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Abstract

The intracellular innate antiviral response in human cells is an essential component of immunity
against virus infection. As obligate intracellular parasites, all viruses must evade the actions of the
host cell’s innate immune response in order to replicate and persist. Innate immunity is induced
when pathogen recognition receptors of the host cell sense viral products including nucleic acid as
“non-self”. This process induces downstream signaling through adaptor proteins to activate latent
transcription factors that drive the expression of genes encoding antiviral and immune modulatory
effector proteins that restrict virus replication and regulate adaptive immunity. The interferon
regulatory factors (IRFs) are transcription factors that play major roles in innate immunity. In
particular, IRF3 is activated in response to infection by a range of viruses including RNA viruses,
DNA viruses and retroviruses. Among these viruses, human immunodeficiency virus type 1
(HIV-1) remains a major global health problem mediating chronic infection in millions of people
wherein recent studies show that viral persistence is linked with the ability of the virus to
dysregulate and evade the innate immune response. In this review, we discuss viral pathogen
sensing, innate immune signaling pathways and effectors that respond to viral infection, the role of
IRF3 in these processes and how it is regulated by pathogenic viruses. We present a contemporary
overview of the interplay between HIV-1 and innate immunity, with a focus on understanding how
innate immune control impacts infection outcome and disease.
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Introduction

All nucleated cells have the capacity to respond to pathogens by sensing certain pathogen-
associated molecular patterns (PAMPs) through germline-encoded cellular pattern
recognition receptors (PRRs). This process leads to the production of type | (a and B)
interferons (IFN). The distribution of PRRs varies; for example, toll-like receptors (TLRs)
are distributed within various cell types and expressed on the cell surface or within
endosomes. On the other hand, the RIG-I-like receptors (RLRS) are cytosolic PRRs that are
widely expressed across most cell types [1]. One common feature of PRR signaling is the
induction of IFN production. IFN binds to the type 1 IFN receptor to signal the induction of
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hundreds of interferon-stimulated genes (ISGs) in the local uninfected tissue and infected
cells, thus creating an antiviral state that suppresses virus infection and serves to promote the
onset of adaptive immunity [2,3]. A major feature of this cellular antiviral state is the actions
of 1ISG products that may interact directly with viruses or may operate to shut down host
protein translation machinery to prevent appropriation by viruses. Concomitantly, expressed
ISGs may impart dendritic cells maturation for ramping up antigen presentation to adaptive
immune cells [4,5], including CD8+ and CD4+ T cells [6,7]. In addition, B and T cells
themselves express a varying complement of PRRs that are important for adaptive immune
function and cell survival [8,9]. In total, innate immune cells and innate immune signaling
provide the initial response to virus infection. Viral clearance results from coordinated
actions of innate and adaptive immunity with complete pathogen clearance arising from
innate immunity-stimulated gene products and appropriate training of the adaptive immune
response through the actions of innate immune effector genes.

Among pathogenic human viruses, human immunodeficiency virus type 1 (HIV-1) remains a
major global health problem and is the leading cause of adult death in sub-Saharan Africa
[10]. HIV-1 is a sexually transmitted virus that initiates infection typically through exposure
via mucosal surfaces. Despite the advent of highly effective therapy, treatment is not
curative, and there is no preventative vaccine. Of note is that heterosexual transmission of
HIV-1 is inefficient compared to parenteral transmission, in which mucosal innate immune
defenses are bypassed. These differences in HIV-1 transmission efficiency may be due to
virus restriction through innate immune defenses at mucosal barriers triggered by virus
exposure [11]. Studies that have evaluated the actual sequence of incoming viral genomes
during acute infection in patients after HIV-1 exposure reveal that a single founder viral
genome is typically linked with the virus’s transit through the mucosal barrier to infect
CD4+ T lymphocytes [12], indicating that the initial target cell of the acute infection is a
mucosal CD4+ T cell. At this point in acute HIV-1 infection, the ability of the infected T cell
to mount its own innate intracellular antiviral response and counteractions by HIV-1 to evade
this response will play a major role in defining the outcome of infection. While a successful
innate immune response by the infected T cell will suppress or contain the infection and can
facilitate spontaneous clearance, viral strategies to successfully evade this response will
support proviral integration and virus replication to establish a focus of infection in the
mucosal epithelium, recruit additional target cells of infection and facilitate spread to
lymphoid tissues for systemic HIV-1 dissemination [11,13-15].

There prevail major questions regarding the interactions between HIV-1 and the processes
within the infected CD4+ cell that recognize HIV-1 as non-self to trigger cell-intrinsic innate
antiviral immunity and what effector pathways, molecules and their activities, as well as
what viral evasion strategies, serve to determine the outcome of HIV-1 infection and
immunity. Understanding these processes of the HIV-1/host interactions is essential for
informing design of new therapies and an effective vaccine to control infection. Here, we
provide an overview of the major PRR families, signaling pathways and transcription factor
effector actions in programming cell-intrinsic innate immunity. In the second half of this
presentation, we include a contemporary focus on HIV-1 to review recent advances in
understanding host defense and viral evasion strategies of innate immunity that impart the
outcome of HIV-1 infection.
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PRR Signaling

