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Research highlights

Gammaherpesviruses are pervasive pathogens that are associated with numerous cancers

Innate immune sensing is a critical component of the immune response to

gammaherpesvirus infection throughout all stages of the viral life cycle

o Cellular pattern recognition receptors such as TLRs, RLRs, and DNA sensors efficiently
recognize viral constituents and induce antiviral responses

o Gammaherpesviruses employ numerous mechanisms to subvert innate immune recognition
and signaling

¢ Improving our understanding of the dynamic between gammaherpesviruses and innate

immunity may facilitate the development of novel therapeutic and prophylactic strategies

and reduce the cancer burden associated with these pathogens



Abstract

Gammaherpesviruses are ubiquitous pathogens that establish lifelong infections in the vast
majority of adults worldwide. Importantly, these viruses are associated with numerous
malignancies and are responsible for significant human cancer burden. These virus-associated
cancers are due, in part, to the ability of gammaherpesviruses to successfully evade the innate
immune response throughout the course of infection. In this review we will summarize the current
understanding of how gammaherpesviruses are detected by innate immune sensors, how these
viruses evade recognition by host cells, and how this knowledge can inform novel therapeutic

approaches for these viruses and their associated diseases.



Introduction

Herpesviruses are a family of ancient viruses that have co-evolved with their hosts over
millions of years. While there are three subfamilies of Herpesviridae (alpha-, beta-, and
gammaherpesvirinae) comprising over 100 identified viral species, all of these viruses share
numerous features, including a large double-stranded DNA (dsDNA) genome, icosahedral capsid,
tegument, host cell-derived lipid envelope, and a unique biphasic lifecycle. Here we will highlight
the interactions between the host innate immune response and gammaherpesviruses, with
specific focus on the two identified human gammaherpesviruses, Epstein-Barr virus (EBV, human
gammaherpesvirus 4) and Kaposi’'s sarcoma-associated herpesvirus (KSHV, human
gammaherpesvirus 8), as well as the murine model of gammaherpesvirus infection, murine
gammaherpesvirus 68 (MHV68, murid gammaherpesvirus 4).

Unique among herpesviruses, gammaherpesviruses are bona fide oncogenic agents, and
are responsible for considerable cancer burden. Gammaherpesviruses can infect numerous cell
types, however they are generally lymphotropic, with EBV, KSHV, and MHV68 showing a
predilection for B cells. As such, many of the malignancies associated with gammaherpesviruses
are B cell ymphomas, although other cancers are also driven by these viruses. For example, EBV
is associated with numerous B, T, and NK cell lymphomas and lymphoproliferative diseases,
nasopharyngeal carcinoma (NPC), gastric carcinoma, and other cancers (reviewed in [1]). KSHV
is the etiologic agent of its namesake, Kaposi’'s sarcoma (KS), as well as primary effusion
lymphoma (PEL) and the plasmablastic form of multicentric Castleman’s disease (MCD)
(reviewed in [2]). KSHV has recently also been linked to osteosarcoma [3]. The precise
mechanisms underpinning gammaherpesviruses-driven oncogenesis have been an active area
of research since the discovery of EBV over 50 years ago and are still being defined. However,
immunodeficiencies due to genetic mutation, irradiation, HIV infection, or other means are the
greatest risk factor for developing gammaherpesvirus-driven cancers. Thus, while more than 95%

of adults are infected with at least one gammaherpesvirus, the ability of a competent immune



system to detect and control virally infected cells is sufficient to prevent oncogenesis in most
individuals.

Latency. Like all other described herpesviruses, gammaherpesviruses utilize two distinct life
cycles termed lytic replication and latency. During latency, the virus exists as a circular episome
of chromatinized DNA in the nucleus of the infected host cell. The virus persists by relying on
cellular division and the host DNA replication machinery to passively replicate the viral genome.
In fact, EBV, KSHV, and MHV68 ensure faithful genome replication and segregation into daughter
cells by tethering their episomal DNA to a host chromosome through their multifunctional proteins
EBV nuclear antigen 1 (EBNA1), latency-associated nuclear antigen (LANA), or mLANA,
respectively. Depending on the virus, the cell type infected, and the immunocompetency of the
host, the virus may express a range of latency genes and non-coding RNAs, or in some instances
only non-coding RNAs. The genes expressed in latency typically have roles in circumventing
normal proliferative and apoptotic checkpoints, as well as subverting detection by the immune
system. In the case of EBV, distinct latent gene expression programs have been defined, and are
transcriptionally regulated via the use of distinct latent promoters (reviewed in [4]). However, it is
important to note that exceptions to these programs are frequently observed, particularly in the
context of cancer. Notably, the number of genes expressed during latency is negatively correlated
with the immunocompetency of the host, and the essential latency genes are generally poorly
immunogenic. KSHV encodes a latency locus, comprising two promoters that facilitate the
transcription of six viral genes believed to be expressed in all latently infected cells (reviewed in
[5]). Interestingly, additional genes have been shown to be expressed at low levels during latency
[6].

Lytic replication. Latency represents the default pathway for EBV and KSHV upon de novo
infection. However, in order to transmit from cell to cell, or individual to individual, these viruses
must also undergo reactivation from latency into the lytic cycle. Lytic replication is typically

associated with expression of nearly all viral genes and the production of infectious progeny



virions. Triggers that can induce reactivation from latency to lytic replication are diverse and
include factors such as B cell receptor stimulation [7-9], toll-like receptor (TLR) signaling [10, 11],
hypoxia [12, 13], cellular differentiation [14-17], and stress hormones [18]. Importantly, as lytic
replication involves the expression of many more viral gene products compared to latency, and
typically resolves with the destruction of the infected cell, this process is vastly more
immunostimulatory than latency, which can prove nearly undetectable to the immune system.
Therefore, while subversion of cellular innate immune sensors and antiviral pathways is a broadly
utilized strategy amongst gammaherpesviruses and is critical for numerous aspects of their
biology, the very nature of their biphasic life cycle allows gammaherpesviruses to avoid immune
detection and persist for the lifetime of the infected individual.
Antiviral signaling pathways. With respect to innate immune pathways involved in the
recognition of gammaherpesvirus infection, which will be thoroughly discussed in the next section,
nearly all converge on the interferon regulatory factor (IRF)-mediated production of type |
interferons (IFNs) and/or nuclear factor-kB (NF-kB)-mediated production of inflammatory
cytokines. Type | IFN production is initiated following activation of multiple innate immune
sensors. These pathways converge on the activation of tank binding kinase 1 (TBK1) and/or IkB
kinase ¢ (IKKe) to phosphorylate IRF3 and IRF7. IRF3 and IRF7 can function each as
homodimers, or as an IRF3/IRF7 heterodimer, to induce the transcription of IFN-a and IFN-{3.
Canonically, IRF3 homodimers induce an initial short burst of IFN-a and IFN-B which stimulate
the transcription of IRF7, resulting in a positive feedback loop in which IRF7 facilitates the
transcription of more IFNs. The type | IFNs are then released from the cell where they will signal
through the IFN-a/B receptor (IFNAR) in an autocrine and paracrine fashion to induce the robust
expression of interferon stimulated genes (ISGs) (Figure 1).

NF-kB signaling proceeds through two related pathways, termed the canonical and non-
canonical pathways (reviewed in [19]). The canonical NF-kB signaling pathway is stimulated by

activation of pattern recognition receptors (PRRs) and, as such, is the pathway most relevant to



the innate immune response to viral infection. In this pathway, a heterodimer of NF-kB proteins,
namely p50 and p65/RelA, are retained in the cytosol by the regulatory protein, IkB (Figure 1).
Upon PRR stimulation, the protein IkB kinase (IKK) is activated and phosphorylates a
phosphodegron on IkB, leading to its proteasomal degradation. This releases the NF-kB
heterodimer, which translocates to the nucleus and mediates the transcription of inflammatory
genes (Figure 1).

The above cellular responses to gammaherpesvirus infection require initial detection by
PRRs. The PRRs that have been implicated in the biology of gammaherpesvirus infection can be
divided into four categories: TLRs, RIG-I-like receptors (RLRs), NOD-like receptors (NLRs), and
intracellular DNA sensors. Hypothetically, these receptors should be capable of detecting viral
intruders at nearly every stage of the gammaherpesvirus lifecycle. However, as will be exemplified
below, gammaherpesviruses employ a diverse arsenal of genes to limit detection and prevent
subsequent antiviral responses. In this review we will summarize i) the current knowledge of how
the gammaherpesviruses EBV, KSHV, and MHV68 are recognized via innate immune pathways,
ii) the various mechanisms by which these viruses subvert these responses, and iii) how our
knowledge surrounding innate immune recognition of, and subversion by, gammaherpesviruses

can be employed to develop novel therapeutics for their associated malignancies.

