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Abstract

Type | Interferons (IFN-1) mediate numerous immune interactions during viral infections, from the
establishment of an antiviral state to invoking and regulating innate and adaptive immune cells that
eliminate infection. While continuous IFN-I signaling plays critical roles in limiting virus
replication during both acute and chronic infections, sustained IFN-I signaling also leads to
chronic immune activation, inflammation and, consequently, immune exhaustion and dysfunction.
Thus, an understanding of the balance between the desirable and deleterious effects of chronic
IFN-I signaling will inform our quest for IFN-based therapies for chronic viral infections as well
as other chronic diseases, including cancer. As such the factors involved in induction, propagation
and regulation of IFN-I signaling, from the initial sensing of viral nucleotides within the cell to
regulatory downstream signaling factors and resulting IFN-stimulated genes (1ISGs) have received
significant research attention. This review summarizes recent work on IFN-I signaling in chronic
infections, and provides an update on therapeutic approaches being considered to counter such
infections.
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Introduction

Viral infections induce an immune response that includes production of a family of
pleiotropic cytokines that interfere with virus replication, interferons (IFNs). IFNs are
broadly categorized into 3 groups — Type | IFN (IFN-I), IFN-1I and the relatively newly
identified IFN-I11. IFN-I comprises a variety of genes including 13 IFNa and single copies
of each of IFNB, IFNw, IFNe, and IFNx (1). IFN-I1, also referred to as IFNy, exists as a
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single copy gene structurally distinct from IFN-I. The IFN-111 family, also referred to as
lambda IFNs, represents members of the interleukin 10 (IL-10) superfamily, and include
IFNAL (IL-29), IFNA2 (IL-28A), IFNA3 (IL-28B) and IFNA.4 genes. Since their discovery
in 1957, IFN-Is have attracted attention, largely owing to their antiviral roles from
generating an antiviral state to orchestrating both innate and adaptive immune responses (2).
Indeed IFN-Is play important roles in inhibiting virus replication, initiating and enhancing
antigen presentation, as well as directly and indirectly acting on T and B cells to trigger
adaptive immune responses (3). Even though their functions are yet to be adequately
elucidated, the IFN-111 family also exerts antiviral activities and immune responses that
overlap but at times are distinct from those of IFN-1 (4, 5). While the protective roles of
IFN-Is render IFN-Is the obvious main targets for antiviral therapies, recent studies have
highlighted deleterious immunopathologies centred around the establishment of a
dysfunctional immune state as a consequence of chronic IFN-1 signaling (3). Chronic viral
infections that lead to worsened disease outcomes are associated with a persisting IFN-I
signaling signature and sustained inflammation and immune activation (3). This concept was
nicely illustrated in monkey models of SIV infection where natural hosts (African green
monkeys) that do not progress to AIDS despite high virus titers have a lower IFN-I signaling
signature, whereas their AIDS-progressing non-natural hosts (rhesus macaques) had elevated
levels of IFN-I signaling signatures despite comparable viral burdens (6-8). Thus, a deeper
understanding of the intricacies of IFN-I signaling, from induction, modulation and the
resulting gene products is necessary in order to delineate or tease apart the beneficial from
the harmful effects of IFN-I signaling. This review, mainly focusing on chronic viral
infections, explores the regulation of IFN-I signaling and recent works on the consequences
of chronic IFN-I signaling. We then conclude with a discussion on the therapeutic potential
of IFN-I.

Induction of IFN signaling

Induction of IFN signaling begins with recognition of pathogen-specific ligands including
viral nucleic acids and viral proteins by pattern recognition receptors (PRRs) such as Toll-
like receptors (TLRs), RIG-I-like receptors (RLRs), NOD-like receptors (NLRs) and DNA
sensors (Figure 1). In humans, at least 10 functional TLRs (TLRs 1-10) recognizing distinct
pathogen-associated molecular patterns (PAMPS) have been identified. These
transmembrane receptors are expressed either at the cell surface or associated with
intracellular vesicles. Viral nucleic acids are recognized by TLR3 (double-stranded RNAS),
TLR7 and TLR8 (single-stranded RNAs) and TLR9 (unmethylated CpG DNA) expressed in
endosomal compartments of primarily myeloid-lineage cells (9). Upon ligand engagement,
TLRs signal through several adaptor molecules, including myeloid differentiation primary
response gene 88 (MyD88) and TIR-domain containing adaptor protein-inducing IFNB
(TRIF), resulting in the recruitment and activation of members of the tumor necrosis factor
receptor-associated factor (TRAF) family of proteins as well as the TRAF family member-
associated NF-xB activator (TANK). In turn, this induces activation of tank-binding kinase-1
(TBK1) and inhibitor of NF-xB (I1xB) kinase (IKK) family members. This then leads to the
phosphorylation, activation and dimerization of interferon regulatory factor 3 (IRF3), as well
as release of nuclear factor kappa B (NF-xB) from the IxB complex. IRF3 and NF-xB then

Semin Immunol. Author manuscript; available in PMC 2021 April 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lukhele et al.

Page 3

translocate into the nucleus where they bind to promoter regions of IFNB and other target
genes thereby stimulating IFN-1 and pro-inflammatory cytokine gene transcription (10). The
resulting IFNP also induces IRF-7 expression, in both autocrine and paracrine mechanisms,
which in turn mediates a positive feedback loop that triggers synthesis of various members
of the IFN-I family in a second burst of IFN-I production (Figure 1).

Inside virus infected cells, members of the RLR family, including retinoic acid-inducible
gene-1 (RIG-I), melanoma differentiation-associated gene 5 (MDADS) and the laboratory of
genetics and physiology 2 (LGP2) detect cytoplasmic viral RNAs and orchestrate production
of both IFN-I and other pro-inflammatory cytokines (11). RIG-I binds short dsSRNA and 5’-
diphosphate or 5’tri-phosphate sSSRNA whereas MDAS binds long dSRNA and mRNA
without the 2’-O-methylation (12). While these receptors are expressed in many cell types,
they themselves are also products of IFN signaling resulting from a positive-feedback loop
following viral infection (13). Upon their activation by viral RNA, RIG-I and MDAS engage
the mitochondrial antiviral signaling protein (MAVS, also referred to as VISA, IPS-1 and
Cardif) adaptor that then activates the antiviral signaling (13) (Figure 1). MAVS signals
much like MyD88 (discussed above), resulting in primarily IFNB gene transcription.
Interestingly, the interaction of RLRs with IRF3 not only mediates IFN-1 signaling, but also
induces apoptosis of infected cells via a RLR-induced IRF3-mediated pathway of apoptosis
(RIPA) that is independent of and distinct from the transcriptional activities described here
(14). It has also been suggested that IRF5 may utilize the MAV'S adaptor to induce IFN-I
responses in some subsets of dendritic cells (15).

DNA sensors, such as cyclic GMP-AMP synthase (cGAS), IFN-induced 16-kDa protein
(IF116), DNA-dependent activator of IFN-regulatory factors (DAI) and DEAD box
polypeptide 41 (DDX41), can also detect viral DNA following infection with DNA viruses
(16-19). In fact, cGAS can detect a variety of pathogens including RNA viruses, owing to its
ability to recognize both PAMPs and DAMPs, as was illustrated in the detection of
mitochondrial DNA from both herpes simplex virus (HSV) and dengue virus (20, 21).
Interestingly, Schoggins and colleagues observed that cGAS exerted a broad inhibition of
both DNA and RNA virus families independent of the canonical STAT1-based signaling
pathway (22). Rather, these sensors activate the stimulator of IFN genes (STING) adaptor
present on the membrane of the endoplasmic reticulum (23) (Figure 1). Activated STING
then translocates to the Golgi, where it is phosphorylated by TBKZ1, allowing for the
recruitment and phosphorylation of IRF3. As above, phosphorylated IRF3 then translocates
into the nucleus where it drives expression of both IFNs and IFN-stimulated genes (1SGs).
Beyond the IRF3 arm, STING also activates NF-xB dependent signaling, leading to
expression of antiviral and pro-inflammatory cytokines (23). Of note, these DNA sensors are
also ISGs produced in response to viral infections, serving to further amplify interferon
production, the antiviral state, and the resulting immune response. Interestingly, the cGAS-
STING axis also plays important roles in inducing IFN-I signaling in cancers, and can be
triggered by cancer therapies such as radiation therapy and inhibitors of the DNA damage
pathway (24, 25). Indeed, STING activation has emerged as a crucial regulator of anti-
tumour immunity, and STING loss of function can occur in many cancers through missense
mutation or epigenetic silencing, suggesting that it may contribute to malignant
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transformation (26, 27). Overall, the cGAS-STING pathway acts as a nexus on which many
types of cellular perturbations converge.