PRR sensing of virus infection plays a critical role in discriminating self from non-self to
initiate the immune response. PRR signaling and downstream effector actions must be
activated quickly during virus infection but are required to be held in check in the absence of
infection to prevent constant inflammation and host responses leading to autoimmune
disease. Thus, PRRs have evolved to sense biochemical structures or PAMPSs unique to the
invading pathogen. For example, during virus infection, the presence and accumulation of
double-stranded RNA (dsRNA) or single-stranded RNA (ssRNA) species in the cytoplasm
of the host cell is detected by RLRs to induce immune signaling [16], while DNA present in
the cytosol is detected as non-self by cyclic GMP/AMP synthase (CGAS), a recently
identified PRR of cytosolic DNA [17]. Moreover, TLRs serve to identify PAMPs presented
in endosomes and at the cell surface, enabling phagocytic cells to constantly sample the
extracellular milieu [18]. Typically such PRR/PAMP interactions do not occur in the absence
of viral infection. As a result, PRRs demonstrate location and substrate specificity in PAMP
recognition. The PRR families include the TLRs, RLRs, Nod-like receptors (NLRs) and the
novel DNA sensor cGAS, with each family displaying roles in viral pathogen sensing innate
immune triggering. Below we summarize the role of each in viral sensing and response, and
we finish with a focus on HIV-1. For further information specific to viral PAMP structure
and host PRR function, we refer the reader to recent reviews on this topic [16,19,20].

TLR/PAMP interaction

The TLRs comprise nine related members in humans. All TLRs share some basic structural
features, including transmembrane domains, extracellular (or endosomal) leucine-rich
regions that interact with PAMPs and cytoplasmic signaling domains that initiate cascades
through adaptor molecules [18]. All of the TLRs except TLR3 signal through the adaptor
proteins TIRAP/MyD88, while TLR3 and TLR4 signal through TRIF/TRAM [21]. MyD88
signaling leads to the activation of nuclear factor x-light-chain enhancer of activated B cells
(NFxB), while TRIF signaling leads to activation of the transcription factors NFxB via
TRAF6 and interferon regulatory factors (IRFs) 3 and 7 (IRF3 and IRF7) via TBK1 [18].
The MyD88 and TRIF signaling adaptors have toll-interleukin 1 receptor (TIR) domains that
interact with cytoplasmic TLR TIR domains, and these TIR/TIR interactions are essential
for TLR function [21].

TLRs are mainly located within membranes of the cell surface and endosomes. They are
highly expressed in conventional dendritic cells (cDCs) and other immune cells, with TLR7
and TLR9 being especially highly expressed on plasmacytoid dendritic cells (pDCs), the
major interferon-producing cells of the body [22,23]. TLRs are also expressed by various
mucosal and epithelial cells, thus allowing them to mediate pathogen sensing and signaling
along key virus entry points. In terms of microbial infections, TLR1, TLR2, TLR4, TLR5
and TLR6 respond primarily to bacterial PAMPs [18]. TLR7 and TLR9 recognize sSRNA
and single-stranded DNA (ssDNA), respectively, and signal through MyD88 to NFxB and
IRF7, while TLR3 binds dsRNA and signals through TRIF to NFxB and IRF3. TLR8
appears to function and be expressed similarly to TLR7 but is less essential for immunity
[24]. TLR3, TLR7, TLR8 and TLR9 are all expressed in endosomes and bind nucleic acid
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PAMPs derived from phagocytosed cell debris, viruses and bacteria [18]. There is also
evidence that infected pDCs can bring cytosolic PAMPs to the endolysosomal TLRs through
autophagy, a process by which endosomes form around cytosolic contents [25]. Moreover,
pDCs can detect viral RNA PAMPs from neighboring infected cells through exosomal
transfer via cell-to-cell contacts [26,27].

RLRs recognize cytosolic RNA PAMPs

RLRs are expressed in the cytosol of all nucleated cells. The RLR family consists of three
members: retinoic acid-inducible gene-1 (RIG-1), melanoma differentiation-associated gene
5 (MDADS) and laboratory of genetics and physiology 2 (LGP2). All are DexD/H box RNA
helicases that bind RNA, hydrolyze ATP and scan RNA substrates for recognition motifs
[28-30]. RIG-I exhibits a preference for shorter dsRNA structures and ssRNA containing 5’
triphosphate and specific sequence motifs (described below) while MDAS binds longer
dsRNA structures [30]. This property of MDAJS likely reflects its ability to form long
filaments on dsRNA [31]. Structurally, RIG-1 and MDAS5 contain N-terminal caspase
activation and recruitment domains (CARDs) and a helicase domain, and RIG-1 but not
MDADS has a C-terminal repressor domain (RD) [32]. LGP2 also contains a helicase domain
and RD but lacks the CARD domains, and it functions as a regulator of RIG-1 and MDA5
signaling [33]. The RD of RIG-I prevents unwanted activation of signaling in the absence of
appropriate RNA ligand by auto-regulating CARD exposure to other signaling partners
[33,34].

RIG-I binds to RNA ligands that contain a 5" triphosphate and, in the case of hepatitis C
virus, has sequence specificity for poly-U/UC RNA [33-35]. Upon binding to PAMPs, the
RIG-1 RD is displaced from the CARDs allowing for interaction with TRIM25 and 14-3-3e,
proteins that respectively modify RIG-1 and serve as a chaperone to promote the relocation
of RIG-I from the cytosol to the mitochondrial-associated endoplasmic reticulum membrane
[36,37]. At the mitochondrial-associated endoplasmic reticulum membrane, RIG-1 CARD
interaction with the CARD located on the adaptor protein mitochondrial antiviral signaling
protein (MAVS) leads to the assembly of a signaling complex that may include the adaptor
protein stimulator of interferon genes (STING) [38]. Complex assembly results in the
activation of NFxB and IRF3/IRF7 [39]. The ligand specificity for MDADS is less clear,
though MDAGS signaling also requires MAVS [40,41]. MDAS is the RLR that predominantly
binds and signals in response to the long forms of the synthetic RNA mimetic poly(1:C) [42].
MAVS itself is essential for signaling interferon production and antiviral immunity induced
by the RLRs [40,41,43,44].