Innate immune sensing of gammaherpesvirus infection

The innate immune system plays a critical role in the biology of gammaherpesvirus
infection. Many different innate immune sensors have been described to recognize virus-
associated molecules, such as DNA, RNA, double-stranded RNA (dsRNA), structural and non-
structural viral proteins, and lipids. Furthermore, virus-mediated perturbations in certain host
processes, such as cellular metabolism, or virus-induced cellular damage, can also induce an
antiviral state. As such, numerous innate immune sensors have been implicated in the detection

of latent and lytic viral processes, resulting in the rapid induction of type | IFNs and the restriction



of viral replication. Here we will review the sensors relevant to gammaherpesvirus infection and
discuss some of the unanswered questions and scientific challenges in this area.
Toll-like receptors. TLRs are a family of transmembrane receptors present in mammals and
insects with well-described roles in innate immunity. As PRRs, TLRs recognize an array of
conserved motifs associated with microbial pathogens. There are 10 TLRs encoded by the human
genome (TLR1-TLR10) and 13 in mice (TLR1-TLR13); however, murine TLR10 is non-functional
due to insertion of a retroviral element [20]. TLR1, TLR2, TLR4, TLR5, and TLR6 are expressed
on the cell surface and recognize extracellular constituents of pathogens, such as lipids and
proteins, while TLR3, TLR7, TLR8, and TLR9 are found within endosomes and are activated by
nucleic acids [21-29] (reviewed in [30, 31]). All TLRs, except for TLR3, recruit the adaptor protein
myeloid differentiation primary response 88 (MyD88) [21]. MyD88 then recruits members of the
IRAK family, which in turn recruit the E3 ubiquitin ligase TRAF6, which activates TAK1 [32, 33].
Activated TAK1 subsequently activates NF-kB and MAPK signaling pathways, resulting in the
expression of inflammatory cytokines [33]. TLR3 does not recruit MyD88, but instead recruits
TRIF to drive the TRIF-RIP1-TAK1 signaling pathway, similarly resulting in the activation of NF-
kKB and MAPK signaling [34-36]. In pDCs, TLR7 and TLR9 activation results in similar MyD88-
dependent activation of NF-kB and MAPK signaling. However, MyD88 can also associate with
IRAK family members and TRAF3 to activate IRF7, resulting in the robust production of type |
IFNs [37-41]. TLR4 is unique in its ability to promote MyD88- and TRIF-dependent activation of
NF-kB and MAPK signaling pathways [34, 35]. Furthermore, TLR3 and TLR4 activation can recruit
TRIF to promote the activation of TBK1, resulting in the activation of IRF3 and the production of
type | IFNs [34-36].

Multiple TLRs have been demonstrated to be involved in the detection of
gammaherpesviruses (Figure 2). TLR2, which recognizes a diverse array of pathogen-associated
molecular patterns (PAMPs), was shown to be activated by EBV [42]. Stimulation of HEK293 cells

transfected with a construct encoding human TLR2 with infectious or UV-inactivated EBV resulted



in significant increase in NF-kB activity. Furthermore, expression of the inflammation-associated
chemokine MCP-1 was significantly increased in primary human monocytes stimulated with EBV,
and this increase in expression was primarily dependent on TLR2 expression. In addition to EBV,
MHV68 has also been demonstrated to activate TLR2 [43]. As with EBV, stimulation of TLR2
expressing HEK293 cells with MHV68 resulted in elevated NF-kB activity. Additionally, infection
of TLR2"- mice with MHV68 resulted in sub-optimal production of the inflammatory cytokines, IL-
6, IFN-a, and IFN-B at early time points post infection, in an anatomic site-specific manner.
Interestingly, while stimulation of TLR2”- embryonic fibroblasts resulted in an approximate 2-fold
decrease in IL-6 and IFN-a secretion, the absence of MyD88 completely abolished production of
these cytokines, foreshadowing a role for other MyD88-dependent TLRs in the response to
MHV68. Notably, TLR2 has previously been reported to be involved in the detection of alpha- and
betaherpesviruses, suggesting that TLR2 may recognize features conserved across the
herpesvirus family [44-46].

In addition to TLR2, TLR7 and TLR9 have been found to contribute to the detection of
gammaherpesvirus infection (Figure 2). In contrast to TLR2, TLR7 and TLR9 are predominantly
endosomal, expressed most robustly by B cells, macrophages, and dendritic cells (DCs), and
recognize single-stranded RNA (ssRNA) and CpG DNA, respectively [23, 25, 47]. Interferon
production by DCs, particularly plasmacytoid DCs (pDCs), is a crucial aspect of the innate immune
response to gammaherpesvirus infection [48]. Interestingly, TLR7 and TLR9 are the only TLRs
expressed at substantial levels in human pDCs [49], supporting the established role of these cells
in the detection of viral pathogens. Indeed, TLR9 has been demonstrated to be involved in DC-
mediated detection of MHV68 and is important for the early control of lytic replication; however,
TLR9 does not impact long term latency [50]. In another model, TLR9 expression was involved in
the protection from gammaherpesvirus-induced lung fibrosis, and required for robust IFN
production in the lungs of MHV68 infected animals [51]. Furthermore, maximal IFN production by

pDCs stimulated with MHV68 was found to require TLR9 expression, whereas TLR7 expression



was dispensable [52]. Surprisingly, deficiency in both TLR7 and TLR9 resulted in a greater
abrogation of IFN production than the loss of TLR9 alone, suggesting that TLR7 may contribute
to gammaherpesvirus detection in some contexts. Another study expanded on these data,
reporting that, while MyD88 expression is important for the optimal control of MHV68 in the
peritoneal cavity, MyD88 expression supports latency and reactivation in the spleen [53].
Fascinatingly, by using chimeric animals, the authors found that MHV68 latency is preferentially
established in MyD88-sufficient splenocytes, suggesting dual roles for the MyD88/IRAK/TRAF6
signaling pathway in the context of gammaherpesvirus infection. Finally, the TLR7/8 pathway was
found to control KSHV reactivation from latency [10].

Consistent with the above findings in mice, TLR9 activity is required for robust IFN
production by pDCs following stimulation with EBV and KSHV [54-56]. Chemical inhibition of
TLR9 with inhibitory oligodeoxyribonucleotides dramatically reduced IFN production by pDCs
following stimulation with EBV and KSHV [55, 56], suggesting that TLR9 is the primary TLR
involved in the pDC detection of gammaherpesviruses. Interestingly, inhibition of TLR7 with the
compound IRF 661 modestly reduced activation of pDCs by EBV [56], but showed no effect when
combined with TLR9 inhibition, further suggesting that TLR9 is the primary innate sensor triggered
in pDCs during gammaherpesvirus infection. Monocytes, which can differentiate into
macrophages and a subset of DCs, were found to utilize both TLR9 and TLR2 in the detection of
EBV [56]. Finally, TLR3, which is activated by dsRNA, is triggered during KSHV infection of THP-1
monocytes and is required for optimal expression of inflammatory cytokines and chemokines [57].
RIG-I-like receptors. The RLRs are a family of PRRs capable of detecting foreign RNAs in the
cytosol. Importantly, foreign RNAs often exhibit characteristics that allow for the differentiation of
these RNAs from host. For example, the RLR melanoma differentiation-associated protein 5
(MDADS) recognizes long dsRNA with high strand complementarity, while the RLR RIG-I binds
short, 5’ di- and triphosphorylated RNAs with base-paired ends, as well as dsRNA [58-62] (Figure

3). Fascinatingly, while gammaherpesviruses are dsDNA viruses that replicate in the nucleus,



numerous reports have highlighted the relevance of these RNA sensors in the detection of
gammaherpesvirus infection.

Early reports of RLR involvement in the sensing of gammaherpesviruses showed that
overexpression of RIG-I resulted in elevated type | IFN expression in EBV+, but not EBV-, Burkitt
lymphoma cell lines [63]. Similarly, knockdown of RIG-I significantly reduced inflammatory
cytokine production following EBV reactivation from a gastric carcinoma cell line [64],
demonstrating the bona fide relevance of RLRs in multiple EBV+ cell types. One mechanism
proposed for the detection of EBV infection through RIG-I involves cellular sensing of EBV-
encoded small RNAs (EBERS), the viral non-coding RNAs robustly expressed during all latency
programs [63, 65]. Furthermore, RNA polymerase lll, which transcribes non-coding RNAs such
as tRNAs and 5s rRNA, also transcribes AT-rich DNA into dsRNA with a 5’ triphosphate capable
of being detecting by RIG-I [66]. Importantly, EBERs are transcribed by RNA polymerase lll, and
this mechanism of transcription has been proposed to facilitate RIG-1 mediated detection of EBV
[66, 67]. Notably, EBV employs multiple mechanisms to subvert RLR activation, as discussed
below, further highlighting the relevance of RNA sensors during infection with this DNA virus.