IFN-I signaling

The IFN-I family signals through a heterodimeric IFN-I receptor (IFNAR) composed of two
subunits, IFNARL (IFNa/p receptor a. chain) and IFNAR2 (IFNa/B receptor B chain), that
are expressed in all nucleated cells. Engagement of IFN-I to IFNAR induces dimerization of
IFNAR1 and IFNAR?2, leading to the phosphorylation and activation of intracellular
receptor-associated kinases Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2) (Figure 1).
Upon activation, these kinases trigger recruitment and phosphorylation of members of the
signal transducer and activator of transcription (STAT) family (mainly STAT1 and STAT2),
forming a heterodimeric complex that then recruits IRF9 to form the trimeric IFN-stimulated
gene factor 3 (ISGF3) complex. The ISGF3 complex then translocates into the nucleus
where it binds to IFN-stimulated response elements (ISRE) within the promoter regions of
IFNs or IFN-inducible or stimulated genes (1SGs) resulting in the induction of hundreds of
ISGs that can further propagate the immune response against viral infection (Figure 1). How
signaling via a ‘single’ dimeric receptor can induce such a diverse array of immunological
outcomes likely depends on a number of factors including receptor surface expression,
ligand binding affinities, ability of receptor to form dimers, regulatory mechanisms (both
negative and positive), post-translational modifications, availability of co-factors, and
epigenetic regulation of signaling components, among others.

While the canonical IFN signaling pathway is defined by heterodimerization of
phosphorylated STAT1 (pSTAT1) and pSTAT2, IFNAR activation can also trigger formation
of pSTAT1 homodimers that, upon translocating into the nucleus, bind to IFN+y response
elements leading to expression of IFN-y-dependent proinflammatory genes (28). Of note,
while STAT1/STAT2 phosphorylation is only transient, the induction of ISGs persists
beyond the presence of IFN-1 (29). IFN-Is stimulate overproduction of unphosphorylated
STAT1 and 2, which can drive ISG gene activation in the absence of IFN-1 (30). Indeed, an
unphosphorylated ISGF3 complex has been shown to exist in the overabundance of the
unphosphorylated STATSs, and drives a persistent IFN-1 response (31).

In addition to STAT1/2, IFN-I also activates other members of the STAT family (STATs 3-6)
resulting in a wide array of outcomes (32). STAT6 forms complexes with STAT2 in order to
promote IFN-I dependent antiproliferative activities via upregulation of Sp1 and
downregulation of Bcl6 (33). Intriguingly, STAT4, which can bind IFNAR, counteracts the
IFN-I mediated inhibition of proliferation, and in so doing allows for enhanced expansion of
antigen-specific CD8 T cells (34). This antagonizing of IFN-I mediated activities is also
observed with STAT3, which limits the antiviral activity of IFN-Is, as well as counters the
IFN-1 mediated differentiation of CD4 T cells into T helper 1 (Th1) following viral infection
(35, 36). STAT3 skews CD4 T cell differentiation towards a T follicular helper (Tfh)
phenotype, which in turn promotes germinal center (GC) B cell development and virus-
specific antibody responses (35, 36). Accordingly, STAT3-deficient Tfh cells show elevated
IFN-inducible transcripts, suggesting that STAT3 downmodulates IFN-1 signaling in CD4 T
cells likely as a means to keep IFN-I signaling in check and avoid immunopathology.
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Perhaps not surprisingly, IFN-Is antagonize STAT3 in order to promote their antiviral
responses, as was recently shown following HCV infection in vitro (37). This varied pairing
of STATSs offers an important negative feedback regulatory mechanism, which is especially
important given that IFN-1 signaling occurs in almost all cell types, raising the risk of
immunopathology/cytokine storm associated with an uncontrolled or dysregulated IFN-I
signaling. A tight regulation of the IFN-1 mediated pro- and anti-inflammatory activities is
indeed critical as further evidenced by the presence of various positive and negative
regulatory mechanisms involving IRFs and ISGs, as discussed below.

In addition to the above, IFN-I leads to the activation of numerous STAT-independent
signaling pathways, including the c-Jun N-terminal kinase (JNK) pathway, the extracellular
signal regulated kinase (ERK) pathway, p38 mitogen-activated protein kinase (MAPK)
pathway, and the mammalian target of rapamycin (mTOR) pathway. These pathways play
essential roles in the ultimate expression of IFN-I dependent genes, both at the
transcriptional and mRNA translation levels, and thus the ultimate immunologic outcome of
IFN-I signaling. (See review by Platanais, pages )

regulatory factors in chronic infection

Induction of IFN-I is primarily controlled at the gene transcription level, a stage heavily
modulated by IRFs. IRFs were originally identified as regulators of IFN-I gene expression
following virus infections (38), and have since been implicated in the regulation of IFN-II
and IFN-I11 as well (39). To date, nine members of the IRF family — IRF1, IRF2, IRF3, IRF4
(LSIRF, PIP or ICSAT), IRF5, IRF6, IRF7, IRF8 (also known as ICSBP), and IRF9
(ISGF3y) have been identified in humans and mice (40). Structurally, all IRF family
members share a highly conserved amino-terminal DNA binding domain (DBD)
characterized by five tryptophan repeats, which is recognized by the consensus IRF
recognition motif 5’- AANNGAAA-3’ (where N denotes any nucleotide) on DNA
sequences including IRF elements (IRFEs) and ISREs (41). At the carboxyl-terminal end of
all IRFs is an IRF association domain (IAD) that enables IRFs to form homomeric and
heteromeric complexes with other IRF family members or members of other transcription
factor families, including AP1 and various STATSs. IRF1 and IRF2 share a fairly similar IAD
(IAD2) that is distinct from the rest of the IRFs, which each contain an IAD1 that shares
homology with the SMAD family of transcription factors (39). The IAD regions show
considerable sequence variation among IRFs, a property believed to confer unique
functional properties or selectivity for interactions.

Among the IRF family, IRF1, IRF3, IRF7 and IRF9 are considered positive regulators or
activators of IFN-I gene transcription. The cytosolic IRF3 and IRF7 are the main antiviral
transcription regulators following virus infection (39). As discussed above, the constitutively
and ubiquitously expressed IRF3 facilitates the initial signaling following sensing of viral
nucleic acids, leading to IFNB production, which will in turn enhance IRF7 production and,
consequently, gene transcription of various IFNa gene subtypes (39, 42, 43). IRF3 is also
important for regulating several ISGs such as the interferon-induced protein with
tetratricopeptide repeats (IFIT) family of proteins and 1SG15, as well as various cytokines
and chemokines including 1L-23, CXCL10 and CCL5 (44-46). As is frequently observed in
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IRF signaling, while IRF3 enhances gene expression of many genes, it can also inhibit gene
transcription in other contexts, as was demonstrated for TGF@ and IL-12p (47, 48). IRF1
and IRF7 are also constitutively expressed, albeit at low levels under naive conditions. IRF1,
IRF3 and IRF7 are capable of inducing ISGs in an IFN-independent manner as reported for
the STAT independent expression of ISGs including beta 2- microglobulin (82m), guanylate
binding protein (GBP), Myxovirus protein A (MxA), CXCL10, ISG15 and MHC-I in
immune cells (49-51). As well, IRF1 can interact with MyD88 and, in so doing, amplify
TLR signaling (52). Upon IFN-I stimulation, the levels of IRF1 and IRF7 are significantly
upregulated. In fact, all the IRFs, except IRF3, are cytokine-inducible. IRF1 and IRF7
further amplify the IFN response through a positive feedback loop (39, 53). IRF9, on the
other hand, is the only member with a STAT2 binding site, forming part of the ISGF3
complex, to enable ISGF3-complex binding to ISRE on promoter regions of target genes
(54). IRF9 was recently shown to interact with unphosphorylated STAT2 to drive expression
of cytokines including IL-6, which in turn can activate STAT3 (55). Consistent with IRF9
being a key player in IFN-signaling, IRF9 deficient mice largely behave like IFN receptor
knock out (IFNARKO) mice, and show increased susceptibility to various viral infections
including HSV and vesicular stomatitis virus (VSV) (56). Moreover, as a driver of IRF7 and
other 1ISG expression, IRF9 deficiency disrupts both the IFN-I amplification loop and the
ability to control viral replication, leading to establishment of a chronic infection and T cell
exhaustion (57).

IRF5 and IRF8 are frequently grouped together as their transcriptional activities can be
positive or negative depending on the context. IRF5 has long been considered a primary
mediator of MyD88-depedent TLR signaling, culminating in the induction of various
inflammatory cytokines such as IFN-Is, TNFa and IL-6 (58-61). Perhaps testament to its
important role in antiviral immunity, polymorphisms within IRF5 increase both
susceptibility to and pathogenesis of hepatitis B virus (HBV) infection (62). Recently,
TLR7-induced IRF5 activation was shown to upregulate the death receptor 5 (DR5) leading
to enhanced death of protective CD4 T cells during chronic visceral leishmaniasis and,
ultimately, allowed for establishment of a chronic infection (63). IRF5 has been shown to
possess both transcriptional activator and repressor functions, as was illustrated in
macrophages where it activated IL-12 and IL-23, but repressed 1L-10 gene transcription
(64). Similar to IRF5, the IFNy-induced IRF8 also plays dual context-dependent roles as a
transcriptional activator for genes such as IL-12p40 and repressor for the tripartite-motif 21
(TRIM21) (65, 66). It is interesting to note that TRIM-21 ubiquitinates and activates IRF8
transcriptional activity (66), which suggests that IRF8 uses its repressor function as a self-
regulatory mechanism. With a weaker binding affinity to target ISREs, IRF8 works in
concert with IRF1 and IRF2 to obtain optimal binding affinities (67). Whether these
interactions with IRF1 or IRF2 determine whether IRF8 functions as a stimulator or
repressor of gene expression remains to be elucidated.