Overall, signaling in response to foreign RNA is complex with multiple sensors feeding into
or augmenting the RLR pathway. For example, binding of viral dsRNA to 2"-5’
oligoadenylate synthase (OAS1) leads to the activation of RNase L, which generates RLR
ligands from self and viral RNA [45]. Other DexD/H box RNA helicases, HMGB proteins,
NOD2 and LRRFIP1 are reviewed elsewhere [46] for their roles in RNA sensing, and
additional RNA sensors or proteins that interact with RLR pathways remain to be
discovered. Interestingly, RIG-1 is also activated by RNA generated as a result of the
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bacterial infection-induced unfolded protein response [47] and by cellular RNA polymerase
I11 products of cytosolic DNA transcription (further described below).

Nucleotide-binding domain and leucine-rich repeat-containing proteins

The NLR proteins are expressed in the cytosol of various cell types including epithelia,
antigen-presenting cells and adaptive immune cells [8]. NLRs represent a diverse family of
PRRs, but they all share an ATPase domain and a C-terminal leucine-rich repeat domain
[48]. The N-terminal domains vary among the different NLR family members. NOD1 and
NOD?2 have N-terminal CARD domains, respond to antimicrobial PAMPs in the cytosol
(such as bacterial peptidoglycan derivatives or viral sSSRNA) and signal to the activation of
NFxB and IRF3 [49]. The NLRP proteins contain N-terminal pyrin domains and (for those
that have known functions) interact with caspase-1 upon activation and thus drive
interleukin-1p maturation and secretion for induction of the inflammatory response. Signals
for NLRP activation include damage or danger-associated molecules, like uric acid, ATP
(representing dying cells), reactive oxygen species (suggesting bacterial infection and
inflammation) or ion flux (suggesting loss of membrane integrity as could occur during
bacterial or viral infection) [48]. The NLRs and related NLRPs serve essential roles to detect
PAMPs and signal the initiation of the inflammatory response, thus driving inflammation
coincident with innate immune signaling by RLRs and TLRs during acute infection.

DNA sensors

Among TLRs, PAMP DNA sensing is accomplished by TLR9. TLR9 is located within
endosomes, allowing cells to sense DNA from a wide range of microbes. Additionally,
eukaryotic cells express PRRs that detect cytosolic DNA to trigger innate immune
responses, as revealed by autoinflammatory diseases caused by accumulation of cytosolic
DNA or defects of dNTP clearance [50-53]. The cytosolic DNA sensors discovered to date
include IFI116, DNA-dependent activator of IRFs (DAI), RIG-I (RIG-I indirectly senses
foreign DNA via recognition of RNA polymerase 111 products of cytosolic pathogen DNA
transcription), DDX41, LRRFIP1, Ku70 and cGAS. DAI binds B-form DNA and activates
IRF3, but surprisingly, it is not essential for innate immune responses to viral DNA in mice
[54]. RNA polymerase I11 transcribes AT-rich DNA that can accumulate in the cytosol upon
DNA virus infection. This processes was realized upon study of the cytosolic DNA analog
poly(dA:dT) and its pol-111-mediated transcription into poly(rA:rU) possessing 5’
triphosphate, which is recognized by RIG-I for signaling through MAVS [55]. However, this
pathway is not essential for sensing of DNA virus infection [55]. DDX41 is a DExD/H
helicase family member, like the RLRs, that binds nucleic acids and signals through STING
for the activation of IRF3 and NFxB [56]. IFI16 is a pyrin and HIN-200 domain-containing
(PYHIN) family member that binds DNA through its HIN domain and can oligomerize with
other pyrin domain-containing proteins. Similar to DDX41, IFI116 signals the activation of
IRF3 in a STING-dependent manner [57]. LRRFIP1 binds DNA through an N-terminal
domain and activates B-catenin, which then binds to the C-terminus of IRF3 in the nucleus
and enhances transcriptional cofactor interaction [58]. Ku70 is a DNA double strand break
repair protein that binds exposed DNA termini in the cytoplasm and signals to the promoter
of IFN-A.1, an antiviral type Il interferon [59]. Together, these factors serve to recognize
cytosolic DNA as a PAMP to induce innate antiviral immunity.
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However, despite the many DNA sensing mechanisms described above, and while the
adaptor STING is essential for the cytoplasmic DNA response [60], no individual DNA-
sensing PRR appears to be essential for DNA-dependent type | IFN production in all cell
types, and this notion is still true after the recent discovery of cGAS [17]. Structurally
similar to OAS1, cGAS binds DNA in the cytosol and generates the second messenger cyclic
hetero-dinucleotide cGAMP, which then binds and activates STING, leading to the
activation of IRF3 and production of type I IFN [17,61,62]. It should be noted that STING
itself can bind cyclic di-GMP while DDX41, a binding partner of STING, can bind cyclic
di-GMP and cyclic di-AMP directly to drive IFN expression [63,64]. The structure of
cGAMP that is produced by mammalian cGAS appears to have an asymmetric
phosphodiester linkage > Gp(2'-5")Ap(3’-5")> [65], unlike the symmetric > Gp(3'-
5)Ap(3’-5") > structure originally proposed by Wu et a/. [61]. The symmetric cyclic
dinucleotide > Gp(3'-5")Ap(3'-5") > is a bacterial second messenger molecule, while the
asymmetric > Gp(2'-5")Ap(3’'-5") > appears to be unique to metazoans and thus far
exclusively produced by cGAS in response to cytoplasmic DNA binding wherein it serves as
a second messenger to activate STING [65-67]. Thus, further investigation of the sensing of
cytosolic DNA may focus on the generation of asymmetric cGAMP by cGAS during
infection by DNA viruses or retroviruses that expose viral DNA in the cytoplasm.