Similarly, cells lacking functional RIG-I were found to be more permissive to KSHV and
MHV68 infection than cells expressing wild-type RIG-I [68]. RIG-I expression also attenuated
KSHYV lytic gene expression following chemical induction of viral reactivation. The adaptor protein
mitochondrial antiviral signaling protein (MAVS), on which MDA5 and RIG-I converge to induce
IFN and NF-kB signaling (Figure 3), was also found to be required for control of KSHV infection
and reactivation [69, 70]. Fascinatingly, dsRNA was also shown to accumulate in the cytoplasm
of cells reactivating KSHV [69], suggesting that RLRs are indeed activated by RNA ligands rather
than through unconventional mechanisms. Unlike the EBV transcripts reported to be detected by
RIG-I, one study reported that RNA polymerase Il was dispensable for RIG-I-dependent sensing
of KSHV [71]. Instead, it was found that certain regions of the KSHV genome, including protein

coding regions, give rise to RNAs detected by RIG-I independent of RNA polymerase Il activity.



Interestingly, it has also been reported that RNA polymerase lll-dependent transcription of host
non-coding RNAs, such as vault RNAs, NOP14, and GINS1, can be sensed by RIG-I and MDA5
to activate MAVS and downstream interferon and NF-kB signaling pathways [70, 72].
Furthermore, infection with MHV68 and KSHV was found to result in an accumulation of these
stimulatory host RNAs, providing another mechanism for the RLR-mediated sensing of
gammaherpesviruses. ADAR1 expression was found to attenuate IFN production during KSHV
reactivation by preventing RLR activation, and knockdown of ADAR1 correlated with an
accumulation of GINS1 and NOP14 RNAs when reactivation was induced [73]. Taken together
these data point to an unexpected mechanism by which cells sense gammaherpesvirus infection
through the recognition of stimulatory viral and host RNAs.
DNA sensors. Intracellular DNA can be recognized by several different sensors, resulting in the
activation of the adaptor protein stimulator of interferon genes (STING) and subsequent
transcription of IFNs and inflammatory cytokines (Figure 3). Two DNA sensors in particular, cyclic
GMP-AMP synthase (cGAS) and interferon gamma inducible protein 16 (IFI16), have been
implicated in the detection of gammaherpesviruses. The protein cGAS is a DNA sensor that binds
dsDNA in a length-dependent manner, with longer DNA molecules driving more robust activation
[74, 75]. Originally identified as a cytosolic DNA sensor, a plethora of recent studies have clearly
demonstrated that cGAS also resides in the nucleus and shuttles back and forth between the
nucleus and cytoplasm [76-79].

As dsDNA viruses, gammaherpesviruses would logically need to combat recognition by
DNA sensors such as cGAS. Indeed, three independent laboratories demonstrated that the
cGAS/STING pathway can sense KSHV [80-82]. Knockdown of cGAS or STING significantly
augmented KSHV reactivation, suggesting a critical role for this DNA sensing pathway in the
maintenance of KSHV latency.

STING activity is tightly regulated through posttranslational modifications, and chronic

STING activation is associated with several autoinflammatory diseases. One such regulatory



mechanism involves protein phosphatase 6 catalytic subunit (PPP6C), which interacts with
STING and removes activating phosphate groups. As expected, knockdown of PPP6C resulted
in greater induction of type | IFNs, inhibition of herpes simplex virus 1 (HSV-1) and vesicular
stomatitis virus (VSV) replication, and reduced KSHV reactivation [83].

Extracellular vesicles contain cellular constituents such as proteins, lipids, and nucleic
acids and are released from healthy and cancerous cells to facilitate intercellular communication.
Extracellular vesicles isolated from KSHV-infected endothelial cells were reported to induce a
robust IFN signature when added to uninfected endothelial cells through a mechanism requiring
cGAS and STING [84]. Fascinatingly, extracellular vesicles purified from KSHV+ PEL cell lines
and patient samples were shown to induce dramatic cellular reprogramming of endothelial cells
but had no effect on IFN- expression or STING activation [85]. Thus, it is possible that cell type-
specific differences in extracellular vesicle cargo may impact innate immune pathway activation
during gammaherpesvirus infection.

The cGAS/STING pathway was also found to be relevant to in vivo infection with MHV68.
Viral titers were modestly increased in the spleens and lungs of cGAS-deficient mice infected with
MHV68, confirming the importance of cGAS/STING signaling in the context of gammaherpesvirus
infection of an intact, otherwise immunocompetent host [86]. Furthermore, mesenchymal stem
cells were demonstrated to be permissive to MHV68 infection in vitro and in vivo, and were
capable of activating cGAS/STING-dependent signaling following stimulation with MHV68 DNA
[87]. While de novo MHV68 infection of mesenchymal stem cells did not induce a measurable
increase in IFN signaling, possibly due to viral antagonism of host sensing, chemical activation of
the cGAS/STING pathway significantly attenuated MHV68 infection.

Notably, research into the role of DNAs sensors, such as cGAS, in the context of EBV
infection is scarce. While studies of KSHV often make use of endothelial cells (the cell type that
gives rise to KS), fibroblasts, myeloid cells, and B cells, most studies of EBV infection and

reactivation have been restricted to B cells. Fascinatingly, uninfected B cells were found to lack



detectable STING expression [88]. Furthermore, while EBV-infected B cells do express cGAS
and STING, stimulation of a STING-expressing lymphoblastoid cell line (LCL) with dsDNA failed
to induce IFN production. Additionally, reconstitution of STING in EBV-negative B cell lines was
unable to rescue IFN production downstream of dsDNA stimulation. This is in contrast to murine
B cells, which do produce IFNs in response to STING agonists [89]. Hence, while EBV-infected
B cells may express cGAS and STING, it is possible that the virus somehow inhibits activation of
this pathway in B cells. Importantly, the role of cGAS/STING signaling in the context of EBV
infection of other cell types has not been fully characterized.

As mentioned above, human and murine cells express multiple sensors of DNA. In
addition to cGAS, the DNA binding protein IFI16 has been implicated in the detection of
gammaherpesvirus DNA. Predominantly a nuclear protein, IFI16 is thought to play a role in the
sensing of nuclear herpesvirus genomes but can shuttle between the nucleus and cytosol.
Considerable crosstalk is believed to occur between IFI16 and cGAS [90-92], but IFI16 has also
been reported to interact with STING directly to drive the production of type | IFNs [93, 94].
Furthermore, IFI16 is capable of activating inflammasome complexes, leading to the production
of IL-1B and IL-18 [95, 96].

KSHV infection of endothelial cells was shown to interact with apoptosis-associated
speck-like protein containing a CARD (ASC) to promote the activation of caspase-1 and the
resulting maturation of pro-IL-13 to IL-18 [96]. IFI16 colocalized with both ASC and the KSHV
nuclear episomes, and knockdown of IFI16 attenuated inflammasome activation upon KSHV
infection. Upon recognition of KSHV DNA, IFI16 was postulated to associate with ASC and
procaspase-1 and translocate to the cytosol where the inflammasome complex becomes
activated and forms perinuclear aggregates. Furthermore, endothelial cells and B cells latently
infected with KSHV were found to exhibit constitutive IFI16-dependent inflammasome activation
[97]. Alphaherpervirus infection has been shown to initiate IFI16-dependent activation of STING

[98], and while de novo KSHYV infection induces a lower degree of IFN signaling, this mechanism



of IFI16-dependent IFN induction has also been purported to occur during KSHV infection [99,
100]. Further characterization of IFI16-mediated detection of KSHV demonstrated that p300-
dependent acetylation of IFI16 occurs in the nucleus of KSHV-infected cells, and that acetylation
is required for proper cytoplasmic translocation of the IFI16-containing inflammasome complex
and for activation of STING by IFI16 [99]. The tumor suppressor BRCA1 has been reported to
participate in the IF116 inflammasome, promote p300-mediated acetylation of IFI16, and augment
IF116-driven antiviral responses [100]. Furthermore, interaction of histone H2B with the IFI16-
BRCA1 complex has been demonstrated to skew the consequence of IFI16-mediated recognition
of viral DNA towards IFN production, rather than inflammasome activation, via cytoplasmic
interactions with cGAS and STING [101].

As observed with KSHV, constitutive inflammasome activation was also reported in B cells
and epithelial cells latently infected with EBV [102]. Notably this activity was observed in cell lines
comprising each of the three predominant EBV latency states. Furthermore, while this study did
less to characterize the mechanisms of EBV detection, the authors demonstrated co-localization
of IFI16 with the EBV genome in latently infected B cells. Further studies demonstrated that
knockdown of IFI16 resulted in a significant increase in EBV gene expression and replication in
latently infected B cells [103]. Thus, based on a limited number of published studies, detection of

EBV through DNA sensors appears to operate similarly to the detection of other herpesviruses.