IRF2 and IRF4 are generally considered inhibitory IRFs. IRF2, which shares significant
sequence homology with IRF1, was originally identified as a factor antagonizing IRF1-
mediated transcriptional activities largely through recognizing common DNA motifs on the
promoter regions of target genes (68). IRF2 has now been shown to associate with NF-xB,
IRF8 and STAT1 within the cytoplasm and, in so doing, prevents these factors from
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translocating into the nucleus where they would regulate gene transcription (67, 69-72).
Under steady state conditions, IRF2 prevents tonic IFN-I signaling and its absence resulted
in development of an ISGF3-driven autoimmune inflammatory skin disease in mice,
pointing to a role of IRF2 in antagonizing the activities of the IRF9-STAT1-STAT2 complex
(73). Of note, mice lacking IRF2 exhibit a heightened ISG signature without an
accompanying elevation in IFN genes, implying that IRF2 regulates IFN signaling and not
IFN gene production (73). In addition to its repressor functions, IRF2 has been shown to act,
typically in concert with IRF1, as a transcriptional activator for several genes including the
H4 histone gene and 77/r3 (74-76). On the other hand, IRF4 antagonizes IRF5 largely
through binding to similar sequences on target genes as well as by competing for MyD88
interaction (77, 78). IRF4 regulates both CD4 and CD8 T cell differentiation, as well as B
cell maturation [reviewed in (79)]. In addition, unlike IRFs 1, 5 and 8, which are associated
with polarization towards M1 macrophage phenotype, IRF4 is involved in skewing towards
the anti-inflammatory M2 phenotype (80). In an acute infection, IRF4 was shown to help
sustain virus-specific CD8 T cell effector functions and prevent establishment of a chronic
infection, but it induced immunopathology (81). However, in chronic LCMV infection, IRF4
suppressed effector cytokine production, increased inhibitory receptor expression and
reduced anabolic metabolism in virus-specific CD8 T cells, and further repressed
development of memory T cells (82). It did, however, promote expansion and maintenance
of the antigen-specific T cells, as well as prevented immunopathology (82).

Overall, IRFs play important roles in regulating IFN-I signaling and, consequently, antiviral
activities. It is therefore not surprising that viruses specifically target the functioning of these
factors in order to prevent IFN-1 induction. Viruses such as HSV, hepatitis C (HCV), dengue
and HIV have dedicated some of their viral proteins to inhibit IKKe-, IKKa- and TBK1-
mediated phosphorylation of IRFs, thereby dampening IFN-I signaling [reviewed in (83)].
HIV-1 further uses its viral protein R (Vpr) and viral infectivity factor (Vif) to target IRF3 for
degradation (84). Human papillomavirus (HPV) and paramyxoviruses (Measles virus,
Newecastle disease virus) can interact with IRF3 and inhibit its transactivation potential or
prevent its translocation into the nucleus (85). Furthermore, viruses have been shown to
prevent the association of IRFs to the promoters of their target genes, as illustrated by HSV
and Kaposi’s sarcoma-associated herpesvirus (KSHV) that prevent IRF3 binding to IFNB
promoter regions (86, 87). KSHV uses its viral homologs VIRF1 and VIRF2 to prevent IRF3-
dependent gene transcription and VIRF3 to prevent IRF7 from binding to its target genes
[reviewed in (88)]. As well, viruses have evolved to exploit IRFs for their own benefit.
HIV-1 induces IRF1 expression, which it exploits to stimulate viral transcription of its
genome in the early phases of infection as well as to increase T cell activation to favor virus
replication. Once it achieves its goals, HIV-1 then directs its Tat protein to inhibit the IRF1
transcriptional activities and/or facilitates its proteasomal degradation [reviewed in (89)].

Diverse functions of interferon stimulated genes in viral infection

The activities of IFN-Is are potentiated by hundreds of ISGs that are directly stimulated
downstream of IFNAR. ISGs include antimicrobial proteins, chemokines, cytokines and
other immune mediators that induce recruitment of immune cells and inflammation. 1SGs
play diverse roles in many cellular processes such as migration, antigen processing and
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presentation, cellular activation, differentiation, mitosis and apoptosis. To add to this
complexity, cell-type specificity, ISG expression Kinetics, duration and context of signaling
all likely contribute to the impact of IFN-Is on immune cell function.

Antiviral and anti-proliferative roles of ISGs

First discovered for their essential role in antiviral immunity, many studies have
characterized the antiviral and anti-proliferative properties of ISGs. A productive virus
infection requires virus entry, uncoating and RNA/DNA replication in the nucleus or
cytoplasm of the infected cell. The viral genome is then transcribed into new viral RNA that
is either translated into viral proteins or gets incorporated into new virions. The mature virus
particles are then released in order to initiate infection of new target cells. IFN-Is stimulate
expression of genes that will target each of these virus replication cycle steps, and in so
doing prevent spread of infection. First, an 1ISG family of IFN inducible transmembrane
proteins (IFITMs) interferes with membrane fusion thereby blocking cellular entry of a
broad range of viruses including HIV, WNV, Ebola virus, Zika virus and influenza A virus,
while the tripartite motif 5 alpha (TRIM5a) E3 ubiquitin ligase induces premature
disassembly of the incoming virion capsid thus blocking synthesis of the viral
complementary DNA (cDNA) [reviewed in (90, 91)]. Another ISG sterile alpha motif and
histidine aspartic domain (HD) containing protein 1 (SAMHD1) not only inhibits HIV
reverse transcription through mediating depletion of deoxynucleoside triphosphates (ANTPs)
required for cONA synthesis but also targets RNA for degradation (90). The reverse
transcription step is also directly inhibited by an ISG family of apolipoprotein B mRNA
editing enzyme catalytic-like 3 (APOBEC3). The APOBEC3 cytidine deaminases also
hypermutates the viral genome by introducing G to A substitutions that are detrimental to
virus replication [reviewed in (90, 92)]. Further down the replication cycle, the IFN
inducible human myxovirus resistance proteins 1 (MxA) and 2 (MxB) inhibit nuclear import
and/or integration of the viral DNA into the host cell chromosomes (90, 92, 93). Several
ISGs including Schlafen proteins and Protein Kinase R (PKR) inhibit viral mMRNA
translation, whereas GBPs and 1SG15 target post-translational modifications including
processing and incorporation of viral proteins into assembling virions at the cell surface (92,
93). The ISGs serine incorporator 3 (SERINC3) and SERINC5 get incorporated into the
forming virions, and they reduce infectivity of the nascent virion through mechanisms that
ultimately inhibit virus fusion to the membranes of a new target cell (94, 95). At the cell
surface, the cellular ISG restriction factor tetherin (also known as BST-2 or CD137) potently
restricts release of a broad spectrum of enveloped viral particles by tethering or trapping
them to the surface of the infected cell (92, 96, 97). While each of these ISGs appear
sufficient to carry out their respective functions, there exist cases where ISGs further
enhance functional activities of their fellow antiviral 1SGs. To illustrate, in addition to its
antiviral responsibilities, ISG15 also directly activates PKR to further promote or enforce
inhibition of viral gene translation, and targets proteins being synthesized de novo during an
active infection for eventual degradation (98, 99). As well, 1ISG15 stabilizes IRF3
transcriptional activity, leading to enhanced IFN-I signaling (100). The fact that IFNs greatly
upregulate so many ISGs targeting essentially all the virus replication cycle steps
underscores their absolute requirement in controlling virus infections. Consistent with this,
viruses have evolved to antagonize these ISG-mediated activities. For example, HIV mainly
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uses its Vif, Nef and VVpu accessory proteins to respectively counter APOBEC3, SERINC3
and tetherin.

In addition to directly targeting steps of the replication cycle, IFN-Is mediate upregulation of
RNA/DNA sensors such as MDAS and RIG-I that further sensitize or enhance detection of
viral nucleotides, resulting in expression of IFN genes, as discussed earlier. Importantly,
MDADS5 was found to be a major trigger of IFN-I production following both acute and
chronic LCMV infections and its deficiency delayed antiviral CD8 T cell responses, which
in turn resulted in viral persistence (101). Moreover, IFN-Is induce a wide array of ISGs
including IRFs and STATSs that can further stimulate expression of both IFN and IFN-
inducible genes thereby propagating IFN-1 signaling through positive feedback amplification
mechanisms as well as sustaining an antiviral state not conducive for spread of infection. All
considered, studies on IFN-Is and ISGs have provided information not only of how IFN-
mediated activities contribute to control of virus replication and resolution of infection, but
also how chronic IFN-I signaling is likely induced and sustained. Further studies are
required in order to fully appreciate both the precise roles of these ISGs as well as the
context-dependency of their functions (cell type and virus specificities). Indeed, specific
ISGs may be selective for the viruses they inhibit. While some 1SGs including IFI116, OASL,
IFITM2, MOV10 and TREX1 show targeted specificity in their antiviral roles, ISGs such as
IRF1, IFTIM3, RIG-I and MDAGS were broadly acting in their inhibitory roles (102). In fact
IRF1, which induces a wide variety of ISGs in both a STAT1- dependent and independent
manner, inhibited all viruses tested in a study by Schoggins and colleagues (102). Whether
these pan effector functions of IRF1 are as a result of IFN signaling beyond the canonical
STAT1-reliant IFN-I, IFN-11 and IFN-I11 remains to be tested. Of note, in some virus
infections STAT1 expression is downregulated, perhaps in a bid by the virus to dampen IFN-
| responses, while expression of other STATS is enhanced (34). The ability of I1SGs such as
IRF1 to utilize multiple non-overlapping effectors (such as different STATS) to exert their
function likely enables ISGs to inhibit a broad range of viruses, and is advantageous in
counteracting virus-mediated antagonistic activities.

