN-$1a and IFN-$1b, which contained polyclonal NADbs as well as non-
NAbs, were shown to bind to 12mer peptides at the N-terminus (residues 1-12) as
well as to a peptide (residues 151-162) close to the C-terminus [67]. Persistent NAb
levels have been shown to reduce the induction of MxA protein and mRNA [129,
139, 140] in the peripheral blood mononuclear cells from multiple sclerosis pa-
tients injected about 12 h before with IFN-, indicating a clear correlation between
the presence of NAbs and reduced bioavailability of the drug; the higher than 1:20
titer cut-off, as reportedly calculated by the Kawade method, correlated to a high
degree with reduced bioavailability. While the MxA protein may not be involved in
the pathogenesis of multiple sclerosis, matrix metalloproteinases (MMPs) have
been postulated to act as effector molecules in the disease, especially the gelati-
nases MMP-2 and -9, which long-term IFN-f therapy reduces, and then NAbs re-
verse, with MMP-9 showing a quantitative correlation with NADb titers [141].

Strategies are being pursued to prevent or reduce the formation of anti-IFN Abs,
e.g. by the use of monthly methylprednisolone [142, 143]. Immune complex for-
mation or other adverse affects of circulating Abs to IFN-f preparations has not
been reported. Although there has been considerable controversy about the signifi-
cance of the development of NAbs to IFN-$ in the treatment of multiple sclerosis
[45, 144], the growing appreciation is that the occurrence of NAbs, especially at sig-
nificant and persistent levels, should be taken into account along with clinical mea-
sures of the loss of therapeutic benefit [45, 92, 145-149].

13.6
Summary

The development of Abs to IFNs in patients with hepatitis, multiple sclerosis or
cancers of different types treated with various IFN-a and -f products has been a
matter of increasing clinical concern. The areas of concern include the relative in-
cidence of NAbs induced by different products and how the levels of NADbs in se-
rum relate to the loss of therapeutic clinical response. The need for standardization
of the measurement of NAbs has been repeatedly cited over the past two decades,
and should be readily achievable with the knowledge now available to make the re-
sults from different laboratories more readily comparable and interpretable.
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