Current challenges. Our cumulative understanding of how gammaherpesviruses are detected
and restricted by the innate immune system has advanced significantly over the last 10-15 years.
The recent discoveries of numerous PRRs relevant to gammaherpesvirus infection has paved the
way for novel approaches to target EBV- and KSHV-driven diseases, and new tools such as
CRISPR editing and humanized mouse models have allowed for cleaner and more thorough
characterization of innate immune system components in the context of gammaherpesvirus

infection. Despite these advances, further research is needed to fill gaps in the dogma of how



these viruses are controlled by innate immune sensors and cells. For example, despite the
breadth of knowledge that has been garnered regarding DNA sensor activation during KSHV
infection, relatively little is known about how EBV may be sensed by receptors such as cGAS and
IFI16. Additionally, the activation of RNA sensors such as TLR3 and RLRs during dsDNA virus
infection is an interesting observation that deserves further characterization, particularly in the
context of an intact host. Furthermore, while EBV and KSHV are generally considered
lymphotropic, numerous cell types are permissive to infection with these viruses. EBV infection of
other cell types is biologically relevant and EBV+ non-B cell cancers are a growing problem in
some countries, including the United States [104, 105]. As such, cell type-specific responses to
infection need to be more fully characterized.

Advanced in vitro tools allow for the careful analysis of viral recognition during
gammaherpesvirus reactivation and have been used to describe the cellular and molecular
mechanisms by which reactivation is sensed and restricted. However, these approaches are often
limited to particular cell lines, may utilize cell lines irrelevant to gammaherpesvirus biology, or may
be performed in cell lines with dysfunctional innate immune pathways. While de novo infection of
primary cells provides a more biologically relevant model in which to study innate immune
recognition, it can be technically challenging and is not always amenable to the advanced
molecular techniques that can be performed in immortalized or transformed cell lines. Tools such
as humanized mice and the MHV68 model of gammaherpesvirus infection offer unique and
tractable approaches to examine the relative importance of innate immune constituents in the
context of an intact host. Advances in humanized mouse models of gammaherpesvirus infection
have allowed for elegant studies of a human immune response to EBV and KSHV. The data
generated from such studies highlights the clear importance of NK cells in the control of EBV lytic
replication [106], further characterizing what has been postulated based on studies of human
tonsils and PBMCs [107-110]. The importance of DCs has been similarly highlighted from these

studies [48]. Furthermore, the MHV68 system enables the use of murine genetics to study cell



type-specific responses to infection and allows for the most delicate in vivo experiments of
gammaherpesvirus biology. Thus, through more thorough characterization of cell type-specific
responses, the development of biologically relevant in vitro systems, and complimentary
approaches using humanized and/or biologically related mouse models, a more complete picture

of the innate immune recognition of gammaherpesvirus infection can be described.

Evasion of innate immunity by gammaherpesviruses

Gammaherpesviruses, like many viruses, have evolved multiple mechanisms by which to
evade the various host innate immune sensors discussed above. KSHV, EBV, and MHV68 each
encode multiple viral proteins that counteract the ability of these sensors and their downstream
targets to mount an effective response against infection, thus helping to ensure successful viral
propagation (summarized in Table 1). Some of these viral proteins are homologues of cellular
innate immune proteins such as IRFs and cytokines, and can interfere with cellular functions.
Additionally, these viruses can hijack host cell proteins such as phosphatases to dampen innate
immune signaling, thus reducing the ability of an infected cell to establish an antiviral state and
subsequently limiting viral detection and clearance. In the following section, we discuss strategies
each of these gammaherpesviruses use to limit the innate immune response to viral infection.
KSHV. As mentioned above, KSHV encodes proteins that have been shown to directly interact
with innate immune signaling components and thus dampen the host antiviral response. One of
these proteins, ORF45, interacts with and inhibits IRF7 activation which, in turn, prevents IRF7
translocation to the nucleus and the transcription of IFN-a and IFN-$ [111]. Later experimentation
by the same group suggested that ORF45 achieves this IRF7 inhibition by binding IRF7 and
inducing a conformational change that renders IRF7 inactive [112]. Another KSHV protein, K-

bZIP, binds to the IFN-p promoter and induces low levels of IFN-B production. Although

counterintuitive, the results of this K-bZIP/IFN-f interaction were shown to decrease IRF3 function



and impair downstream IRF3 chemokines such as CXCL11 and RANTES [113]. Additionally, the
KSHV protein RIF (ORF10) binds to IFN signaling components and inhibits the type | IFN
response [114], while the large tegument protein of KSHV, ORF64, inhibits RIG-I-mediated IFN
production by decreasing ubiquitination of RIG-I [68]. Finally, LANA, a KSHV protein responsible
for latency maintenance, was shown to significantly reduce IFN-B production at both the mRNA
and protein level, and this was mediated, at least in part, by preventing IRF3 binding to the IFN-
B promoter region [115].

The KSHV latent-to-lytic switch protein, RTA (ORF50), also possesses
immunomodulatory properties and suppresses expression of several host innate immune RNAs
and proteins. RTA decreases MyD88 transcripts in vitro by slowing down MyD88 RNA synthesis
[116] and decreases MyD88 protein levels in cells by targeting MyD88 for proteasomal
degradation. This reduction in MyD88 protein is achieved by an inherent E3 ubiquitin ligase
activity of RTA, which polyubiquitinates MyD88 for proteasomal trafficking. Furthermore, this RTA-
mediated degradation of MyD88 leads to downregulated TLR4 signaling and decreased activation
of type | IFN and NF-kB signaling [117]. These data echo the findings of previous studies, which
demonstrated that KSHV downregulated TLR4 and several components of the TLR4 signaling
pathway, including MyD88, IRAK1, and downstream pro-inflammatory cytokines such as IL-6 and
IL-8 [118, 119]. Additionally, endothelial cells were more permissible to KSHV infection in the
absence of TLR4 and, conversely, were protected from KSHV infection when TLR4 was
exogenously stimulated [119]. In a similar fashion to the above ubiquitination of MyD88, RTA also
targets IRF7 for proteasomal degradation through its E3 ubiquitin ligase activity, resulting in
decreased levels of IFN-a and IFN-B transcripts [120]. Lastly, RTA targets the adaptor molecule
TRIF. RTA modulates both the expression and stability of TRIF, leading to decreased TLR3
signaling. The mechanism was shown to involve proteasomal degradation of TRIF, but whether

RTA itself or another cellular E3 ligase mediated the ubiquitination of TRIF was unclear [121].



Complementing the above arsenal of immunomodulatory proteins are the viral IRFs
(VIRFs). vIRFs are homologous to cellular IRFs and act to suppress the functions of host IRFs.
VvIRF1 interrupts IRF3 signaling by binding to the transcriptional cofactors CBP/p300 and
preventing IRF3-mediated transcription, thus disrupting downstream antiviral protein production
[122]. vIRF1 also traffics to the mitochondria, where it interacts with MAVS and hinders MAVS-
dependent immune responses such as IFN- production and apoptotic activity [123]. VIRF2
inhibits both IRF1 and IRF3 functions, suppressing IFN signaling and downstream IFN targets
[124]. Interestingly, the mechanism underlying this observed vIRF2-mediated IRF3 inhibition was
shown to involve caspase-3. Caspase-3 helps to regulate IRF3 levels within the cell and can
mediate IRF3 degradation. VIRF2 can enhance this caspase-3-mediated IRF3 degradation
process, facilitating more rapid turnover of IRF3 and a subsequent dampening of the cellular
innate immune response [125]. VIRF3 binds to IRF7 and decreases IFN-a transcription by
disrupting the ability of IRF7 to associate with DNA [126], while VIRF4 prevents dimerization of
IRF7 [127]. Interestingly, VIRF1-3 can inhibit TLR3 signaling, but only vIRF1 and vIRF2 inhibit
TLR3-mediated IFN-B and CXCL10 production. Furthermore, vIRF1 and vIRF2 appear to achieve
this IFN-p downregulation via differing mechanisms, as only vIRF1 was shown to modulate IRF3
phosphorylation and nuclear accumulation [128]. A subsequent report revealed that vIRF1
associates with the cellular ISG15 E3 ligase, HERCS5, which led to decreased ISG15 activity and
a corresponding loss in IRF3 protein [129]. Thus, VIRFs collectively act to suppress type | IFN
signaling and ISG activity.

KSHV also encodes proteins other than vIRFs that are homologous to cellular immune
factors. KSHV ORF63 was the first described protein from a human virus with homology to NLRs.
ORF63, homologous to NLRP1, blocks both NLRP1- and NLRP3-mediated inflammasome
activity and inhibits IL-18 production as well as activation of caspase-1 [130]. Additionally,

expression of vIL-6, a KSHV-secreted cytokine similar to cellular IL-6, is upregulated following



viral exposure to IFN-a. vIL-6 blocks the anti-proliferative effects of IFN signaling, allowing for
survival and persistence of virally-infected cells despite the presence of IFN-a in the cellular
environment [131]. Thus, gammaherpesviruses have evolved to evade host detection by
exploiting host cell protein sequences for their own advantage.