Sensing of HIV-1

HIV-1 utilizes the cell surface molecule CD4 as its primary receptor along with CCR5 or
CXCR4 as coreceptors [68]. CD4 is expressed on a subset of T cells, macrophages and
dendritic cells. Whereas CCR5 is expressed on macrophages and activated CD4+ T cells,
CXCR4 is expressed on naive CD4+ T cells [68]. The life cycle of HIV-1 is depicted in Fig.
1, during which virions deliver viral capsid to the cytoplasm, which then dissociates to
expose viral RNA that is then quickly reverse transcribed to DNA using cellular dNTPs.
During this cycle, viral nucleic acid in the form of ssSRNA (appearing perhaps briefly),
RNA:DNA hybrids, ssDNA and double-stranded DNA could all theoretically be exposed as
PAMPs for varying amounts of time to putative cytosolic sensors (Fig. 1). The final double-
stranded DNA proviral genome translocates to the nucleus and is integrated into the host cell
genome. Activation of HIV-1-infected T cells leads to viral mMRNA expression, including
genomic RNA, and protein production. These products assemble in new virions to mediate
further rounds of infection, while viral nucleic acids can theoretically serve as PAMPs to
trigger innate immune programs within the infected cell.

It has been reported that HIV-1 presents PAMPs to the cell in the form of capsid structure
[69] and nucleic acid [70,71]. Sensing of incoming capsid structure by the host cell TRIM5
protein signals to the transcription factors AP-1 and NFxB [69], though human TRIMS5 has
lost this ability in comparison to TRIM5 from closely related primates infected with the
related simian virus, SIV. RIG-I has been shown to bind HIV-1 genomic RNA to trigger
IRF3-dependent signaling [71], though the validation of these observations /n vivo has not
yet been reported. In CD4+ T cells ex vivo, it has been shown that cGAS can bind to HIV-1
reverse transcription intermediates to produce cGAMP that binds to STING to signal IRF3
activation, IFN-p expression and cell-intrinsic innate immune defenses [72]. Additional
cytosolic PRRs appear to identify HIV-1 products to drive sensing of reverse transcribed
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DNA products to induce IFN production and innate immune defenses [73], as well as
caspase activation and cell death [70]. In particular, constitutively expressed Trex1, a cellular
nuclease, was found to digest sSDNA derived from endogenous retroelements and prevent
their triggering of cytosolic DNA sensors [50]. In this respect, Trex1 was expected mask the
presence of HIV-1 infection by digesting any potential PAMPs that are not subject to normal
viral metabolism. Notably, the absence of Trex1 then provides an intracellular environment
wherein HIV-1 infection results in accumulation of viral PAMP (ssDNA) ligand to trigger
IRF3 activation through pathogen sensing and signaling via STING [73,74]. Tetherin likely
represents another sensor of HIV-1 and is an ISG that functions to restrict the release of
certain viruses (including HIV-1). In this case, tetherin may also serve to sense HIV-1 virion
accumulation at the cell surface and activate downstream signaling of NF«xB, thus driving
innate immune gene expression and response against accumulated HIV-1 virions [75-77].
Moreover, a recent genetic screen of Trex1 ™/~ cells infected with HIV-1-based retroviruses
identified a number of host factors implicated in PRR function or signaling of HIV-1 reverse
transcription DNA products. These include TRIM56, STING, TBK1 and IRF3, in addition
to at least 10 other factors that likely operate independently or in conjunction with cGAS in
HIV-1 recognition [73].

In addition to virus sensing mechanisms in CD4+ T cells and macrophages (the main target
cells of HIV-1 infection), there are also sensing mechanisms in bystander cells not known to
be productively infected with HIV-1. As an example, pDCs, via a TLR7-dependent pathway,
sense endocytosed HIV-1 virions [78] or infected CD4+ T cell debris [79] and produce IFN.
Interestingly, HIV-1 virion membrane fusion with the pDC endosomal membrane appears to
enhance TLR7 signaling, suggesting that endocytosed virions deliver sSRNA to the
cytoplasm that is then delivered from the cytoplasm back to the endosome, as through a
process akin to autophagy [79,80]. Further, co-culture of HIV-1-infected CD4+ T cells with
293T cells (which lack TLR expression) led to activation of IRF3 in the 293T cells,
indicating the presence of cytosolic sensing of HIV-associated PAMPs, such as DNA or
RNA viral products [79]. Conversely to pDCs, HIV-1-exposed CD4+ c¢DCs are not
efficiently infected due to the expression of the restriction factor SAMHD1 (further
discussed below) and demonstrate an absence of innate immune signaling in response to
HIV-1 [81].