Resolution of IFN-I signaling

Similar to many cytokine-receptor signaling pathways, excessive IFN-I signaling is
prevented through multiple negative feedback mechanisms. For example, IFNAR is rapidly
downregulated following engagement with IFN-1, immediately desensitizing cells that have
responded to IFN-I from further stimulation (103, 104). As well, intracellular protein
tyrosine phosphatases such as CD45, SH2 domain containing tyrosine phosphatase 1
(SHP-1) and SHP-2 inactivate JAK kinases and STAT proteins, further dampening IFN-I
signaling (105). Further, a group of constitutively expressed proteins referred to as protein
inhibitors of activated STAT (PIAS) suppresses STAT-mediated functions by blocking
binding of STATS to their target DNAs (105). PIAS proteins also mediate SUMOylation of
STAT proteins, ultimately channeling them for degradation via a SUMO-mediated
degradation pathway (105). In addition to these cell-intrinsic desensitization mechanisms,
some of the ISGs that are upregulated act at various points in the IFNAR signaling cascade
to blunt or diminish signaling. Suppressor of cytokine signaling 1 (SOCS1), which is
upregulated by IFN-I signaling, inhibits JAK-STAT signaling through associating with and
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inactivating JAK kinases (106, 107). As such, phosphorylation and activation of STATS is
reduced, resulting in defective IFN-1 dependent antiviral and antiproliferative activities.
Another ISG, ubiquitin carboxy-terminal hydrolase 18 (USP18), plays an important role in
inducing desensitization to IFN-I signaling. USP18 is an isopeptidase that counteracts
ISG15-mediated activities by removing 1SG15 conjugated (ISGylated) to target host and
viral proteins, thus protecting these target proteins from being committed to or channelled
for degradation (108). In addition to triggering de-1SGylation, USP18 also attenuates IFN-I
signaling by displacing JAK1 bound to the IFNAR2 subunit (93, 109).

Anti-inflammatory and negative regulatory signals

Prolonged IFN-I signaling can lead to detrimental effects for the host. Immune stimulatory
functions that lead to enhanced antigen cross-presentation and sensitivity can result in self-
recognition and autoimmunity (110, 111). Therefore, the simultaneous induction of negative
immune regulatory factors, such as indoleamine-2,3 dioxygenase (IDO), programmed cell
death-1 ligand (PDL1) and IL-10, serves to protect the host from excessive stimulation by
IFN-Is. Immune suppression by ISGs occurs at various levels: through signaling, altered
metabolism, transcription and translation. IDO for example, catalyses the conversion of
tryptophan to kynurenine, which then suppresses immunity by signaling through the aryl
hydrocarbon receptor (112). In addition, tryptophan is required to support T cell
proliferation, therefore redirecting tryptophan metabolism through IDO indirectly limits T
cell function by depleting T cell resources (113). PDL1 and IL-10, on the other hand,
directly attenuate T cell proliferation and function, allowing the resolution of immune
responses after the infection is eliminated. In addition, cytosolic RNA/DNA sensors that are
upregulated by IFN-Is can also paradoxically promote viral replication within host cells by
interfering with other nucleotide sensing pathways. Whereas 2”-5’-oligoadenylate
synthetase-like (OASL) limits viral replication by enhancing signaling through the RNA
sensor RIG-I in the context of RNA viruses, induction of OASL inhibits cGAS and promotes
viral replication in the context of infection by DNA viruses such as HSV (114). Similarly,
chronic infections lead to induction of the ISG adenosine deaminase acting on RNA 1
(ADAR1), an RNA deaminase that counteracts the antiviral activity of PKR thereby
promoting retroviral replication (102, 115). APOBEC3A, IDO1, LY6E are examples of
other 1SGs that promote virus replication in a broad range of viruses (102). Some 1SGs have
also been shown to target and inhibit IRFs. The interaction of GBP4 with IRF7 decreases the
activation and transcriptional activity of IRF7, leading to defective IFNa expression (116).
Thus, the myriad of I1SGs induced by IFN-I signaling serve to both drive and then ultimately
inhibit the immune responses to viral infection.

Chronic IFN signaling effects on innate and adaptive immunity

Much of the antiviral effects of IFN-I signaling were initially established in acute infections
where IFN-I production is rapidly shut down with the elimination of infection (Figure 2).
The same robust IFN-1 dependent antiviral response is also initially observed in the case of
chronic infections for initial virus control. Blockade of IFN-I signaling early during SIV
infection decreased antiviral gene expression, and enabled increased virus replication,
elevated viral reservoirs and led to an enhanced depletion of CD4 T cells and a faster
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progression to AIDS (117). Similarly, in LCMV infection, the administration of IFNAR
blocking antibodies at the time of infection led to heightened viral loads while the receptor
was being blocked and turned the otherwise acute LCMYV infection into a chronic infection
(118, 119). However, in persistent infections, this beneficial, heightened antiviral response is
short-lived as the systemic IFN-I burst is reduced to levels observed in naive hosts, even
though the viral burden remains elevated (7, 118). Despite the undetectable levels of IFN-Is
themselves, IFN-I signaling is ongoing as evidenced by the high continuing 1ISG production
that is ablated by blocking the IFNAR (118). The cellular and/or environmental factors
maintaining IFN-responsiveness (even when IFN-Is are systemically undetectable) are yet to
be elucidated, but could represent smoldering levels of IFN-I production in distinct niches,
or epigenetic restructuring that enables enhanced sensitivity to IFNAR signaling.

Similarly, the downregulating mechanisms underlying diminished IFN-I expression despite
sustained virus replication, remain ill-defined. Many studies have observed that
corresponding to the downregulation of IFN-I production, antigen-presenting cells (and
likely other immune subsets) become refractory to subsequent TLR signaling (117, 120,
121) and remain in a hypo-activated state throughout infection (122) (Figure 2).
Interestingly, prolonging the strong antiviral response obtained during the acute stage may
improve outcomes, suggesting that downregulation of IFN-1 signaling may be premature
against some viruses and enable virus persistence. Consistent with this, chronic LCMV
(CI-13)-infected mice given a recombinant form of IFN-1 during the acute stage of infection
or deletion of the IFN-I inhibitor OASL improved virus-specific CD8 T cell responses and
accelerated virus control (101). Interestingly, attempts to recapitulate these beneficial effects
obtained at the acute stage of infection (Figure 2) were unsuccessful when IFN-I levels were
boosted during the chronic stage of LCMV infection (101). In fact, sustained IFN-I
administration in SIV-infected rhesus macaques revealed an expanded SIV reservoir,
accelerated loss of CD4 T cells (even though this may have been in part due to CD4 T cells
being a target of SIV) and a faster progression to AIDS, much like the case in which IFN-I
was blocked during the acute phase (117). Similarly positive correlations between a
sustained IFN-I signature and disease progression were reported in HIV-infected patients
(123, 124) and defective immune restoration following combination anti-retroviral therapy
(cART) was associated with higher levels of IFN-I and immune activation (125, 126).