As mentioned in the previous section, the cGAS-STING pathway is another mechanism
by which host cells detect gammaherpesvirus infection. Accordingly, KSHV encodes several
proteins that modulate cGAS-mediated sensing of viral DNA. KSHV ORF52 binds to cGAS and
blocks its enzymatic activity, subsequently inhibiting downstream IRF3 activation [81].
Interestingly, other gammaherpesvirus homologues of ORF52, including those of EBV and
MHV68, were shown to possess this same anti-cGAS/IRF3 functionality. Additionally, after
identifying cGAS-STING as a KSHV sensor, Ma et al. performed a screen to identify KSHV
proteins that might function to counteract cGAS-STING signaling. Results of the screen identified
several hits, including ORF36 (the KSHV viral protein kinase which functions similarly to cellular
serine/threonine kinases), ORF45, ORF55, ORF57, ORF73, and vIRF1, as negative regulators
of the cGAS-STING pathway. All six proteins inhibited cGAS-STING-mediated IFN- production,
and vIRF1 was further shown to block phosphorylation of STING by TBK1 [80]. Thus, these data
collectively reveal a multi-pronged approach employed by KSHV to circumvent sensing of foreign
DNA by the host cell.

As exemplified above, virally-encoded proteins are widely used by KSHV to counteract
immune sensing. Interestingly, however, cellular proteins can also be utilized by KSHV as a
defense mechanism against host innate immunity. Two recent studies by Ni et al. and Yu et al.
elucidated a novel mechanism by which KSHV utilizes cellular phosphatases to evade the innate
immune response [83, 132]. The cGAS-STING regulator screen performed by Ma et al. also
uncovered ORF48 to be involved in cGAS-STING signaling inhibition. A successive study found

ORF48 to interact with the host protein phosphatase PPP6C. Further experimentation revealed



PPP6C to inhibit IRF3, but not NF-«B, activation and to reduce IFN-B production by
dephosphorylation of STING [83]. However, the exact role ORF48 plays in this mechanism
beyond interaction with PPP6C remains to be elucidated. Similarly, the KSHV protein ORF33 was
shown to interact with PPM1G, a host cell phosphatase capable of dephosphorylating STING and
MAVS. This ORF33-PPM1G-mediated suppression of STING and MAVS activation resulted in
decreased production of IFN-B, inhibition of IRF3 activation, and reduced transcription of
downstream target genes such as ISG56 [132]. The host NLR, NLRX1, was likewise shown to
suppress JAK/STAT signaling and IFN-B transcription, leading to increased KSHV replication,
potentially through association with a yet-unidentified KSHV protein [133]. Finally, upon infection
of endothelial cells, KSHV upregulates the host protein heme oxygenase-1, which produces the
TLR4 signaling inhibitor carbon monoxide as a catalytic byproduct [134]. Together, these data
demonstrate innovative mechanisms by which host cell machinery can be successfully hijacked
by KSHV to impair immune responses.

EBV. Like KSHV, EBV also possesses a wide array of viral proteins used to subvert innate
immunity. Several of these proteins are conserved across gammaherpesviruses, and the KSHV
and MHV68 homologues for these EBV proteins can be found in Table 2. The EBV exonuclease
BGLF5 targets host immune signaling by depleting TLR9 mRNA levels, leading to a subsequent
reduction in TLR9 protein expression in the cell [135]. Another EBV protein, LMP-1, which will be
discussed more below, also targets TLR9 at the transcriptional level through an NF-xB-dependent
mechanism, leading to reduced TLR9 expression [136]. Additionally, the EBV oncoprotein BARF1
can reduce IFN-a production in human monocytes [137], and EBV EBNA1 decreases NF-«B
signaling in cancer cells by preventing phosphorylation and nuclear accumulation of multiple key
proteins involved in perpetuating the NF-kB signaling cascade [138]. Similarly, the EBV tegument
protein BGLF2 blocks phosphorylation of the p65 NF-kB subunit, leading to decreased NF-xB

signaling [139]. Finally, EBV can inhibit TLR signaling through the function of the viral large



tegument protein BPLF1, which possess deubiquitinase (DUB) activity. Interestingly, BPLF1 can
negatively regulate TLR signaling through both the MyD88 and TRIF adaptor proteins and,
mechanistically, this observed TLR downregulation was linked to DUB activity of BPLF1 through
mutation studies [140]. Furthermore, BPLF1 targets TRAF6 for deubiquitination, leading to
suppression of the NF-kB pathway and enhanced viral replication [141]. As protein ubiquitination
serves to perpetuate the signaling cascade in TLRs as well as other antiviral receptor signaling
pathways, viral deubiquitinases can therefore serve as innate immune defense modulators.

In addition to the above TLR and NF-xB modulation, EBV has also been shown to
modulate host IRFs through various mechanisms. BZLF1 (also known as ZTA), one of the first
viral proteins expressed upon EBV infection, inhibits the antiviral effects of IRF7. Studies to date
suggest that this IRF7 modulation by BZLF1 can be either direct or indirect. One study
demonstrated that, although BZLF1 and IRF7 did not directly interact, IRF7 activation was
indirectly modulated by BZLF1 through activation of suppressor of cytokine signaling (SOCS)
proteins. Specifically, BZLF1 upregulated the expression of SOCS3 which, in turn, led to inhibition
of IFN-a production [142]. This decrease in IFN-a. can then reduce further activation of IFNAR
and its downstream signaling, leading to an inhibition in IRF7 activation. However, another study
showed that BZLF1 directly binds IRF7 in vitro and not only represses IRF7 activation by RNA
substrates, but also decreases IRF7-mediated type | IFN and downstream ISG production [143].
This work was expanded upon when another EBV immediate-early protein, BRLF1, was shown
to downregulate IRF3 and IRF7 protein levels in infected cells, which correlated with an observed
decrease in IRF3 and IRF7 mRNA levels in transfected cells [144]. Additionally, BRLF1 decreased
IFN-B production as well as IFN-B promoter activity in transfected cells, echoing the repressed
type | IFN response mediated by BZLF1. Similarly, the EBV tegument protein BILF4 (LF2) was
identified as an IRF7 regulator, binding to IRF7 and preventing its dimerization and subsequent

induction of IFN-a [145]. Finally, the EBV early protein BFRF1 was recently shown to negatively



regulate IRF3 activation and IFN-§ transcription [146]. Altogether, these data demonstrate how
EBV has evolved to evade the antiviral effects of IRF signaling through the actions of multiple
viral proteins.

The EBV latent membrane oncoproteins, LMP-1 and LMP-2, promote oncogenesis in part
by downregulating the innate immune response in host cells. LMP-1 directly associates with the
IFN signaling protein Tyk2, reducing phosphorylation of not only Tyk2 but also STAT2 and
dampening the signaling propagation of IFN-a [147]. LMP-2A modulates the NF-xB pathway,
decreasing activation of STAT3 and the production of the pro-inflammatory cytokine, IL-6 [148].
Follow-up experimentation revealed that both LMP-2A and LMP-2B reduced phosphorylation of
STAT1, JAK, and Tyk2, and lessened transcription of ISGs. Interestingly, this observed IFN
pathway modulation was shown to be mediated by LMP-2A/2B facilitating the degradation of
intracellular, but not cell surface, IFNAR [149]. Thus, LMP-1 and LMP-2 interfere with type | IFN
signaling which can aid in the establishment of EBV latency and persistence in host cells.

EBV can also utilize tripartite motif (TRIM) proteins, which are E3 ubiquitin ligases, for
immune escape and host cell persistence. Xing et al. showed that TRIM29 expression was
elevated in EBV-positive NPC tissue compared to healthy tissue, and that knockdown of TRIM29
in the context of EBV infection resulted in increased type | IFN production and decreased EBV
replication. Furthermore, TRIM29 interacts directly with STING, mediating the degradation of
STING via ubiquitination [150]. Conversely, stifling of TRIM protein activity can also potentiate
viral activity. EBV BPLF1 negatively regulates TRIM25, preventing its activating interaction with
RIG-I and resulting in suppressed IFN signaling. Mechanistically, BPLF1 was shown to modulate
the ubiquitination of TRIM25 and cause TRIM25 protein aggregation, resulting in ligase inhibition
[151].

A recent study on the viral anti-apoptotic protein BHRF 1 revealed an intriguing mechanism

by which EBV circumvents RIG-I- and MDA5-mediated signaling through the adaptor protein



MAVS. Instead of targeting RIG-I or MAVS for degradation or negatively interacting with their
downstream signaling proteins, BHRF1 targets the mitochondrial organelles themselves. BHRF1
expression was shown to induce fission of mitochondria which eventually led to their degradation
and, along with it, the degradation of MAVS. This sequentially resulted in a block in IFN-f signaling
and IRF3 activity [152]. These data provide interesting insight into how viruses can evolve to
escape immune recognition by attacking physical structures of host cells that are important for
mediating antiviral responses.