IRF Family and IRF3

Several viral PAMP/PRR signaling pathways converge on IRF3 to induce type | IFN
expression (Fig. 2). IRF3 is one of the nine members of the IRF family of transcription
factors. IRFs are constitutively expressed to various levels with IRF members being
differentially induced to increased levels by IFN, other proinflammatory cytokines, or virus
infection. An example is IRF7, which is induced by IFN in most cell types but is
constitutively expressed in pDCs. On the other hand, IRF3 is constitutively expressed to a
high level in most cells [82,83]. The IRFs share an N-terminal DNA-binding domain (DBD)
that contains a helix—turn—helix domain and is conserved across the family. While the
different IRF DBDs have slightly different sequence binding preferences [84], the consensus
DNA sequence recognized by these DBDs is called the IRF-element or IRF-E, also referred
to as the IFN-stimulated response element (ISRE) by various groups. This motif is of the
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general sequence 5 -GAAANNGAAAG/CT/C-3’, where “N” can be any nucleotide [85].
Binding by one IRF may enhance the accessibility of nearby transcription factor binding
sites [86]. All of the IRFs except IRF1 and IRF2 have an IRF association domain (IAD) near
the C-terminus, which allows for homodimer formation (e.g., IRF3/IRF3), heterodimer
formation (e.g., IRF3/IRF7) or other cofactor interaction [e.g., CREB-binding protein
(CBP); CBP/IRF3] [82]. Some IRFs, like IRF3 and IRF7, also have C-terminal serine-rich
regions containing bioactive phosphorylation sites that serve to activate the IRF and promote
its nuclear accumulation and dimerization activities [85].

IRFs play varying roles in development and innate immunity. Among other functions, IRF1
serves to amplify TLR signaling through an interaction with MyD88 in cDCs [87]. Along
with other transcription factor binding sites, IRF1 binding sites are located in the HIV-1
LTR, and IRF1 binding is required to drive HIV-1 genome expression prior to expression of
the viral Tat protein [88,89]. IRF3 is activated by several PRRs, including the cytoplasmic
nucleic acid sensors. Activated IRF3 drives the transcription of IRF3-dependent genes,
including IFN-B, which then drives signaling through the type I IFN receptor (IFNAR).
Signaling through IFNAR activates a Jak-STAT pathway leading to the formation of a
transcriptional complex containing activated STAT1 and STAT2 with IRF9, which like IRF3
is constitutively expressed. This transcriptional complex, called interferon-stimulated gene
factor 3 (ISGF3), drives the transcription of IRF7, which then cooperates with IRF3 to drive
the expression of a large set of 1SGs.

In addition to its central role in driving the IFN response to PRR signaling, IRF3 activation
promotes a pro-apoptotic response [90]. This pathway involves the binding of IRF3 to Bax,
translocation of IRF3/Bax to the mitochondria and the initiation of the intrinsic apoptosis
pathway leading to caspase-3 activation [90]. The IRF3 activation program is important for
suppression of viral infection and, if abrogated via IRF3 depletion, leads to chronic viral
infection due to a failure of the host tissues to contain the spread of viral infection [91].
Further, the IRF3-mediated process of apoptotic viral restriction is further amplified by the
IRF3-dependent gene, IFIT2, which itself drives a similar Bax- or Bak-mediated apoptotic
response [92]. In summary, innate immune signaling in response to virus infection
culminates in the actions of members of the IRF transcription factor family. IRF3 plays a
central role in the induction of the innate antiviral response and apoptotic response for
restriction of virus infection.

IRF3 Activation

IRF3 is a 427-amino-acid protein with the domain structure indicated in Fig. 3. The C-
terminal serine-rich region of IRF3 contains several phosphorylation sites. While IRF3 is
basally phosphorylated within its amino-terminus in the resting state in non-infected cells,
activation of IRF3 is driven by virus-induced phosphorylation of residues S385, S386, T390
and S396 [93]. Phosphorylation at S385 or S386 is required for IRF3 dimerization, while
phosphorylation at S396 is required for IRF3 dimerization, translocation to the nucleus and
association with CBP/p300, histone acetyltransferases necessary for IRF3 transcriptional
activity [94,95]. Activation-specific phosphorylation is governed by the 1«B kinase-related
protein kinases TBK1 and IKKe [96,97], which are activated downstream of TRIF-, MAVS-
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or STING-dependent PRR signaling [97-99]. After phosphorylation, IRF3 dimerizes, which
is thought to occur as a result of charged repulsion of the C-terminal phosphorylation
domain from the 1AD, exposing the IAD for IAD/IAD interaction between two IRF3
molecules [100]. IRF3 then translocates to the nucleus where it interacts with the cofactor
CBP/p300. This complex then binds cooperatively to promoters containing the IRF-E/ISRE
sequence leading to IRF3-dependent gene transcription [84]. Dimeric IRF3 actually engages
two IRF-E/ISRE sequences often in close proximity to each other. Indeed, the tight packing
of the IRF3 homodimer at these DNA binding sites may be important for alteration of DNA
structure to facilitate assembly of functional transcription initiation complexes to drive gene
expression [101].

IRF3 activity is tightly regulated, such that its activity is shut down once it has performed its
duty in transcription of innate immune genes. Thus, if the innate immune response is
successful in clearing the cell of virus and associated PAMP, the cell then returns to a normal
metabolic state lacking IFN and proinflammatory cytokine expression, bringing resolution to
the innate immune and inflammatory responses. This process of response resolution is
accompanied by a variety of processes designed to dampen the host response to infection.
For example, the transcription factor MafB blocks recruitment of cofactors to IRF3 in the
nucleus [102], while the activation of caspase-8 by RLR signaling leads to caspase-8-
mediated cleavage of IRF3, preparing it for ubiquitination [103]. Importantly, the RBCK1 is
a key virus-inducible E3 ubiquitin ligase that ubiquitinates phosphorylated/active IRF3 in a
reaction requiring the cellular Pinl protein, thus leading to proteasome-dependent
degradation of IRF3 [104,105]. SUMOylation of IRF3 has also been implicated in IRF3
turnover and regulation of IRF3 function [106]. As IRF3 mRNA is highly stable and
constitutively expressed, any decrease in total IRF3 protein abundance due to activation and
depletion can be rectified rapidly, thus providing a pool of IRF3 for subsequent virus
stimulation and metabolism [107].

