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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 [FN-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].
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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 IFN-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), [FNA5, 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), IFNA1 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-«2a (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-os, 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 8 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-«, 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-a 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].

1.3.6
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-a, 21% identity to IFN-8 and 30% identity to IFN-w. Similar to
IFN-B, 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-t 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-J 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 Ifnv 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 I[FN 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-«xB sites are found in the promoters of IFN-, -¢
and -o14 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 -04 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

13
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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-o, 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-o5
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-a 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 IFN-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
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and a single group II gene [84]. Interestingly, NF-«B sites are present in the wal-
laby group I IFNs and human/murine I[FN-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-f [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-

19



20

1 Type | Interferons: Genetics and Structure

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-#
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

21



22

1 Type | Interferons: Genetics and Structure

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-as, 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-A. 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-06 [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-f
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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-u2a [149], and X-ray crystallographic studies
of human IFN-22b [150], murine and human IFN-8 [144, 151], and ovine IFN-z
[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-7 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, -05, -26/8, -a6T, -27/10, -9, -«13 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 I[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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