The EBYV viral protein kinase, BGLF4, has been shown to counteract the innate immune
response through several distinct mechanisms. First, BGLF4 inhibits IRF3 signaling through its
kinase activity. Phosphorylation of IRF3 at certain sites can lead to protein degradation rather
than activation, and BGLF4-mediated phosphorylation of IRF3 at Ser123/173 and Thr180 results
in a decrease in IRF3-specific IFN-B promoter binding [153]. Additionally, BGLF4 reduces
phosphorylation of STAT1 at Tyr701 and suppresses IFN- promoter activity. Finally, BGLF4
targets NF-xB signaling by phosphorylating the host protein ubiquitously expressed transcript
(UXT), which is involved in the nuclear functions of NF-xB. BGLF4-mediated phosphorylation of
UXT at Thr3 was shown to reduce UXT'’s interaction with NF-kB, resulting in decreased NF-xB
effector functions and an enhancement of the lytic cycle of EBV [154]. These studies underscore
the utility of a viral protein kinase in the context of innate immune evasion and, altogether, these
above reports echo the immunomodulatory properties described above for KSHV-encoded
proteins.

In addition to viral proteins, viral microRNAs (miRNAs) can also be used to circumvent
host innate immunity. The EBV miRNA miR-BART15 binds to the 3’ end of NLRP3, decreasing
NLRP3 protein expression as well as IL-1B production [155]. Furthermore, the EBV miRNA miR-
BART16 inhibits IFN-a signaling and the expression of downstream proteins such as IFIT1 and

ISG15 [156]. Mechanistically, miR-BART16 was shown in the same study to bind the



transcriptional cofactor CBP, negatively regulating CBP expression and resulting in increased
cellular proliferation in the context of suppressed IFN signaling. Additionally, EBV miR-BART6-3p
downregulates RIG-I and IFN-B as well as multiple immunomodulatory proteins that perpetuate
these signaling pathways and their downstream targets [157]. KSHV similarly utilizes miRNAs to
target STAT signaling and the production of ISGs [158], as well as to mediate the downregulation
of several TLR4 signaling components as mentioned earlier. Specifically, KSHV miR-K9 targets
IRAK1, leading to diminished NF-kB signaling, while KSHV miR-K9 and miR-K5 jointly target
MyD88, leading to a reduction in pro-inflammatory cytokine levels [118]. Overall, as exemplified
above, human gammaherpesviruses have evolved multiple mechanisms involving host proteins,
viral proteins, and viral miRNAs to avoid immune surveillance and persist long-term in the host.
Accordingly, these proteins and miRNAs can represent therapeutic targets for human
gammaherpesvirus infection and their associated malignancies, and this possibility will be
discussed in a later section.

MHV68. As a model for gammaherpesvirus infection and pathogenesis, the findings of MHV68
immune evasion can potentially be applied to human gammaherpesviruses as well. Using a
mutant library, Hwang et al. identified ORF36 as an anti-IFN MHV68 protein. The authors
demonstrated that ORF36 interacted with IRF3 and that this binding interrupted IFN- promoter
activity [159]. Like KSHV, ORF36 is the MHV68 viral protein kinase. The authors went on to test
the MHV68 ORF36 homologues of KSHV, EBV, human cytomegalovirus (HCMV), and HSV, and
found that these proteins also interfered with IFN-3 promoter activity, suggesting a common innate
immunity defense across herpesviruses. The MHV68 large tegument protein, ORF64, contains
DUB activity, a feature which is also conserved across herpesviruses. This DUB activity was
shown to be important for suppressing type | IFN signaling upon MHV68 infection, as well as for
the establishment of latency [160]. This inhibition of IFN production by MHV68 ORF64 is

reminiscent of the observed inhibition of RIG-I-mediated IFN production by KSHVY ORF64, as



described above [68]. Finally, the MHV68 protein ORF54 is a viral dUTPase, an enzyme that is
conserved across many different viruses. MHV68 ORF54, as well as KSHVY ORF54, were shown
to inhibit type | IFN activity. Interestingly, this type | IFN inhibition was shown to occur
independently of dUTPase enzymatic activity, suggesting two distinct and unrelated roles of
MHV68 ORF54 in the viral lifecycle [161]. Mechanistically, ORF54 achieved this IFN modulation
by decreasing expression of IFNAR, which then led to decreased levels of phosphorylated
STAT1. Notably, MHV68 ORF54 was shown in the same study to be necessary for the successful
establishment of the latent phase of the viral lifecycle. Thus, evasion of type | IFN signaling is
critical not only for innate immune escape but also for latency establishment, two hallmarks of
herpesvirus infection.

MHV68, similar to KSHV and EBV, employs additional mechanisms by which to escape
antiviral NF-xB signaling and the actions of type | IFN. MHV68 subverts antiviral cytokine
production by targeting p65/RelA. MHV68 infection increases the activity of the kinase IKKp,
which then phosphorylates p65/RelA at Ser468, resulting in proteasomal degradation of p65/RelA
and decreased cytokine production [162] (see Figure 1). Interestingly, this observed phenotype
was dependent on MAVS, as cells and animals lacking MAVS exhibited increased cytokine
production following MHV68 infection. However, the precise roles that MHV68 proteins hold in
mediating this observed disruption of NF-kB signaling is unclear. A follow-up study sought to
answer this question using an NF-«xB reporter screen consisting of over twenty MHV68 proteins,
and identified RTA (ORF50) as a sole hit. Further experimentation revealed that RTA directly
interacted with p65/RelA and mediated its ubiquitination via an E3 ligase domain, which
subsequently targeted p65/RelA for degradation by the proteasome [163]. Finally, MHV68 ORF11
was shown to interact with TBK1, leading to disrupted TBK1/IRF3 interactions and a functional

decrease in downstream IRF3 signaling, including decreased IFN- production [164].



Not all innate immune evasion presents as a battle between virus and host. Mandal et al.
made the surprising discovery that MHV68 senses type | IFN concentrations in the host cell and,
when elevated, undergoes transcriptional repression to enforce latency establishment. The
MHV68 latent gene M2 was found to contain an ISRE capable of being bound by IRF2. Increased
IFN-a/p signaling promotes activation of IRF2, which can then bind the ISRE present in the M2
promoter, resulting in decreased M2 transcription and decreased viral reactivation [165]. The
authors speculate that this IFN sensing provides an advantage to MHV68, allowing for reversion
to active viral replication when the levels of IFN-o/p are low in the cell and thus conducive to the
production of progeny virions. Given the presence of ISREs in EBV latency promoters [166] and
the ability of KSHV to sense IFN-a levels within the host cell [131], this observed cooperation
between MHV68 and type | IFN signaling could very well be conserved across
gammaherpesviruses.

Lastly, NLRs can also be targeted by MHV68. Upon observing that deletion of caspase-1
and caspase-11 from mice did not affect MHV68 pathogenesis, Cieniewicz et al. examined
whether MHV68 infection downregulated the inflammasome response. Results showed that
MHV68 inhibited transcription of IL-1B, and that this inhibition was mediated by a protein other
than RTA [167].

In addition to the above discussed mechanisms of gammaherpesvirus innate immune
evasion, these viruses, as well as all herpesviruses, inherently evade the host immune response
by nature of their lifecycle. Although the detailed mechanisms of latency are beyond the scope of
this review, the latent phase of the herpesvirus lifecycle effectively prevents sustained detection
of the virus by the immune system. These viruses maintain long-term persistence in hosts by
replicating their DNA alongside cellular DNA using host cell machinery, and only produce a limited

subset of genes needed to maintain viral persistence during this time. By establishing these



latency programs, herpesviruses can intrinsically avoid immune surveillance while successfully

preserving their genome.

Current challenges. Like gammaherpesvirus recognition by the innate immune system, our
understanding of how gammaherpesviruses evade host immune detection has considerably
increased over the last 15 years. We now understand at the mechanistic level the roles that many
gammaherpesvirus proteins play in subverting the initial host cell response to infection. However,
most of these studies were performed in cells, either in the context of transfection or viral infection,
and our knowledge of how these viral proteins function in the context of an infected human and
the subsequent implications of this for disease progression remains severely lacking. The use of
MHV68 and accompanying mouse models as a proxy for human gammaherpesvirus infection and
pathogenesis have yielded important insights into this understudied area, but much more work is
needed. Recently advanced humanized mouse models for KSHV and EBV infection are one tool
that can be utilized to help address these questions [168-170]. As will be discussed in more detail
in the next section, the inability of the immune system to fully clear KSHV and EBYV infection, in
large part due to the plethora of immune evasion mechanisms these viruses have evolved, is a
major driver of KSHV- and EBV-associated malignancies, including cancer. Although we have a
solid baseline understanding of how the innate immune system detects invasion of these viruses
and the viral clearance mechanisms involved, a more detailed understanding of the interplay
between innate immunity and gammaherpesvirus infection, establishment of latency, and
development of lymphoproliferative disorders can help guide future therapeutics for these

diseases.