IRF3-Responsive Genes and ISGs

The archetype IRF3-dependent gene is the antiviral cytokine IFN-B, which employs a well-
defined virus-inducible enhancer element located — 102 to — 47 bp from the transcription
start site of the IFN-p gene [108]. Strong activation of this enhancer, which is only basally
activated at best in resting cells [109], involves the cooperation of several transcription
factors: NFxB (composed of subunits p50 and p65/RelA), an IRF3 dimer, an IRF7 dimer
and AP-1 (composed of subunits ATF-2 and c-Jun) [110]. IRF7, like IRF3, binds to the IRF-
E/ISRE sequence but its DBD stringency is less than that for IRF3 so it engages a wider
variety of promoters with ISRE elements (including IFN-a promoters) to induce and
amplify a broad 1SG response [84]. On the IFN-P promoter, these factors assemble in very
close proximity to bind most nucleotides in a 51-base stretch of DNA. This complex, termed
the enhanceosome, is governed by the post-translational modification of its constituent
factors [110]. Each factor is stabilized on the DNA by interactions with CBP/p300 within the
enhanceosome structure [108]. While IRF7 is expressed at low levels prior to IFN signaling
to allow IFN- transcription at early time points during acute virus infection, IRF7
expression is highly increased upon IFN- signaling, thus amplifying the IFN response
[111]. IRF3 and IRF7 are sufficient to drive a level of virus-dependent IFN-B production in
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the absence of NFxB and AP-1. While NFxB and AP-1 may be responsible for the weak
basal IFN-B promoter activity to support tonic signaling by IFN, it is the full assembly of the
enhanceosome that mediates the robust production of IFN- during initial PAMP signaling
in acute virus infection [112].

In addition to IFN, IRF3 directly drives the expression of many other genes by binding to an
IRF-E/ISRE in their promoters. These genes include several with known antiviral function,
such as viperin, IFIT1, IFIT2, IFIT3, ISG15 and IFITM3, as well as IFN-a subtypes, and
also other 1ISGs [113,114]. In addition, IRF3 directly increases expression of
immunomodulatory molecules such as chemokines CCL4/MIP-1p and CCL5/RANTES, as
well as the DNA sensor IFI116 [114,115]. For some genes, like IFIT2, IRF3 activation alone
is sufficient to drive expression, while CCL5 expression involves cooperation of IRF3 with
NFxB [114]. The functions of these and other select genes directly stimulated by IRF3 are
listed in Table 1.

Once IFN is transcribed, translated and secreted, it binds to IFNAR on the same or nearby
cells. Ligation of IFNAR by extracellular IFN results in the phosphorylation of associated
kinases Jak1 and Tyk2 at the IFNAR cytoplasmic domain, resulting in recruitment and
phosphorylation of STAT1 and STAT?2 [130,131]. STAT1/STAT?2 heterodimers dissociate
from the membrane signaling complex and associate with cytosolic IRF9 to form a trimeric
complex called ISGF3 [132]. This complex binds ISRE sites in gene promoters in the
nucleus and drives transcription of ISGs, most importantly IRF7. IRF7 is then expressed in
the cytosol and, when activated, functions as a homodimer or in a heterodimeric complex
with IRF3 to drive expression of a large set of ISGs, including IFN-B and all IFN-a
subtypes, broadening the antimicrobial response [133]. As noted above, the differential
abilities of IRF3 and IRF7 to drive transcription of genes of host defense is highlighted by
the respective promoter sequences they recognize, reflecting that IRF7 DNA binding
sequence is less restricted than that for IRF3 [84].

To date, of the hundreds of ISGs present in human cells, only a relative few have been
functionally characterized. Notably, many PRRs are ISGs themselves, and many enzymes of
cell metabolism are also ISGs directly involved in antiviral activity [3]. ISGs may also
modify existing cellular proteins; for example, the TRIM family contains many 1SGs, some
of which ubiquitinate, SUMOylate or ISGylate host proteins with varying effects on the
antiviral response [134,135]. A summary of select human 1SGs with known functions
particularly enriched for those with anti-HIV-1 activity (and not listed in Table 1) is
displayed in Table 2.

Viral Antagonism of IRF3

While IRF3-dependent gene induction is attenuated by ubiquitination and proteasome-
dependent degradation of IRF3 protein in the course of normal cell metabolism following
resolution of acute of virus infection, IRF3 function is itself targeted by many different
viruses in order to evade innate immunity. Viral control of IRF3 allows for the linked
inhibition of innate immunity, and virus-mediated blockades that impose indirectly or
directly on IRF3 or that disrupt ISG expression are observed at the level of PAMP sensing,
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PRR signaling, IRF3 activation, IRF3 stability, IFN signaling and the function of specific
ISGs [146,147]. We refer the reader to several excellent reviews on viral evasion of IRF3
function [46,148,149]. Table 3 provides an overview of RNA and DNA virus antagonism
strategies for targeting of IRF3, while HIV-1 strategies for IRF3 and innate immune
regulation are described below.

Modulation of Innate Immunity by HIV-1

HIV-1 infection is currently incurable without allogeneic bone marrow transplant in
chronically infected adults or without aggressive and rapid combination antiretroviral
therapy in neonates and acutely infected adults [181-183]. HIV-1 success at establishing
chronic infection is linked with a variety of immune evasion strategies beyond the basic
integration of the HIV-1 genome into target cells. These include an overall ability to
maintain a latent infection and to avoid antibody responses by varying or shielding
immunodominant epitopes within the viral envelope glycoprotein [184,185], variation of
CD8+ T cell epitopes among viral proteins [186], regulation of innate immune effector gene
function [187] and control of innate immune signaling after PRR recognition (described
below).