In contrast to their antiviral and stimulatory roles in acute viral infections, our group and
Michael Oldstone’s group identified IFN-1 signaling during chronic LCMV infection to
drive many of the immune dysfunctions associated with viral persistence (118, 119).
Inhibiting IFN-1 signaling reduced chronic inflammation and apoptosis, reduced expression
of multiple negative regulatory factors, including PDL1 and IL-10, and improved functional
properties of T cells (Figure 2) (118, 119, 127). Paradoxically, blocking IFNAR at the onset
of infection or during the established infection accelerated elimination of the chronic
infection ina CD4 T cell and IFN-y dependent manner (118, 119). Thus, early IFNAR
blockade directly or indirectly ‘programs’ the course of immune exhaustion. IFNAR
blockade in the middle of a persisting infection restores antiviral functional properties of T
cells (118, 119). The underlying mechanisms via which IFN-Is exert their effect in chronic
infections still remain elusive, but likely involve various immune cell types associated with
both innate and adaptive immunity.
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Upon sensing of viral nucleotides through TLRs, plasmacytoid dendritic cells (pDCs)
respond by producing massive amounts of IFN-Is, with contributions from other myeloid
cells (128). The importance of pDC-driven IFN-Is in particular is highlighted by the failure
of pDC-deficient mice to control chronic LCMV (128). Proliferation and functionality of
virus-specific T cells were impaired in these pDC-deficient animals; however, this
impairment was not due to lack of antigen-presentation since pDCs deficient in MHC II
elicited functional T cell responses (128). Exposure of both pDCs and conventional DCs
(cDCs) to IFN-Is enhances their maturation and activation (129). Interfering with IFNAR
signaling reduces expression of MHC, costimulatory and adhesion molecules, and interferes
with the ability of the DCs to stimulate naive T cells (129). In chronic LCMV infection,
IFN-I signaling induces expression of TNF receptor superfamily ligands such as the
glucocorticoid-induced tumor necrosis factor receptor related protein ligand (GITRL)
specifically on monocyte-derived antigen presenting cells (APCs) and not on cDCs (130).
Triggering the GITRL-GITR axis helps control virus infection by promoting post-priming
accumulation of CD4 T cells, which in turn provides help necessary for accumulation and
functional properties of CD8 T cells (130). Additionally, in chronic infections, IFN-Is
protect antiviral T cells from NK cell-mediated elimination, allowing for robust T cell
responses and suppression of virus loads (131-133). In agreement, when given early
following infection, IFN-Is rescue CD8 T cell function and promote virus clearance (101).
Of note, Le Bon et a/ provided evidence that IFN-Is facilitate APC-mediated crosspriming of
CD8 T cells in a manner independent of CD4 T cell help (134). The authors observed that
while MHC 11 and CD40 were dispensable, IFN-I signaling was imperative for optimal
priming and differentiation of CD8 T cells into effector cells in LCMYV infected mice (134).
Exogenous administration of IFNa yielded similar results, further strengthening the notion
that this effect is IFN-I dependent (101, 134). In addition, IFN-I signaling by innate immune
cells mediates expression of various ISGs that can either inhibit virus replication and/or
induce expression of antiviral cytokines or IRFs that can further propagate IFN-mediated
antiviral responses. However, consistent with the complexities of IFN-I mediated outcomes,
IFN-I signaling also dampens immune functions, resulting in impaired control of infections.
As alluded to earlier, some of the ISGs induced actually abrogate further IFN-I signaling. In
accordance, mice deficient in the negative regulatory 1ISG, OASL1, produce enhanced levels
of IFNs that potentiate antiviral CD8 T cells responses leading to efficient virus control
(135). Moreover, IFN-I signaling was shown to trigger expression of pro-apoptotic factors
such as Bax, Bid, Bim in pDCs, that activate caspases leading to pDC cell death (136). IFN-I
signaling is also associated with reduction in size of the DC, macrophage and NK cell pools
in the spleen. Further, IFN-I signaling enhances expression of multiple negative regulatory
factors, including PDL1 and IL-10 in myeloid cells (118, 137-139). Our group has further
shown that sustained IFN-I signaling in chronic infections not only mediates generation of
immunosuppressive DCs, but also represses generation of cDCs capable of stimulating T
cells (137). Additionally, in chronic HIV infection, IFN-Is desensitize monocytes such that
they fail to respond to activating microbial factors (140). Taken together, these studies
associate chronic IFN-1 signaling with heightened immune activation and
immunosuppression, as well as defective antigen presentation in persisting viral infections.
As such, blocking of IFN-I signaling can restore immune function and help control viral
infections (118, 119). We observe that IFNAR blockade during the chronic stage of infection
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suppresses not only production of proinflammatory cytokines I1L-1 and IL-18, but also
expression of caspases in DCs and macrophages, together implying that both inflammation
and activation of the inflammasome are prevented in these innate immune cells (118). It is
worth mentioning that IFNAR blockade at the onset of a would-be persistent viral infection
initially results in high virus titres, but this appears to be transient as the number of immune
cells, especially virus-specific CD4 T cells, increase along with production of the effector
cytokine IFNvy, ultimately resulting in enhanced virus control (118).

T cell specific effects of chronic IFN-I signaling CD4 T cells

In activated CD4 T cells, IFN-Is can either trigger antiproliferative and proapoptotic
responses or survival and proliferative responses depending on the STATS they activate
[reviewed in (50)]. While the mechanisms regulating each of these opposing pathways are
incompletely understood, STAT1 activation has been shown to mediate CD4 T cell
antiproliferation and apoptosis through inducing IRF1, activating caspase-7 and activating
TRAIL (50). In contrast, signaling through STATs 3 and 5 generates antiapoptotic CD4 T
cell responses, and is frequently observed in low amounts of STAT1 (50). During chronic
viral infection, a sustained IFN-I signature leads to CD4 T cell attrition, exhaustion and,
consequently, suboptimal control of infection (127, 141, 142). Unlike treatment during an
acute infection, treatment of SIV chronically-infected macaques with a recombinant IFNa2a
led to accelerated depletion of CD4 T cells that correlated with rapid progression to AIDS,
potentially through enhanced cellular activation generating a larger target pool for SIV
infection (117). In chronic HIV infection, sustained IFN-I signaling was a key driver of
virus-induced apoptosis, TRAIL- and TRAIL-DR5-dependent apoptosis, Bak- and Fas-
mediated apoptosis, as well as elevated caspase-3 activity in CD4 T cells (142-145). Further,
expression of PDL1 and IL-10 driven by IFN-Is prevents CD4 T cell priming and Thl
polarization during chronic infection (146). Taken together, these mechanisms of CD4 T cell
loss or exhaustion deprive CD8 T cells of the help the CD4 T cells would otherwise provide,
hence compounding poor virus control.

The effect of IFN-I signaling on regulatory T cells (Tregs) remains controversial. IFN-Is
have been shown to promote Treg development and survival, as well as to maintain FoxP3
expression and Treg functions under inflammatory conditions (147, 148). However, in acute
virus infections IFN-I signaling in Tregs inhibited both proliferation and activation of Tregs,
enabling efficient antiviral T cell responses and leading to efficient virus clearance (149).
With the exception of the IFN-I1 mediated depletion of Tregs, similar results were obtained in
a chronic LCMV infection wherein IFN-I signaling in Tregs reduced their activation and
expression of genes associated with an enhanced suppressive potential (150). In this system,
IFN-1 signaling in Tregs was associated with increased numbers of effector cytokine-
producing virus-specific CD8 T cells, resulting in reduced virus burden and limited
expression of inhibitory receptors PD1 and CD39, among others (150). Interestingly, these
authors were able to extend their findings into tumor models where abrogation of IFNAR
signaling in Tregs led to an increase in the frequency of tumor infiltrating PD1+ Tregs,
repressed activation and cytokine production by both conventional CD4 and CD8 tumor
infiltrating T cells, and ultimately poor control of tumor growth (150). While IFN-I
signaling in Tregs appears to potentiate antiviral and antitumor T cell functions, it is worth
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noting that IFN-I signaling within the tumor microenvironment is associated with Treg
expansion and enhanced activation of their immune suppressive potential, both of which
favor tumor progression (151). Further, Treg depletion during the chronic stage of LCMV
infection restored antiviral functions of virus-specific CD8 T cells albeit with an increase in
PDL1 expression that secondarily limited viral control (152).

IFN-Is play important roles in potentiating antiviral responses by cytotoxic CD8 T cells,
which are essential for elimination of chronic viral infections. IFN-Is enhance T cell
priming, allowing for T cell differentiation that is associated with expression of key
transcription factors T-bet and eomesodermin (Eomes) and acquisition of effector functions
(129, 134, 153, 154). Additionally, IFN-Is directly enhance the functionality of antigen-
specific CD8 T cell responses including their cytotoxic capacity (155, 156). Abrogation of
direct interaction between virus-specific CD8 T cells and IFN-Is almost entirely (>99%)
abolished their ability to expand and generate memory cells following LCMV infection
(156). In a way, this emphasizes IFN-Is as costimulatory factors necessary for antigen-
specific cell expansion. In this case, IFN-Is promoted cell survival during the antigen-driven
proliferation phase, without affecting the CD8 T cell proliferative potential per se. In another
study, polyinosinic-polycytidylic acid [poly(l:C)]-mediated IFN-I signaling was critical in
augmenting virus-specific CD4 and CD8 T cell responses and reducing both the virus
burden and risk of virus-induced leukemia in Friend retrovirus (FV)-infected mice (157).
This poly(I:C) effect was again entirely IFN-dependent as the effector cytokine-production
and cytotoxicity of virus-specific CD8 T cells were not observed in infected IFNAR-
deficient mice (157). As discussed earlier, IFN-Is can either activate STAT1-dependent
signaling that inhibits CD8 T cell proliferation or trigger other STATSs such as STAT4 that
favor antiviral CD8 T cell expansion (50, 155). In LCMV infection, virus- activated CD8 T
cells (and intriguingly not CD4 T cells) were shown to downregulate STAT1, with a
concomitant increase in STAT4 levels, suggesting that this could be a mechanism through
which the IFN- mediated block in proliferation is circumvented (34). It is interesting that
several studies have observed that in the earlier stages of an infection, memory CD8 T cells,
and to a lesser extent naive CD8 T cells, are preferentially vulnerable to IFN-mediated
apoptosis [reviewed in (153)]. It is indeed tempting to think of this as yet another
mechanism the immune system uses to ensure that there is ‘room’ for expansion of antigen-
specific CD8 T cells. These studies support a beneficial role of IFN-I signaling in enhancing
the antiviral roles of virus-specific CD8 T cells. In agreement, administration of exogenous
IFN-Is early following chronic LCMV infection immediately enhanced both numbers and
antiviral functions of virus-specific CD8 T cells (101). Importantly, the authors further
observed that this early IFN-I administration maintained the enhanced numbers and
preserved polyfunctionality of the LCMV-specific CD8 T cells at later time points,
ultimately resulting in an accelerated resolution of the infection (101). In accordance with
other studies (117), the “window of opportunity” during which IFN-1 administration is
beneficial is rather short, around one week in the case of chronic LCMV infection (101).