Clinical relevance of innate immunity to gammaherpesvirus infection
Infection with gammaherpesviruses, like all herpesviruses, is lifelong, in part due to long-

term maintenance of the viral genome in host cells and an inability of the immune system to detect



and clear the virus while it is maintained in the latent phase. There are several steps of the viral
life cycle that can be targeted in an effort to deter herpesvirus persistence in host cells, including
initial infection and latency establishment. As these viruses employ an arsenal of virally-encoded
proteins to avoid innate immune detection during these phases, immunomodulatory viral proteins
therefore represent therapeutic targets for prevention and treatment of gammaherpesvirus-
associated malignancies. In this section, we discuss the implications of innate immunity for both
pathogenesis as well as drug development in the context of human gammaherpesvirus infection.
Cancers associated with gammaherpesvirus infection. As mentioned above, KSHV-
associated cancers include Kaposi’s sarcoma (KS), multicentric Castleman’s disease (MCD), and
primary effusion lymphoma (PEL), and EBV-associated cancers include Burkitt's lymphoma (BL)
and nasopharyngeal carcinoma (NPC). In addition to cancer, infection with KSHV can lead to an
inflammatory cytokine syndrome termed KICS, classified by increased viral burden and elevated
levels of cytokines including IL-6 and IL-10 [171]. Although some treatment options exist for these
malignancies, including highly active antiretroviral therapy (HAART) for KS and PEL patients co-
infected with HIV; various chemotherapeutic and immunotherapeutic regimens for PEL, MCD,
and BL patients; and surgery followed by radiation therapy for NPC patients, we are still in dire
need of novel therapeutic options for many of these viral diseases. Resistance to chemotherapy
arises frequently, and many of these cancers are highly aggressive. Current frontline treatments
target the cancer after it has formed, but preventing the expansion of the viral reservoir and the
formation of cancer represents a more ideal, albeit challenging, strategy. This can potentially be
achieved in part by crippling the virus’s ability to evade immune detection during the establishment
or maintenance of infection, as will be discussed shortly.

Innate immunity and pathogenesis. Activation of innate immune signaling pathways can induce
gammaherpesvirus reactivation as well as excessive production of cytokines, both of which have
been associated with increased pathogenesis in humans. Reactivation of herpesviruses from

latency allows for the production of infectious virus particles which can then establish new



infections within the same host or in a different host. Additionally, lytic gene expression and viral
replication have been associated with KSHV-induced cancers, although the biological
significance of these findings related to oncogenesis remains to be elucidated [172, 173]. A study
using a panel of TLR agonists revealed that signaling through TLR7/8 results in KSHV Iytic
reactivation following latency in PEL. Interestingly, only TLR7/8 agonists were shown to have this
effect, as ligands for other TLRs such as LPS (TLR4), CpG DNA (TLR9), Poly IC (TLR3), and
flagellin (TLR5) did not induce viral reactivation [10]. These findings are of particular significance
since TLR7/8 senses ssRNA, a component of many human viral pathogens. Indeed, although not
a canonical human virus, infection of PEL cells with VSV caused KSHV reversion from latency,
suggesting that infection with other viruses that stimulate TLR7/8 signaling can be a risk factor for
gammaherpesvirus reactivation [10]. A similar study using MHV68 revealed that signaling through
TLRs 3, 4, 5, and 9, but not TLR7/8, resulted in viral reactivation in B cells. Furthermore, TLR4
and TLR9 activation also induced MHV68 virion production in vivo, reflecting the observations
made in cell culture [174]. Taken together, these two studies show that signaling through TLRs
can cause gammaherpesvirus reactivation from latency; however, the efficiency of this process
for each individual TLR might be virus-specific.

Overabundance of cytokines in a host, whether proinflammatory or anti-inflammatory, can
result in increased disease burden. In the context of KSHV infection, two examples of this are
MCD and KICS. Although distinct and separate disorders, both MCD and KICS are characterized
by excessive IL-6 and IL-10 production with inflammatory signatures [175], and this cytokine
overexpression most likely drives the development and progression of these diseases. As such,
treatment of MCD and KICS patients with anti-IL6 or anti-IL6R antibodies is currently under
investigation [176, 177]. It would also be of interest to test anti-IL10 antibodies in KICS patients
as well, given its unique upregulation and reflection of disease severity [176]. Additionally, NF-xB
signaling may be vital to PEL survival, as this pathway was shown to be active in both PEL cell

culture and primary tumor samples, and blocking the NF-xB pathway with small molecule drugs



resulted in decreased IL-6 production and increased apoptosis of PEL [178]. Therefore, in sum,
aberrant immune signaling can contribute to pathogenesis in KSHV-associated malignancies.

Innate immunity and therapeutics. As gammaherpesviruses rely on immune evasion genes for
propagation and survival, these genes can be targeted for therapeutic purposes. This strategy
can be approached from two directions, either by targeting viral immunomodulatory genes directly
as a treatment strategy, or by deleting these genes in the design of viral vaccines. One attractive
target across all herpesviruses is the viral protein kinase. Indeed, maribavir, a drug against the
HCMV protein kinase UL97, has been tested in clinical trials for treatment of resistant HCMV
infection in the context of transplantation [179]. Data suggest that the KSHV protein kinase (vPK)
plays a role in tumorigenesis, as mice expressing vPK exhibited increased B cell proliferation and
lymphoma development compared to control mice [180]. Thus, inhibition of vPK in the context of
KSHV-associated malignancies may be beneficial. Additionally, inhibitors against EBV
immunomodulatory proteins are currently being identified and developed. Computational
approaches can be used to determine structural areas of a viral protein that would be most
beneficial to target, and this has been undertaken for EBV EBNA1, with results yielding insights
into how to improve future anti-EBV drug design [181]. Indeed, this approach recently led to the
generation and characterization of several novel EBNA1 inhibitors with efficacy both in vitro and
in vivo. These inhibitors decreased growth of EBV-positive, but not EBV-negative, cell lines, and
significantly reduced tumor burden and increased survival in multiple xenograft mouse models,
including those derived from NPC patient tissue [182]. Similarly, a screen for novel inhibitors
against EBV BPLF1, a conserved herpesviral DUB, was recently performed. Results of the screen
yielded ten hits that blocked the DUB activity of BPLF1 and, intriguingly, the most promising drug
was not toxic to cells at any concentration tested and exhibited a dose-dependent decrease in
EBV infectivity [183]. Although not a comprehensive compilation, these select studies
demonstrate the potential of designing small molecule drugs to inhibit the functions of key

gammaherpesvirus proteins that modulate the immune environment and drive oncogenesis.



Currently, no approved vaccine against gammaherpesvirus infection or associated cancer
exists. However, deletion of immune evasion genes represents a promising viral vaccine
development strategy. An ideal gammaherpesvirus vaccine would prevent the establishment of
latency in a host; if the initial viral infection could be cleared by the immune system, then viral
persistence could not occur, and cancer development could likely be avoided. This could
theoretically be achieved by altering and/or deleting the viral genes responsible for innate immune
evasion and latency establishment in a way that still allows for the vaccine strain to elicit robust
immune responses in the host (reviewed in [184]). Currently, this is being tested in MHV68 models
as a proxy for human gammaherpesvirus infection, and recent results have been promising.
Removal of ORF10, ORF36, ORF54, and K3 (anti-IFN and anti-MHC genes) as well as the latency
genomic region (including mLANA) from MHV68 resulted in a vaccine strain that could not
effectively replicate nor go latent. The modified virus did, however, activate innate immune
responses in mice as well as establish protective cellular and humoral immunity against WT virus
challenge in vivo [185]. These data are encouraging, and support the feasibility of designing live
attenuated vaccines against human gammaherpesvirus infection.

In addition to targeting viral immune evasion genes for prevention and/or treatment of
gammaherpesvirus infection and their associated cancers, host proteins that these viruses rely
on to modulate the surrounding immune landscape in their favor can also be pursued as novel
therapeutic targets. An example of this is the cellular protein exportin 1 (XPO1 or CRM1) during
KSHYV infection. Meng and Gao demonstrated that inhibition of XPO1 resulted in decreased viral
replication due to increased IRF3 activity and elevated ISG levels [186], suggesting that XPO1
subdues innate immune responses towards KSHV. EBV LMP1 upregulates expression of cellular
cyclooxygenase-2 (COX-2) in NPC in an NF-«xB dependent manner, and this increase in COX-2
expression was shown to drive increased VEGF expression, which is associated with
angiogenesis [187]. Therefore, targeting COX-2 could potentially decrease NPC tumor burden.