Of particular importance to macrophages and cDCs in HIV-1 infection was the discovery of
the cellular SAMHDL protein as a restriction factor for HIV-1 infection in these cells [188].
As a result of SAMHDL1 actions, HIV-1 infection is highly restricted in these antigen-
presenting cells such that the cells process and present a paucity of viral antigen at best, thus
reducing the onset and breadth of T-cell-mediated immunity. The mechanism for HIV-1
restriction is attributed to SAMHD1-mediated decrease of the cytosolic free intracellular
dNTP pool, resulting in inhibition of viral DNA synthesis during the HIV-1 reverse
transcription phase [189]. In contrast, HIV-2, which can productively infect cDCs and
macrophages, encodes the protein Vpx, which effectively targets SAMHD1 for degradation
and enables HIV-2 to infect these cell types [190]. The activity of SAMHDL1 to deplete the
dNTP pool is inhibited by phosphorylation, while this inhibition is relieved or “derepressed”
by IFN treatment of cells [191]. In resting CD4+ T cells, which are non-permissive to HIV-1
infection, ectopic VVpx expression imparts permissiveness for HIV-1 infection, implicating
SAMHD1 as an HIV-1 restriction factor [192]. SAMHDL is phosphorylated and inactivated
in dividing cells, including activated CD4+ T cells, which then become permissive to HIV-1
[191,193]. The connection with IFN as a “derepressor” of SAMHD1 thereby confers
regulation by IFN and PRR signaling programs to SAMHD1 function.

Upon HIV-1 recognition by specific PRRs (described above), the activation of IRF3 and
induction of IFN and innate intracellular defenses drives the expression of genes that impart
suppression of HIV-1 infection. These HIV-1 restriction factors are also ISGs and include
TRIM5a., which recognizes and disassembles incoming capsid [145,194]; IFITM proteins,
which prevent viral membrane fusion [120,195]; tetherin, which prevents viral escape from
infected cells [75-77]; APOBEC3G, a member of a family of deaminases that mutates
reverse transcribed DNA [136-138,170]; and schlafen 11, which depletes the cytosolic
tRNA pool to preferentially inhibit viral codon-biased translation [142]. Mechanisms
employed by HIV-1 to avoid the effects of the IFITM proteins or schlafen 11 have not yet
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been defined, while HIV-1 is known to antagonize or evade other molecules of innate
antiviral defense. In particular, human TRIM5a does not effectively recognize HIV-1 capsid
but does recognize SIV. TRIM5a is thought to have evolved in humans to more specifically
recognize a now extinct retrovirus that shared homology to SIV but not to current HIV
strains, which might have developed evasion mechanisms against TRIM5a actions [196].
On the other hand, tetherin is actively antagonized by HIV-1 through the actions of the Vpu
protein to promote virus release [75], while APOBEC3G is targeted for inhibition by the
HIV-1 Vif protein to prevent its hypermutation of the viral genome [170]. In addition, RIG-I
functions as a putative PRR of HIV-1 RNA products and is antagonized by the viral protease
[171]. Thus HIV-1 has evolved both passive and active mechanisms to regulate the innate
immune response to avoid restriction and support viral replication and spread.

IRF3 regulation by HIV-1

IRF3 is a central transcriptional regulator of innate immune gene induction, but until
recently, its role in the cell-intrinsic innate immune defenses of CD4+ T cells had not been
described. IRF3 was found to play an essential role in protecting T cells from virus
infection, such that IRF3 activation is rapidly induced in T cells infected with a variety of
RNA virus pathogens. Importantly, active IRF3 was shown to robustly suppress HIV-1
infection when ectopically expressed in T cell lines [107]. Remarkably, however, acute
HIV-1 infection failed to trigger IFN expression or innate immune gene induction in these
cells, suggesting that HIV-1 may regulate or suppress IRF3 activation during acute infection.
Thus, two independent groups have now reported that HIV-1 causes the degradation of IRF3
and blocks IRF3 activation of innate immune gene induction [107,197]. This ability of
HIV-1 to block innate immune signaling may be important in the early replication and
spread of the virus. In the first report of IRF3 antagonism by HIV-1, Okumura et a/. found
that both Vif and Vpr contributed to IRF3 depletion in infected cells [197]. In subsequent
work, Doehle et a/. found that Vpu-deficient strains of HIV-1 allowed for the induction of
IRF3-dependent genes whereas Vpu-expressing strains blocked IRF3-induced gene
expression concomitant with driving the reduction of IRF3 protein levels in the infected cell,
suggesting that Vpu plays a role in antagonism of IRF3 function [164]. In particular, Vpu
was shown to block virus-induced IFN-B promoter signaling but not NFxB signaling,
implying that it mediates a specific block to IRF3 activation rather than PRR signaling in
general. IRF3-directed regulation by HIV-1 therefore disrupts innate immune induction
while sparing NFxB activity, the latter of which is essential for viral RNA expression.
During HIV-1 infection, Vpu was found to be co-localized with IRF3 and lysosomal markers
such that lysosome inhibitors rescued IRF3 expression during HIV-1 infection [165]. These
findings suggest that IRF3 is degraded during HIV-1 infection and that Vpu mediates a block
in IRF3-dependent signaling by directing the lysosome-mediated destruction of IRF3. The
regulation of IRF3 by HIV-1 has been called into question when it was reported that HIV-1
targets NFxB signaling but not IRF3 [198], in contrast to previous reports [164,197]. Of
relevance is that Vpu has also been proposed to inhibit the activation of the IFN- promoter
by blocking tetherin-driven NFxB signaling [198]. This Vpu regulation of NFxB through
tetherin interaction could in part explain the discrepancies in these studies. Vpu has been
additionally implicated in the suppression of ligands displayed on infected cells and
recognized by NK cells, thus allowing HIV to evade NK-cell mediated killing [199-201]. It
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is intriguing to speculate the expression of these NK cell ligands could be regulated by IRF3
and/or NFxB, thus connecting NK cell killing activity of targets with these HIV-1 innate
immune evasion strategies.