An emerging theme, however, is that during chronic viral infections, virus-specific CD8 T
cells are continuously exposed to antigens and chronic IFN-I signaling leading to their
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differentiation into an exhausted state in which their effector functions, memory potential,
and proliferative capabilities are significantly impaired (158). The exhausted cells are
characterized by several features including overexpression and accumulation of inhibitory
receptors (PD1, Tim-3, TIGIT, CTLA-4, LAG-3 and several others), defective cytokine
production, reduced metabolic fitness, among others (158). Somewhat perplexingly, IFNAR
blockade reduces the expression of these exhaustion markers and can restore functional
properties in virus-specific CD8 T cells (118, 143, 159, 160). The identification of IFN-Is as
mediators of CD8 T cell exhaustion during the chronic stage of infections helps explain, at
least in part, the observations indicating that delayed exogenous IFN-I administration in
chronically infected animals neither enhanced numbers nor functionality of antiviral CD8 T
cells (101, 117). Instead, IFN-1 administration during the chronic stage was associated with
worsened outcomes culminating in poor virus control. Even though ongoing IFN-I signaling
during a chronic viral infection induces an exhausted state among CD8 T cells, several
recent studies have highlighted the heterogeneity among the virus-specific CD8 T cells. In
particular, these studies identified a population of PD-1+ CD8 T cells that exhibit stem cell-
and memory-like properties, capable of self-renewal and terminal differentiation, whose
generation is dependent on TCF1 (161, 162). Even though this population lacked an effector
T cell signature, it sustained an antiviral T cell response and had greater proliferative
potential following PDL1 blockade during the chronic stage of infection (161, 162).
Whether IFN-Is play a role in maintenance of this population or affect its functional and/or
proliferative capabilities remain to be tested. Notably, a recent study found that TLR9-
mediated induction of IFN-Is using biodegradable nanoparticles functionalized with CpG
and retroviral T cell epitopes of FV during the chronic stage of infection efficiently
reactivated CTL antiviral activities leading to a pronounced decrease in virus burden (154).
Interestingly, this immunization strategy was also shown effective in cancers where the
tumor antigens and CpG drove IFN production that was associated with enhanced numbers
of CTLs infiltrating the tumor, resulting in the control of tumor growth (163).

Overall, IFN-I signaling early following infection offers critical benefits for both innate and
adaptive immunity, and contributes to generation of an antiviral state that limits virus
infections. The direct antiviral roles of IFN-Is have seen IFN-Is become central in therapies
to treat chronic HBV and HCV infections. However, sustained IFN-I signaling during the
chronic stage of infection leads to exhaustion of immune cells and other immunosuppressive
mechanisms that appear to temper the IFN-I mediated antiviral benefits, ultimately leading
to failure to control the infection.

IFN therapy during chronic infections remains controversial in the realm of therapeutic
approaches aimed at controlling and eliminating viral infections. This underscores the dual,
opposing roles IFN-Is play during the chronic stage of infection. IFNs continue to play a
critical beneficial role throughout the course of infection, which led to the hypothesis that
enhancing IFN-signaling in chronic patients would improve disease outcomes. While IFNa
has been successfully used to treat HBV and HCV, IFNa administration to HIV-1
chronically infected patients failed to offer significant long-term benefits in curtailing
disease progression, even though the viral loads and HIV-I cell-associated RNA levels were
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reduced in some cases (164-167). Consistent with this, several reports indicated that IFNa
correlated with immune activation, enhanced CD4 T cells loss and disease progression (142,
168).

However, recent advances in the field suggest a therapeutic potential of 1FN-I
administration. This is largely due to the emerging understanding that antiviral potencies of
IFN-I subtypes vary (169, 170). This variation is largely due to distinct IFNa subtypes and
IFNB exhibiting differential affinity for IFNAR, thereby eliciting differential signal
transduction and, consequently, different immune responses (171-173). As such, the
perceived failure of earlier IFNa boosting therapies could be as a result of administering
IFNa subtypes that are ineffective in virus control during the chronic stage of infection. Of
particular note, IFN therapies in HIV-I infected patients have primarily focused on IFNa.2
(164). Intriguingly, IFNa.2 was recently shown to be ineffective in potentiating anti-HIV
immunity in HIV-infected humanized mouse models (169, 174), while instead, IFNf and
IFNa.14 were individually potent against HIV. During chronic LCMV infection, blockade of
IFNB, but not multiple IFNa subtypes, increased the antiviral immune responses and virus
clearance, albeit not as well as IFNAR blockade (175), suggesting that distinct IFN-I
subtypes have different roles in modulating immunity to chronic viruses. This raises the
question of whether, and if so which, specific IFN-I subtypes should be targeted in these IFN
administration approaches. It is interesting to note that while IFNa.2a treatment may not
have been efficacious in anti-HIV therapies, it enhanced clearance of HIV-infected cells via
antibody-dependent cellular cytotoxicity mediated by broadly neutralizing antibodies (176),
underscoring the diverse roles of IFN-Is in viral infections.

IFN-I blockade

An approach that has yielded consistent positive outcomes involves blocking IFN-1 signaling
during the chronic stage of infection. As detailed above, this was first performed in the
chronic LCMV model, leading to enhanced control of viral infection (118, 119). Ina
humanized mouse model of HIV, we showed that blocking IFNAR signaling during the
chronic stage of infection lowered ongoing ISG expression, reversed the HIV-induced
immune activation, enhanced anti-HIV T cell immune responses, and reduced viral titers and
the size of the reactivatable viral reservoir, particularly in conjunction with concurrent
antiretroviral therapy (159). In a separate study, HIV infected humanized mice with cART-
suppressed viral replication were treated with anti-IFNAR blocking antibodies leading to
“blips” in virus reactivation (even while on continued cART) and delayed virus rebound
when cART was discontinued (160), suggesting that continued IFN-I signaling during cCART
suppresses smoldering reservoirs or prevents virus reactivation from latency and in so doing
helps to maintain the latent reservoir. These observations in mouse models have generated
interest in the potential of blocking IFN-I in the middle of a chronic infection. However, a
recent study did not reveal any differences in T cell activation and size of the reservoir
following treatment with an engineered IFNa antagonist (177). The treatment did reduce
(albeit not completely) the previously elevated IFN-I signature in the infected animals.
While reasons for this discrepancy between these animal models are not immediately clear,
it is worth pointing out that the studies in humanized mice used a highly effective anti-
IFNAR antibody, whereas the SIV study antagonized the frequently targeted IFNa.2. It
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would be informative to test the antiviral role(s) of IFNa2 against SIV in these non-human
primate models, to understand the suitability or potential of IFNa2 as a therapeutic target,
particularly considering the ineffective antiviral contributions of IFNa.2 in models of HIV
infection (169, 174). Importantly, this highlights the necessity for greater understanding of
the specific role and therapeutic potential of different IFN-I subtypes, which can then be
targeted in single or combinatorial blockade approaches.

It must be emphasized though that IFN-I signaling, although having some detrimental
effects during chronic infections, still plays critical antiviral roles throughout the infection.
Overall, this argues that IFN-Is do not convert from being beneficial to becoming “entirely
detrimental’, rather it is a delicate balance of the ‘good’ versus the ‘bad’ and further research
is required in order to understand the temporal and cell type specific effects of IFN-I
signaling that will likely enable us to tease apart these seemingly conflicting roles of IFN-Is
in chronic infections.

Selective inhibitors

Our increasing understanding of the variable effects of IFN-I subtypes that drive the
different IFN-1 induced effects enables targeting of specific stages or molecules within the
IFN-I signaling cascade. Two FDA-approved inhibitors of the JAK1/2 kinases (ruxolitinib
and tofacitinib approved for myelofibrosis and arthritis, respectively) were shown to potently
suppress HIV replication in vitro (178) and ruxolitinib was further demonstrated to inhibit
virus replication in a murine model of HIV encephalitis (179). Additionally, ruxolitinib
treatment of HIV infected PBMCs in combination with a latency reversing agent (protein
kinase C agonist) that specifically induces T cell activation, limited production of multiple
inflammatory cytokines IL-6, IL-1a/p, TNFa and IFNy (180). These JAK inhibitors have
also been shown to not only reduce HIV virus production but also reduce the size of the HIV
reservoir (181). Further, these inhibitors limit IL-15-induced viral reactivation, which overall
resulted in reduced immune activation, and therefore infection of bystander target CD4 T
cells in a pSTAT5-dependent manner (181). It is interesting that the potency of these
inhibitors improves when they are combined, suggesting they can be manipulated to achieve
the desirable affinities or combinatorial effects. However, given that these JAK inhibitors
affect very early stages of the JAK/STAT pathway, there remains concern that shutting down
IFN-I signaling altogether may dampen responses to opportunistic infections. Indeed, a
JAK3 inhibitor, which also targets JAK1/2, was recently shown to lead to increased SIV
viral loads in chronically infected rhesus macaques (182, 183). Nonetheless, the therapeutic
potential of these inhibitors has generated interest, and they are currently being explored in
clinical trials.