Indeed, further studies have shown that COX-2 is associated with NPC proliferation, metastasis,



and drug resistance in patients [188, 189] although, to date, the use of COX-2 inhibitors in NPC
treatment has not yet been assessed. Similarly, KSHV infection increases COX-2 expression,
and treating KSHV-associated diseases with anti-inflammatory agents such as COX-2 inhibitors
is also of interest [190, 191]. Finally, enhancing the activity of host immune genes through
exogenous |IFN-a. administration has been used as treatment for HIV-positive KS and PEL

patients [192, 193].

Current challenges. Design of gammaherpesvirus viral vaccines and host immune gene
inhibitors are still in their infancy but hold promise for the improved treatment of these viral
infections and their associated cancers. One consideration when designing these inhibitors is the
potential for off-target toxicity. Targeting host proteins could have detrimental effects on normal
cellular functions, and dosing manipulation or controlled administration could help alleviate this
potential pitfall. A great challenge in vaccine design in general is balancing an inability to cause
pathogenesis while at the same time inducing a robust enough immune response to provide long-
term protection in the host. Deleting immune evasion genes is an attractive approach for viral
vaccine design, as it reduces virulence while allowing for recognition and response by both the
innate and adaptive arms of the immune system. The most daunting challenge that remains for
gammaherpesvirus (and all herpesvirus) treatment is the ability to prevent the establishment of
latency upon initial infection. If this can be achieved, great strides can be made in reducing the
burden of herpesvirus-associated cancers in the human population. Although latency may not be
absolutely required for gammaherpesvirus-associated oncogenesis [194], successfully hindering
viral persistence in the host will undoubtedly improve the prognosis for pan-herpesvirus infection

and related malignancies.

Conclusion and future perspectives



Gammaherpesviruses are pervasive pathogens that establish lifelong infections in nearly
all adults. Importantly, immune control of these cancer-associated viruses is critical to the
prevention of oncogenesis. Innate immune signaling plays an important role in controlling viral
replication not only during de novo infection but also during chronic latent infection throughout the
lifetime of the host [195]. As such, gammaherpesviruses have evolved extensive mechanisms by
which to avoid innate immune detection and thus persist in host cells. Chronic gammaherpesvirus
infection is therefore defined by a delicate balance between viral recognition by innate immune
sensors and viral subversion of these antiviral pathways. Many of these activation and evasion
mechanisms are shared among gammaherpesviruses, while others are more virus-specific
(Figure 4). Consequently, targeting both the viral and cellular immunomodulatory proteins these
viruses rely on to successfully establish infection represents a promising therapeutic approach for
better controlling and possibly preventing chronic gammaherpesvirus infection and their related
malignancies.

Building upon the robust knowledge base of innate immune detection of
gammaherpesviruses, future areas of study can apply these findings towards advancing our
ability to diagnose, treat, and prevent disease associated with these viruses. Several
gammaherpesvirus-driven diseases have clear genetic associations related to the innate immune
response [196, 197], and the geographic distribution of other gammaherpesvirus-related
pathologies suggests additional genetic components that have yet to be characterized. Therefore,
the development of biomarker-based diagnositics may enhance our ability to identify individuals
at risk of developing EBV- and KSHV-associated diseases.

Currently available antiviral therapies for the control of herpesvirus infection are focused
on the conserved viral DNA polymerase to prevent lytic replication. However, these drugs have
variable levels of efficacy across individuals and the development of resistance is of concern.

Furthermore, most gammaherpesvirus-associated diseases are not driven by robust Iytic



replication and, as such, drugs that enhance immune detection of latently infected cells should be
prioritized.

Finally, arguably the greatest clinical challenge regarding herpesvirus infection is the
design of efficacious vaccines that not only induce a robust and protective immune response in
the host but also prevent the establishment of latency. Initial efforts on this front should focus on
vaccines that prevent the development of disease in at-risk individuals, as was done with shingles
vaccines that prevent reactivation of varicella zoster virus in aging populations.

Overall, our knowledge surrounding innate immune sensing of gammaherpesviruses and
the strategies by which these viruses circumvent host cell detection has greatly advanced in the
last two decades. The translation of these findings may allow for better diagnostic, thearapeutic,
and preventative strategies that will ultimately reduce the substantial health burden of these

viruses.
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Table 1. Gammaherpesvirus innate immune evasion proteins and microRNAs

Protein Description Evasion function
KSHV
ORF45 Immediate-early tegument protein Inhibits IRF7; negatively regulates
cGAS-STING
K-bZIP (K8) Late nuclear protein Binds to IFN-p promoter and
inhibits IRF3 activity
RIF (ORF10) Late protein Inhibits type | IFN production
ORF64 Large tegument protein Decreases RIG-I ubiquitination
LANA (ORF73) Latency regulator Decreases IFN- production;
negatively regulates cGAS-STING
RTA (ORF50) Lytic transactivator Lowers MyD88 expression;
inhibits IRF7 expression;
decreases TRIF stability and
TLR3 signaling
ORF52 Late tegument protein Inhibits cGAS; inhibits IRF3
activation
ORF54 Viral dUTPase Inhibits type | IFN activity
VvIRF1 Homologous to cellular IRFs Decreases IRF3 activity; inhibits
MAVS; inhibits TLR3 signaling;
negatively regulates cGAS-STING
VvIRF2 Homologous to cellular IRFs Inhibits IRF1 and IRF3; inhibits
TLR3 signaling
VIRF3 Homologous to cellular IRFs Inhibits IRF7; inhibits TLR3
signaling
vIRF4 Homologous to cellular IRFs Prevents IRF7 dimerization
ORF63 Homologous to cellular NLRP1 Inhibits inflammasome activity
vIL-6 Homologous to cellular IL-6 Blocks anti-proliferative effects of
IFN signaling
ORF36 Viral protein kinase Negatively regulates cGAS-
STING; inhibits IFN- activity
miR-K9 Viral microRNA Inhibits IRAK1 and MyD88



miR-K5

EBV
BGLF5
BARF1

EBNA1

BGLF2

BPLF1

BZLF1 (ZTA)

BRLF1 (RTA)

BILF4 (LF2)

BFRF1

LMP-1

LMP-2

BHRF1

BGLF4

miR-BART15

miR-BART16

miR-BART6-3p

Viral microRNA

Exonuclease

Oncoprotein

Latent and lytic protein involved in viral

genomic maintenance

Tegument protein

Large tegument protein; deubiquitinase

Lytic transactivator

Lytic transactivator

Tegument protein

Early protein

Latent membrane oncoprotein

Latent membrane oncoprotein

Anti-apoptotic protein

Viral protein kinase

Viral microRNA

Viral microRNA

Viral microRNA

Inhibits MyD88

Downregulates TLR9
Reduces IFN-a production

Inhibits NF-«xB signaling

Decreases phosphorylation of NF-
kB subunits

Downregulates TLR signaling;
deubiquitinates TRAF6

Inhibits IRF7; activates SOCS
proteins

Downregulates IRF3 and IRF7;
decreases IFN-B levels

Prevents IRF7 dimerization

Inhibits IRF3 and production of
IFN-B

Downregulates TLR9; reduces
Tyk2 and STAT2 phosphorylation

Decreases STAT3 activation;
reduces STAT1, JAK, and Tyk2
phosphorylation; degrades
intracellular IFNAR

Induces fission of mitochondria
and degradation of MAVS

Inhibits IRF3; reduces STAT1
phosphorylation; decreases NF-
kB signaling

Decreases NLRP3 expression

Inhibits IFN-a signaling and ISG
production

Downregulates RIG-I and IFN-



MHV68
ORF36
ORF64

ORF54

RTA (ORF50)

ORF11

Viral protein kinase
Large tegument protein

Viral dUTPase

Lytic transactivator

Late protein

Inhibits transcription of IFN-
Inhibits IFN signaling

Inhibits type | IFN activity;
decreases expression of IFNAR

Ubiquitinates NF-xB subunits,
resulting in their degradation

Prevents the interaction of TBK1
and IRF3




Table 2. KSHV and MHV68 homologues of EBV innate immune evasion proteins

EBV KSHV MHV68
BGLF5 ORF37/SOX muSOX
BARF1 ORF60 ORF60
EBNA1 LANA mLANA
BGLF2 ORF33 ORF33
BPLF1 ORF64 ORF64

BRLF1 (RTA) ORF50 ORF50
BFRF1 ORF67 ORF67
BHRF1 ORF16/vBcl-2 vBcl-2
BGLF4 ORF36 ORF36
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Research highlights

Gammaherpesviruses are pervasive pathogens that are associated with numerous cancers

Innate immune sensing is a critical component of the immune response to

gammaherpesvirus infection throughout all stages of the viral life cycle

o Cellular pattern recognition receptors such as TLRs, RLRs, and DNA sensors efficiently
recognize viral constituents and induce antiviral responses

o Gammaherpesviruses employ numerous mechanisms to subvert innate immune recognition
and signaling

¢ Improving our understanding of the dynamic between gammaherpesviruses and innate

immunity may facilitate the development of novel therapeutic and prophylactic strategies

and reduce the cancer burden associated with these pathogens
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