Despite evidence that HIV-1 counteracts the induction of interferon through innate immune
regulation strategies, the level of IFN in patient sera is strongly elevated during the early
days and weeks of infection [11] and is reported to be elevated overall during chronic
infection compared to healthy controls [202]. The source of the acute IFN is attributed to
pDCs recruited to infectious foci in the mucosa [203], especially since IFN production by
cDCs is inefficient in HIV-1 infection [204], though seeding of infection to gut-associated
tissue or other lymphoid tissue could also be a source of IFN /n vivo [70,202]. Importantly,
the chronic activation of pDCs and IFN production is associated with an immune exhaustion
and dysfunction phenotype that precipitates opportunistic infections during advanced HIV
disease [205]. The sensing by pDCs of HIV-1 virions or infected cell debris through TLR7
or cytosolic sensors likely contributes to chronic pDC activation /n vivo, though IRF7 rather
than IRF3 is thought to be the central transcription factor for pDC IFN production [111]. Of
note is that IRF7 is not suppressed by HIV-1 [107]. As such, while antagonism of innate
immune signaling by HIV-1 through IRF3 or other mechanisms in acute infection may be
effective enough to evade innate immunity and promote viral spread, these processes do not
suppress IRF7-driven systemic IFN production by pDCs, thus contributing to the chronic
immune activation that can accompany HIV-1 infection.

Concluding Remarks

Investigation of innate immune induction and antagonism by viruses should drive the
identification of factors as therapeutic targets to intervene with acute and chronic infection.
Moreover, defining the processes of PRR signaling will facilitate PRR targeting with
artificial or natural ligands in strategies for immune enhancement and vaccine adjuvant
design. Defining the HIV-1/host interactions that regulate innate antiviral immunity directly
within CD4+ cells is paramount to rendering novel approaches that would intervene with
infection before replication and spread of the virus to therapeutically inaccessible tissue
reservoirs. Such strategies will likely need to be targeted to mucosal sites of virus exposure
where innate antiviral defenses would have the greatest impact during early HIV-1 infection.
We note that, in Dr. Charles Janeway’s 1989 discussion on the nature of innate immunity, he
predicted that: “A virus that did not induce costimulator activity and also did not infect
dendritic cells might be particularly dangerous” [5]. Indeed, this discussion today defines
HIV-1. Interventions to boost the innate immune response against HIV-1 are therefore
warranted and sorely needed.
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Abbreviations used:

IRF interferon regulatory factor

HIV-1 human immunodeficiency virus type 1
PAMP pathogen-associated molecular pattern
PRR pattern recognition receptor

dsRNA double-stranded RNA

ssRNA single-stranded RNA

cGAS cyclic GMP/AMP synthase

NLR Nod-like receptor

cDC conventional dendritic cell

pDC plasmacytoid dendritic cell

ssDNA single-stranded DNA

CARD caspase activation and recruitment domain
RD repressor domain

DBD DNA-binding domain

ISRE IFN-stimulated response element

IAD IRF association domain

CBP CREB-binding protein
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Fig. 1.

Tr?e HIV-1 life cycle and points of PRR sensing. Upon binding to CD4/coreceptor and viral
entry into target cells (left), the HIV-1 capsid is exposed, which is sensed albeit inefficiently
by TRIMS. The related SIV is sensed robustly by TRIM5 while HIV-1 is sensed effectively
by TRIMS5 in nonhuman primate cells. Once the capsid uncoats, genomic RNA (gRNA)
accesses the cytoplasm for reverse transcription, which generates single-stranded and
double-stranded viral DNA (vDNA). This DNA then integrates into the host genome
(hDNA). Transcription of the integrated vVDNA into viral messenger RNA (vmRNA) is
necessary for HIV-1 protein translation, while new gRNA is transcribed for nascent virions.
RIG-1 may sense gRNA, while sensing of vDNA and vmRNA occurs through DNA and
RNA sensing pathways, including cGAS/STING and other pathways that signal IRF3
activation. Tetherin senses accumulating virions at the cell surface. In pDCs (right), HIV-1
RNA is sensed by TLR7 in the endosome and may arrive there by endocytosis or autophagy.
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Convergence of antiviral sensing pathways on IRF3. Viruses containing RNA genomes,
when endocytosed, present RNA ligands for TLR3 in endosomes, which then signals
through TRIF to activate IRF3. RNA PAMPs generated during viral replication can be
detected in the cytosol by the RLRs or other DexD/H helicases that signal through MAVS or
TRIF, respectively. Viral DNA in the cytoplasm either is sensed directly by molecules such
as cGAS, which signals through STING, or is transcribed by RNA pol Il to generate RIG-I
ligands. For simplicity, MAVS is shown on the mitochondrion, and STING on the
endoplasmic reticulum (ER), though both molecules are localized to multiple intracellular
membranes. Activation of these various pathways leads to IRF3 phosphorylation,
dimerization, nuclear translocation and the transcription of IFN-f.

ER
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Fig. 3.
Schematic of IRF3 functional domains. NLS, nuclear localization sequence; NES, nuclear

export sequence; PRO, proline-rich region; SRR, serine-rich region.
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