In addition to JAK inhibitors, inhibitors of the cGAS-STING pathway have emerged as
critical potential therapeutic targets to dampen chronic IFN-1 signaling. While potent small
molecules targeting cGAS activity have been synthesized, their safety profiles or off-target
effects and reduced functionality in cells have dissuaded their further consideration (184,
185). The lessons learnt from these compounds will undoubtedly inform the future design of
more potent and specific cGAS inhibitors. In contrast, blocking STING has yielded very
promising results, as the compounds are believed to be STING-specific largely due to their
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covalent association with the transmembrane domain of STING (186). These STING
antagonists are potent in human cells, effectively attenuating expression of STING-
dependent proinflammatory cytokines (186). While this is an important advance, it still
remains to be shown whether other off-target effects for these antagonists exist.
Notwithstanding their therapeutic potential, caution must be exercised when inhibiting the
cGAS-STING pathway, as defective DNA sensing and STING-mediated antiviral/immune
responses may increase susceptibility to infections. It has been argued that targeting the
cGAS-STING pathway poses an acceptable risk relative to inhibiting fundamental
components of the IFN-I signaling pathway such as IFNAR, JAK/TYK kinases and TBK1.
In line with this, CGAS-STING pathway deactivates only a fraction of the PRR sensing
pathway, suggesting that non STING-dependent viral sensing and immune responses would
remain intact.

Small molecule inhibitors of the inflammatory TBK1 and IKKe kinases have been
developed and proven effective against various inflammation-related disease conditions
(187-190). Moreover, functional benefits of these inhibitors have also been reported in
cancers where the inhibitors blocked oral squamous cell carcinoma xenograft growth,
potentiated responses to PD-1 blockade therapies, and sensitized melanomas that were
resistant to clinical MEK inhibitors (191-194). However, these inhibitors have been
associated with toxic side effects likely stemming from their lack of specificity as well as the
fact that the TBK1/IKKe kinases regulate a plethora of critical cellular processes including
modulation of Akt-mTOR signaling, DC function, autophagy, apoptosis, IRF activation, NF-
kB functions and overall IFN-I1 signaling events (195-198). In addition, inhibition of TBK1
and IKKe kinases will likely negate the antiviral effects of IFN-Is during the chronic stage
of infections, leading to both impairment in virus clearance and enhanced risk of
opportunistic viral or bacterial infections given that sensing of multiple pattern recognition
pathways and the initial immune defense mechanisms would be compromised.

Consistent with emerging realization that the effects of IFN-Is in chronic viral infections
also occur in cancers, some of the strategies being explored in chronic infections to
modulate IFN-I signaling are garnering interest in the cancer field. Indeed, targeting IFN-I
induced expression of negative regulatory proteins that limit viral and tumor control has
been associated with improved outcomes (199). Importantly, activating TLR signaling in
combination with checkpoint inhibition (such as PD-1 blockade) during a chronic virus
infection was very recently shown to increase the number of virus-specific T cells and
restored immune function of exhausted virus-specific T cells, with a corresponding decrease
in virus burden (200). Similarly, superior results were obtained from combining checkpoint
inhibitors with TLR activation in various cancers (201-203). Fu et a/ reported that inclusion
of STING agonists improved control of tumors that were otherwise resistant to PD-1
blockade monotherapy (204). Very importantly, a recent study reported that blockade of IFN
signaling significantly improved responses to either anti-PD1 or anti-CTLA4 monotherapies
in melanoma and breast cancer models that originated from tumors that had initially
responded to a combination of radiotherapy and anti-CTLA4 but later on relapsed (199).
Interestingly, blockade of IFN receptors for both IFN-I and IFN-I1 led to complete responses
to anti-CTLA4, which was remarkable considering that such superior results could not be
obtained even when quadruple immune check point inhibitors were combined (199). These
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striking results were CD8 T cell dependent. Of particular interest, blocking IFN-signaling
using JAK inhibitors was also effective, but only when the inhibitors were administered
following the immune checkpoint therapy, underscoring the idea that IFNs play important
roles at the onset of CD8-mediated antitumor functions, but become less beneficial at later
time points (199). Taken together, these studies support the notion that therapies modulating
IFN-I signaling have potential in overcoming both chronic virus infections and cancer.

Adaptive Resistance

One challenge that limits the effectiveness of many therapies against chronic viral infection
and cancer is adaptive resistance — a phenomenon where an initial response to therapy
triggers suppressive mechanisms that then curtails the induced immune response and can
limit the long-term functionality required to continue to control virus replication or tumor
growth. Genetic mutation is a major mechanism of adaptive resistance common to both
chronic infection and cancer (205, 206). Therapeutic intervention can therefore favor the
outgrowth or survival of mutants that do not respond to therapy, exacerbating disease or
preventing clearance (207). Mutations that promote resistance to therapy include loss of
function of IFNAR-associated JAK1/2, rendering infected or tumor cells unresponsive to
IFN-Is and IFN-1Is (206). As well, truncating mutations in f2m, an I1SG protein associated
with antigen presentation, resulted in loss of MHCI surface expression, with possible
negative implications in CD8 T cell recognition and therefore resistance to T cell-based
therapies (206). Recently, Gao et a/ demonstrated that resistance to anti-CTLA4 therapy was
associated with loss or significant mutations on several genes that regulate IFN-signaling,
including IRF1 (207). Moreover, as discussed earlier, chronic infections can downregulate
STAT1 proteins, thereby attenuating beneficial antiviral STAT1-dependent signaling
outcomes (34). In agreement, in HIV-infected patients, monocytes downregulate IFNAR
expression, resulting in impaired IFN-I signaling that associates with increased expression of
CD38 by memory CD8 T cells - a measure of disease progression (208). Thus, viral
infections appear to induce adaptive resistance measures that dampen or promote
desensitization to IFN-1 signaling. Interestingly, recent evidence also suggests that human
cancers actually mediate deletion of IFN-1 genes, which is associated with resistance to
checkpoint immunotherapies (209). Such a resistance strategy would shield tumor cells from
immune surveillance and IFN-1 dependent antitumor effects, ultimately favoring
tumorigenesis.

In addition to genetic adaptation, upregulation of host-based immune suppressive pathways
is a mechanism of adaptive resistance (199). This occurs when the host activates negative
regulatory factors and receptors in response to therapy induced activation. It should be noted
that although bad for therapy, the counter-regulation of inflammation with subsequent
increase in suppressive pathways is an appropriate immune response to prevent excessive
pathology and to ultimately downregulate the immune response against the invading
pathogen. Although more widely studied in terms of cancer treatment, the concept of
adaptive resistance is analogous to the persistence of HIV despite ART (210). Indeed,
expression of exhaustion markers can be predictive of failure of ART to restore immune
function (210).
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Further, immune checkpoint blockade is currently being explored as a potential treatment to
cure and clear HIV infection alongside ART (211). In both chronic viral infections and
cancer IFN-Is promote immune escape by facilitating the expression of anti-inflammatory
mediators. While it is known that particular IFN signatures can be predictive of resistance to
therapy, the mechanisms by which IFN-Is interfere with cancer treatment are areas of active
research. Recent studies have shown that IFN-Is induced by radiation therapy are critical for
immune activation and tumor control but that they also can lead to the expression of PDL1
(199). Blocking PDL1 after radiation therapy can mitigate the IFN-driven adaptive
resistance that occurs (199, 212). The heightened expression of immunoregulatory
molecules such as PDL1 on APCs as a result of chronic IFN-1 signaling during persisting
viral infections is one adaptive resistance mechanism that engages activated (PD1+) antiviral
CD8 T cells resulting in subdued or impaired cytotoxic and antiviral functions of these
virus-specific CD8 T cells (137). Similarly, the IFN-associated expression of PDL1 in
tumors appears positively correlated with infiltrating T cell frequencies, suggesting that
PDL1 expression is once again adaptively upregulated so as to evade cytotoxic T cell-
mediated immune functions (213). Further, although most of the focus has been on IFN-I
induced activation of PDL1, sustained IFN-I signaling can trigger other negative regulatory
factors such as IL-10 and IDO and suppressive cell types, which can also serve to dampen T
cell responses in both chronic infections and cancers (137, 199, 214, 215). It will be worth
pursuing these immunosuppressive factors and cell types as secondary targets for
combination checkpoint inhibition therapy to allow for continued immune function in order
to promote or sustain virus and/or tumor control.

Following radiation therapy, IFN-Is promote recruitment of lymphocytes to tumor sites, in
part by inducing levels of the chemokine receptor CXCR3 that regulates T cell trafficking
and function (216). Lim et a/showed that IFN-Is were necessary for DC-mediated activation
of tumor-reactive CD8 T cells and that a combination of exogenous IFN-I administration
and radiation therapy significantly enhanced the potency of tumor-reactive CD8 T cells
(216). Lastly, radiotherapy is increasingly being shown to function synergistically with
immune-based treatments, such as immune checkpoint inhibition, to mediate “spreading”
antitumor effects following localized therapy, in a process referred to as the abscopal effect
(217). Given the roles of IFN-Is in immune-based treatments, their roles in these abscopal
effects deserve further examination.

In addition to the immune response, it is becoming clear that adaptive resistance triggers
unique vulnerabilities in cancer cells that can subsequently be targeted. For example, ER+
breast tumors that become resistant to endocrine treatment simultaneously acquire a
sensitivity to TRAIL-mediated cell death (218). Given the strong link between IFN-I
signaling and TRAIL-mediated cell death, at least in chronic infections, this suggests that
IFN-based therapies may be effective in targeting these otherwise resistant tumors (145). As
well, non-small cell lung carcinomas that express high levels of ISGs and are otherwise
resistant to therapy respond well to JAK2 inhibition (219). Finally, two recent studies have
shown that tumor-derived IFN-Is trigger a unique sensitivity within tumor cells to loss of
ADARL (214, 220). Ishizuka and colleagues found that loss of function mutations in
ADAR1 prevents tumor resistance to checkpoint immunotherapy (214). Meanwhile, Liu et
al examined tumor-intrinsic 1SG signatures to discover that tumors expressing high levels of
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ISGs were exquisitely sensitive to loss of ADAR1 (215). These studies suggest that further
targeting of ADARL could be a strategy to overcome resistance to immunotherapy and a
path to explore in chronic infections.

Concluding remarks

IFN-Is play crucial roles in preventing infections, regulating viral replication and eliminating
viruses. However, chronic IFN-I signaling sustains immune activation and inflammation
which induce immune exhaustion with a resulting inability to clear infection. Thus, as
infection progresses, IFN-Is continue to provide critical antiviral functions throughout
infection, but simultaneously adapt counterregulatory functions that limit the immune
response to prevent excessive immunopathology, but with the long-term effect of sustaining
suppressive factors that limit the ability to control chronic infection. Indeed, excessive and
prolonged IFN-1 signaling is associated with autoimmunity and potentially the autoimmune
adverse events observed in cancer following checkpoint blockade (221, 222). It is therefore
imperative to dissociate the factors mediating positive outcomes from those driving
worsened disease outcomes. To this end, it has become clear that reinforcing IFN-I signaling
early during infection is beneficial whereas it is detrimental during the chronic stage of
infection. This temporal effect of IFN-1 administration therapy warrants further investigation
in order to understand the precise governing mechanisms. Identifying the IFN-I subtypes
that modulate virus control during the early and late stages of chronic infection and those
potentially associated with various “positive” and “negative” functions during viral
persistence will be key in harnessing the antiviral activities of IFN-Is while inhibiting the
immunosuppressive functions. As well, selectively targeting IFN-I subtypes will circumvent
the need to inhibit the entire or global IFN-I signaling pathway, which would otherwise
abolish the IFN-I mediated suppression of virus replication during the chronic stage and be
critical for preventing secondary infections. Moreover, our increasing understanding of IFN-
I signal transduction factors (components of IFN-I signaling pathway, IRFs, 1ISGs) has
identified potential therapeutic targets that can be explored in order to modulate IFN-I
signaling during the chronic stage of infections and in cancer. Distinguishing the roles of
distinct IRFs and 1SGs and their interactions in different contexts will likely improve the
specificity of IFN-Is and immune checkpoint-based treatments and may permit
individualized treatments. In addition, recent progress identifying de novo vulnerabilities in
the face of resistance to therapies ushers a new therapeutic area of focus in order to extend
the immune stimulatory functions that may lead to viral and tumor clearance. Further
research is needed in this area so as to ensure that these positive immune functions are not
achieved at the expense of immune regulatory functions aimed to prevent host tissue
damage.

In summary, our understanding of factors mediating IFN-1 signaling during chronic
infections has significantly advanced IFN-I based approaches towards restoring immune
function and ultimately clearing infection or tumors. Notwithstanding this encouraging
progress, there are still critical gaps in our appreciation of the potential therapeutic targets,
from identification of the targets (IFN-I subtypes, IFN-I signaling modulatory factors,
cellular sources and targets of IFN-I, etc) to the molecular structures (IRFs and TBK1- and
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IKKe-interacting partners) and mechanisms of action (exhaustion markers and the
resistance-induced sensitivities) of the potential targets.
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Outstanding questions

What are the specific roles for IFN-I subtypes, and can they be selectively
targeted to achieve favorable outcomes in chronic IFN-I signaling, while
suppressing the detrimental immunosuppressive functions.

Are IRFs therapeutic targets? Dysregulation of IRFs can lead to either
suppression or hyperactivation of immune responses. Can we identify means
to target the activities of these factors?

What roles do different IRFs and ISGs play in the context of a chronic
infection? Can specific transcriptional networks and/or ISGs be harnessed to
modulate IFN-I signaling during the chronic stage of infection to obtain
desired outcomes?

Can RNA/DNA sensors or other factors involved in IFN-I signaling be
selectively targeted to induce specific, measured effects of IFN-I signaling?
Can such an approach selectively extend the strong antiviral responses
observed during the early stage of infections into the chronic stage?

How does IFN-1 signaling mediate resistance to therapeutic approaches? Can
we specifically target these mechanisms while retaining the beneficial roles
IFN-Is play in chronic diseases?
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Figure 1: Induction, propagation and regulation of IFN-I signalling.
Viral nucleic acids and proteins are recognized by cytosolic DNA sensors, including DA,

IF116 and cGAS, as well as by members of the RLR family (RIG-I and MDAD5). Upon
activation, the DNA sensors activate STING that then translocates to the Golgi where
STING is phosphorylated by TBK1, allowing for the phosphorylation and activation of
IRF3. Upon binding to their ligands, RIG-I1 and MDA5 engage MAVS leading to activation
of TBK1 and members of the IKK family of kinases. Similarly, detection of endosomal viral
nucleic acids is mediated by PRRs such as TLRs that then signal through MyD88 and TRIF
adaptor molecules leading to activation of TBK1 and members of the IKK family. These
kinases trigger phosphorylation, activation and dimerization of IRF3 and release of NF-xB
from the IxB complex. IRF3 and NF-xB then translocate into the nucleus where they bind to
promoter regions of IFNP and other target genes thereby stimulating IFN-1 and pro-
inflammatory cytokine gene transcription. The resulting IFN genes then signal through a
heterodimeric IFN-I receptor (IFNAR), triggering phosphorylation and activation of
intracellular Jak1 and Tyr2 kinases. These kinases mediate recruitment and phosphorylation
of STAT1 and STAT?2 proteins that then recruit IRF9 to form the trimeric IFN-stimulated
gene factor 3 (ISGF3) complex. The ISGF3 complex then translocates into the nucleus
where it binds to ISRE regions within the promoter regions of IFNs or IFN-inducible genes.
As a result, expression of a multitude of ISGs including antiviral and regulatory ISGs is
induced, along with IRFs and other IFN-dependent genes. Both sensing of viral nucleic
acids and IFN-I signaling can be reciprocally regulated by ISGs such as OASL and SOCS
that respectively antagonize cGAS and the IFNAR-associated kinases.

DAl — DNA-dependent activator of IFN-regulatory factors; IFI16 — IFN-induced 16-kDa
protein; cGAS - cyclic GMP-AMP synthase; RLR — RIG-I-like receptors; RIG-I — retinoic
acid-inducible gene-1; MDAS5 — melanoma differentiation-associated gene 5; STING —
stimulator of IFN genes; TBK-1 — activation of tank-binding kinase-1; IRF — interferon
regulatory factor; MAVS — mitochondrial antiviral signaling protein; IKK — inhibitor of NF-
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kB (IxB) kinase; NF-xB — nuclear factor kappa B; PRRs — pattern recognition receptors;
TLRs — Toll-like receptors; MyD88 — myeloid differentiation primary response gene 88;
TRIF — TIR-domain containing adaptor protein-inducing IFNB; Jak1 — Janus kinase 1; Tyk2
— tyrosine kinase 2; ISRE — IFN-stimulated response elements; ISGs — IFN-stimulated
genes; SOCS — Suppressor of cytokine signaling 1; OASL — 2’-5"-oligoadenylate
synthetase-like.
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Figure 2: Chronic IFN-I signaling directly and indirectly induces immune activation and
inflammation leading to an exhausted state.

Following infection, robust IFN-1 signaling allows for strong antiviral responses
characterized by inhibition of viral replication, apoptosis of infected cells, increased antigen
cross-presentation, enhanced effector functions and overall control of infection. While
chronic IFN-1 signaling contributes towards controlling virus replication and limiting
inflammation-induced immunopathology, it also leads to chronic immune stimulation and
ultimately, immune dysfunction. The immunosuppressed or exhausted state resulting from
chronic IFN-1 signaling is characterized by several features including direct overexpression
and accumulation of inhibitory factors (PDL1, IL-10, IDO, TRAIL, among others), and
indirect effects due to chronic immune activation it drives (e.g., PD1, CD38, Tim3, CD38,
among others). The ultimate outcome of these events is defective cytokine production,
reduced metabolic fitness, adaptive resistance to therapy, failure to respond to further
stimulation, contraction of antigen-specific cells, overall contributing to promote viral
persistence.

PD-1 - programmed cell death-1; PDL1 — PD-1 ligand; Tim-3 — T-cell immunoglobulin and
mucin-domain containing-3; IDO — indoleamine-2,3 dioxygenase; TRAIL — tumour-necrosis
factor (TNF)-related apoptosis-inducing ligand.

Semin Immunol. Author manuscript; available in PMC 2021 April 08.



	Abstract
	Introduction
	Induction of IFN signaling
	IFN-I signaling
	Interferon regulatory factors in chronic infection
	Diverse functions of interferon stimulated genes in viral infection
	Antiviral and anti-proliferative roles of ISGs
	Resolution of IFN-I signaling
	Anti-inflammatory and negative regulatory signals

	Chronic IFN signaling effects on innate and adaptive immunity
	T cell specific effects of chronic IFN-I signaling CD4 T cells
	CD8 T cells
	IFN therapy
	IFN-I blockade
	Selective inhibitors
	Adaptive Resistance

	Concluding remarks
	References
	Figure 1:
	Figure 2:

