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Abstract

Early detection of viral invasion by pattern recognition receptors (PRR) is crucial for the induction of a rapid and efficient
immune response. Cytosolic DNA sensors are the most recently described class of PRR, and induce transcription of type I
interferons (IFN) and proinflammatory cytokines via the key adaptor protein stimulator of interferon genes (STING). Her-
pesviruses are a family of large DNA viruses widely known for their immense arsenal of proteins dedicated to manipulating
and evading host immune responses. Tantamount to the significant role played by DNA sensors and STING in innate immune
responses, herpesviruses have in turn evolved a range of mechanisms targeting virtually every step of this key signaling
pathway. Strikingly, some herpesviruses also take advantage of this pathway to promote their own replication. In this review,
we will summarize the current understanding of DNA sensing and subsequent induction of signaling and transcription, and
showcase the close adaptation of herpesviruses to their host reflected by the myriad of viral proteins dedicated to modulating
this critical innate immune pathway.
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Introduction
Approaching the world of herpesviruses

Herpesviruses are a large virus family characterized by life-
long persistence in their host. Herpesviridae consist of three
sub-families, namely o-herpesvirinae, p-herpesvirinae and
y-herpesvirinae, members of which are classified based on
biological and sequence similarities [1]. As a family they
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infect a broad range of hosts, including mammals, reptiles,
and avians, however, specific viruses have only a single or
narrow host range.

Herpesviruses are enveloped viruses with linear double-
stranded DNA genomes ranging from 125 to 290 kbp [2].
Primary infection is lytic and occurs in permissive cell types.
Subsequently, herpesviruses become latent in their hosts,
with periods of reactivation which can be triggered by a
range of factors including stress, immunosuppression and
other environmental changes. Viral progeny are produced
upon primary infection or following reactivation. Pathol-
ogy generally follows primary infection, reactivation from
latency or due to oncogenic potential, the latter mostly
restricted to y-herpesviruses [3-5].

Between the three sub-families, there is little genetic sim-
ilarity [1] and their target cell types and clinical manifesta-
tions differ. a-herpesviruses infect epithelial cells followed
by entry to sensory nerve ganglia as the site of latency.
Periodic reactivation of herpes simplex virus (HSV)-1 and
HSV-2 leads to mucosal lesions such as oral or genital sores,
respectively. Primary Varicella Zoster Virus (VZV) infection
causes chickenpox, while reactivation from latency results
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in shingles. a-herpesviruses have important agricultural
impact, being the etiologic agents of respiratory and neuro-
logical disorders in horses (Equine herpesvirus EHV-1 and
-4) [6] and cattle (Bovine BoHV-1) [7], as well as Aujesz-
ky’s disease in pigs (Pseudorabies virus) [8] and immuno-
suppression and T cell lymphomas in chicken (oncogenic
Marek’s disease virus) [9].

B-Herpesviruses infect and establish latency in myeloid
cells, lymphocytes and epithelial cells. The prototype virus
for this sub-family is cytomegalovirus (CMV). Human CMV
(HCMYV), while asymptomatic in healthy individuals, causes
a range of diseases, such as retinitis and hepatitis, in immu-
nocompromised individuals including transplant recipients
and HIV-1/AIDS patients [5]. HCMYV is underappreciated
as the leading viral cause of congenital birth defects. Due to
restricted host specificity, MCMV in mice became a well-
established disease model of HCMYV infection as it shares
biological and sequence similarities with HCMV [10]. Aside
from CMYV, human herpesvirus 6 (HHV-6) is also a member
of the B-herpesvirus family. There are two variants, HHV-6A
and HHV-6B, which are considered as two distinct herpes-
virus species due to their distinctive biological properties
[11]. Almost all humans are infected with HHV-6B, usually
in early childhood. Infection can result in fever, diarrhea,
and sometimes a rash known as roseola. Although rare, this
initial HHV-6B infection can also cause seizures or encepha-
litis. HHV-6A has not yet been clearly linked to any disease
[12]. The fourth human member of the p-herpesviridae,
HHV-7, is closely related to HHV-6 and infects up to 80%
of children in infancy. At this time, there is no link between
HHV-7 and any specific disease.

y-Herpesvirus infection is restricted to lymphocytes, B
cells and endothelial cells. This sub-family has the distinc-
tion of containing two oncogenic human viruses. Kapo-
si’s sarcoma-associated herpesvirus (KSHV) is the cause
of the endothelial tumor Kaposi’s sarcoma (KS) and the
lymphoproliferative diseases primary effusion lymphoma
(PEL) and multicentric Castleman’s disease (MCD) [13].
Epstein-Barr virus (EBV) is the causative agent of mono-
nucleosis but infection can also cause the cancers Burkitt’s
lymphoma, nasopharyngeal carcinoma, and Hodgkin’s lym-
phoma [14]. Murid herpesvirus 4 strain 68 (here referred to
as MHV68) has emerged as a small animal model for the
human y-herpesviruses KSHV and EBV [15, 16].

Antiviral therapy against herpesviruses is limited. The
majority of the currently licensed drugs ultimately antago-
nize the viral DNA polymerase. These include the nucle-
oside analogues acyclovir and gancyclovir, and the more
recently developed drugs foscarnet and cidofovir. Letermo-
vir (Prevymis®), which inhibits the viral terminase complex
[17, 18], has been approved since 2017 for use in patients
after allogeneic hematopoietic stem cell transplantation to
combat CMV. Limitations to antiviral therapy include poor
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bioavailability, toxicity and the emergence of drug-resistant
strains, which have been reported in immunocompromised
individuals such as transplant recipients and HIV-infected
patients [reviewed in 19]. Currently, the only licensed vac-
cine against a herpesvirus is targeted at VZV. Introduction
of varicella vaccination has resulted in a decline in rates
of infection and morbidity, proving to be protective against
85% cases of chickenpox and 95% cases of shingles [20].
Given the efficacy of the varicella vaccine, there is poten-
tial for successful vaccines against other herpesvirus, which
demands further studies to identify suitable antigens for vac-
cine candidates.

The early birds: pattern recognition receptors

The innate immune system recognizes pathogens during the
initial stages of infection via germline-encoded pattern rec-
ognition receptors (PRR). Several classes of PRR have been
proposed, including Toll-like receptors (TLR), NOD-like
receptors (NLR), RIG-I-like receptors (RLR) and cytosolic
DNA sensors, which can recognize molecular structures pin-
pointing pathogenic infection, so-called pathogen-associated
molecular patterns (PAMPs). Upon sensing of viruses or
other intracellular pathogens, PRR activate downstream
signaling cascades leading to the secretion of type I inter-
ferons (IFN) and proinflammatory cytokines. This response
is launched within the first hours of infection and eliminates
in most cases the pathogen before it can establish a foothold
in the host.

Within the last few years, research in the field of PRR has
brought the importance of cytosolic DNA sensing into the
forefront. Concurrently, the discovery of antagonists of these
pathways encoded by pathogens contributes to our knowl-
edge of how the immune system combats infections. Given
their immense coding capacity and the ability to establish
lifelong infection, it follows that herpesviruses have evolved
various strategies to counteract the host machinery and tar-
get critical checkpoints involved in DNA driven immune
responses.

Step by step: the cGAS-STING signaling pathway

Upon herpesviral infection, the DNA sensor cyclic GMP-
AMP (cGAMP) synthase (cGAS) recognizes viral DNA or
aberrantly localized cellular DNA and catalyzes the forma-
tion of the second messenger 2'3'-cGAMP [21-25] (Fig. 1).
While cGAS was described as a predominantly cytosolic
DNA sensor, newer insights provide evidence that cGAS
also localizes in the nucleus [26, 27]. The second messenger
cGAMP binds to the endoplasmic reticulum (ER)-resident
adaptor protein stimulator of interferon genes (STING) lead-
ing to its dimerization and activation [28]. cGAMP can also
rapidly amplify the intruder alarm via direct transfer through
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Fig.1 Step by step: the cGAS-
STING signaling pathway. The
DNA sensor cGAS detects
pathogenic or aberrantly local-
ized DNA and produces the

second messenger 2'3'-cGAMP g
which binds to STING. IFI16

also senses DNA and signals

via STING or enhances cGAS g
activity. Activated STING

dimerizes and translocates from

the ER to the Golgi apparatus.

Then, STING is ubiquitinated

which serves as an anchor for

TBKI. This in turn triggers

IRF3 activation and homodimer
formation. Activated IRF3 then
translocates into the nucleus and

induce the expression of type I

IEN. Prior to its translocation

to the Golgi, activated STING

induces NF-xB-dependent

production of proinflammatory

cytokines

PLASMA
MEMBRANE

2'3’cGAMP

gap junctions to neighbouring cells leading to a heightened
antiviral state [29]. Two recent studies also reported that
cGAMP can be delivered within viral particles to neighbour-
ing cells [30, 31]. Upon activation by cGAMP, STING trans-
locates from the ER to the Golgi apparatus [32]. Here, the
E3 ubiquitin ligases tripartite motif family 56 (TRIM56) and
TRIM32 catalyze K63-linked poly-ubiquitination [33, 34],
whereas autocrine motility factor receptor (AMFR) cata-
lyzes K27-linked poly-ubiquitination at different lysine resi-
dues on STING [35]. These modifications on STING serve
as an anchor for the recruitment of Tank-binding kinase 1
(TBK1), which in turn phosphorylates STING at S366 [28].
This phosphorylation event leads to a negatively charged
surface on STING, which attracts the positively charged
interferon regulatory factor 3 (IRF3). Once in proximity of
the STING-TBK1 complex, IRF3 is likewise phosphoryl-
ated by TBK1, triggering IRF3 activation and dimerization
[28]. IRF3 dimers translocate into the nucleus, leading to
the expression of type I IFN. After the activation of TBK1
and IRF3, STING degradation is mediated by p62/Sequesto-
some 1 (SQSTM1)-dependent autophagy [36]. Notably, the
trafficking step from the ER to the Golgi apparatus is crucial
for the induction of type I IFN transcription by STING [37].

While the focus has predominantly been on its role in
IRF3-dependent signaling, STING also activates NF-kB-
mediated signaling. This has been suggested to occur via
TBK1 and TNF receptor-associated factor 6 (TRAF6) [38].
We have since shown, via siRNA knockdown of TBK1
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coupled to reporter assays, that STING-mediated NF-kB
activation is independent of TBK1 and further that STING
activates the NF-kB mediated proinflammatory cytokine
response prior to its translocation to the Golgi compartment
[39] (Fig. 1).

DNA sensing beyond cGAS: IFI16, AIM2, DDX41, DAI,
and DNA-PK

Besides cGAS, several other putative cytosolic DNA sen-
sors have been identified. Gamma-interferon-inducible pro-
tein 16 (IF116) [40] belongs to the Pyrin and HIN domain
(PYHIN) protein family. It contains one N-terminal Pyrin
(protein—protein interaction) domain and two C-terminal
HIN (DNA-binding) domains and localizes to the nucleus
in steady-state [40]. Upon herpesviral infection, IFI16 can
translocate to the cytoplasm and induce STING-mediated
signaling [41] (Fig. 1). Moreover, IFI16 interacts with cGAS
in a Pyrin-domain dependent manner to potentiate cGAS-
mediated responses [42, 43]. Two recent studies reported
that IFI16 synergizes with cGAS as a DNA co-sensor [44,
45]. However, while IFI116 was shown to enhance cGAMP
production by interacting with cGAS in macrophages [44],
cGAMP production was not affected in keratinocytes [45],
indicating that the role of IFI16 may be cell type dependent.

IFN-inducible protein absent in melanoma 2 (AIM2)
also detects aberrantly localized DNA; however, cur-
rently, it is proposed to be connected with activation of

@ Springer



498

Medical Microbiology and Immunology (2019) 208:495-512

the inflammasome [46]. Other reported DNA sensors like
DEAD-Box Helicase 41 (DDX41) [47], DNA-dependent
activator of IFN-regulatory factors (DAI) [48], and DNA-
dependent protein kinase (DNA-PK) [49] require further
investigation to clarify their role during viral infection and if
they act redundantly, cooperatively or in a cell-type depend-
ent manner. Moreover, unlike cGAS and IFI16, none of these
have so far been shown to be implicated in the evasion strate-
gies of herpesviruses or to restrict viral growth.

DNA sensors: crucial sentinels of herpesviral
infections

Herpesviral infection strongly triggers the DNA sensing
pathway. For the a-herpesvirus HSV-1 it has been reported
that infection of cGAS-deficient mice drastically increases
viral titers in vivo [24] and mice lacking STING succumb
to infection due to the uncontrollable spread of the virus
to the central nervous system [50]. IFI16 was shown to
directly associate with the HSV-1 genome and restrict viral
replication by preventing the association of viral transcrip-
tional activators [51]. In addition, HSV-1 genome bound
IF116 is acetylated and shuttles to the cytoplasm, where it
subsequently activates STING-dependent type I IFN induc-
tion [52]. While IFI16 was shown to be a restriction fac-
tor for infection with the B-herpesvirus HCMV [53], others
have revealed that IFI16 is not essential for the type I IFN
response to HCMYV infection [54, 55]. However, cGAS is a
key sensor for type I IFN production upon HCMYV infection
in monocyte-derived dendritic cells and macrophages [56].
Moreover, STING is critical for the primary detection and
initial burst of type I IFN against MCMYV infection in vivo
[39, 57]. In the case of y-herpesviruses, it was reported that
mice lacking cGAS show significantly higher titers upon
infection with MHV68 [58], and siRNA-mediated knock-
down of cGAS and STING increases KSHV reactivation
[59, 60]. Hence, DNA sensors and STING play a crucial
role in controlling the establishment as well as reactivation
of herpesviral infections in the host.

Raise the veil: herpesviral antagonism of the DNA
sensing pathway

Herpesviruses, with their large coding capacity and close
coevolution with their respective host species, remain a
plentiful resource for enriching our understanding into host
immune responses. Evasion of host immune responses is an
ongoing aspect of every stage of the viral life cycle, from
primary infection to establishing latency to reactivation. In
this review, we will focus on the most recently discovered
class of PRR: the DNA sensors cGAS and IFI16, and the
key adaptor protein STING. We will outline all currently
identified herpesviral antagonists that modulate this key
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defense pathway and demonstrate the resourcefulness of her-
pesviruses to target virtually every checkpoint downstream
of DNA sensing. Strikingly, at least one antagonist, and in
many cases multiple, has been identified for each level of the
DNA sensing pathway, and the viral strategies range from
directly inhibiting PRR binding to DNA to skewing STING
function to disruption of the transcription factors IRF3 and
NF-xB (Table 1).

We would like to point out that detailed mechanistic
insight is missing for many of the antagonists mentioned in
this review, and for the majority we lack confirmation of the
phenotype in vivo due to the fact that many herpesviruses
are strictly species specific and therefore cannot be studied
in small animal models. Especially for VZV, experimental
models to study the implications of immune evasion in the
context of infection are limited [98] and only recent develop-
ments allow the investigation of VZV infection in vitro [99].
Fortunately, animal models of infection with the murine her-
pesviruses MCMYV and MHV68 are available, which allows
for verification of phenotypes in vivo for the human herpes-
viruses HCMV, EBV and KSHV.

From the top: herpesviruses paralyze
the sensors

Since the discovery of the key adaptor protein STING in
2008 [100-103] further research has yielded the identi-
fication of multiple cytosolic DNA sensors and with it, a
plethora of viral proteins which inhibit them. Figure 2 gives
an overview of the identified proteins encoded by herpes-
viruses that directly antagonize the DNA sensors cGAS
and IFI16. So far, antagonists of HSV-1, HCMV and the
y-herpesviruses KSHV, EBV, MHV68, and rhesus monkey
rhadinovirus (RRV) have been described as dedicated inhibi-
tors of these sensors.

HSV-1

The cGAS-STING signaling pathway is activated at very
early stages after infection. Therefore, many of the herpesvi-
ral antagonists identified so far are tegument proteins or viral
proteins expressed at early time points post infection. The
highly abundant tegument protein VP22 of HSV-1 regulates
the localization and expression of various viral and cellular
proteins [104]. It was recently shown that overexpressed
VP22 colocalizes and interacts with cGAS in 293T cells
[61]. Infection of human foreskin fibroblasts (HFF) with a
virus lacking VP22 led to reduced production of the second
messenger cCGAMP, resulting in lower levels of IRF3 dimers.
The HSV-1 tegument protein, UL37, has previously been
characterized to deamidate the RNA sensor RIG-I [105],
and was more recently shown to also deamidate cGAS upon
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HSV-1 infection, thereby antagonizing cGAMP produc-
tion [62]. HSV-1 UL41 is proposed to selectively degrade
host mRNA with AU-rich element (ARE) core motifs in the
3'-untranslated region (3'-UTR) [106] which are present in
cGAS, but not STING or IRF3, mRNA [63]. As a result, the
presence of UL41 decreases cGAS, but not STING or IRF3,
protein levels and eventually diminishes cGAS-mediated
signaling in HFF upon HSV-1 infection [63].

HSV-1 likewise targets DNA sensing by IFI16. The tegu-
ment protein and E3 ubiquitin ligase ICPO was proposed
to specifically target IFI16 for proteasomal degradation in
HEFF [66, 107]. However, in contrast, Cuchet-Lourenco and
colleagues showed that ICP0 expression alone is neither suf-
ficient nor necessary for IFI16 degradation, since infection
with an ICPO-null mutant still resulted in IFI16 degrada-
tion [67]. This was also observed by another study [108],
which suggests that other viral proteins are involved in the
process of IFI16 degradation. However, these contrasting
results may be explained by the usage of different cell types
and virus strains (Table 1). Further studies are necessary to
fully elucidate the relationship between ICPO and IFI16 and
the mechanistic basis behind this immune evasion strategy.
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HCMV

The HCMV tegument protein UL31 interacts with cyto-
plasmic and nuclear cGAS in 293T and HFF cells during
infection. In 293T cells this interaction leads to disassocia-
tion of DNA from cGAS, which results in reduced produc-
tion of cGAMP and subsequent dampening transcription
of type I IFN [64].

The tegument protein UL83 (also known as pp65) of
HCMYV, through its proposed effect on nuclear local-
ized cGAS and IFI16, exemplifies the complex interplay
between a viral protein and the targeted host proteins.
While Browne and Shenk reported in 2003 that UL83
reduces nuclear translocation of NF-xB, but not IRF3
[109], Abate et al. observed reduced nuclear transloca-
tion of IRF3 but not NF-kB in the presence of UL83
[110]. Since both studies were performed in HFF using the
AD169 strain of HCMYV, there is no obvious explanation
for these opposing observations, and moreover, a mecha-
nism was lacking. A recent study provided fresh insight
by showing that the N-terminal domain of ULS83 interacts
with nuclear cGAS and blocks its activation during HCMV
infection. This leads to impairment of the cGAS-STING-
IRF3 signaling pathway and results in significantly lower
IFN levels [55]. Concurrently, UL83 inhibits the function
of IF116 upon HCMYV infection [68, 111, 112]. The UL83-
IFI16 interaction leads to a block of IFI16 oligomerization
upon activation in the nucleus, thus dampening the tran-
scriptional activation of cytokines [68]. Moreover, there
is evidence that UL83 hijacks the DNA binding ability of
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Fig.2 From the top: herpesvi-
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IFI116 and forms a complex with the HCMV major imme-
diate early promoter (MIEP) to kickstart viral transcription
at early stages of infection [111, 112]. These results sug-
gest that UL83 prevents the activation of the cGAS-STING
and IF116-STING axis, thus dampening the transcriptional
activation of cytokines, while actively contributing to the
expression of IE genes at early stages of HCMYV infection.

KSHV

The KSHV tegument protein ORF52 is conserved in other
members of the y-herpesvirinae, namely EBV, MHV68,
and RRV. KSHV ORF52 selectively interacts with cGAS,
thereby blocking its binding to DNA [65]. This eventually
results in reduced phosphorylation of IRF3 and transcrip-
tional activation of IFN mRNA. The KSHYV protein latency
associated nuclear antigen (LANA) is localized exclusively
to the nucleus in infected cells and is essential for mainte-
nance of KSHV latency [113]. However, during reactivation
a short isoform of LANA devoid of the N-terminal domain
(LANA-A161) is expressed. This short isoform lacks the
nuclear localization signal and localizes in the cytoplasm,
where it interacts with cGAS in the PEL cell line BCBL-1
[60]. In HeLa cells, cytoplasmic LANA leads to reduced
c¢GAMP production and promotes reactivation of KSHV
from latency.
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Cushion the STING: herpesviruses smother
the key adaptor

Due to its instrumental role in the innate immune response,
STING is consequently a prime target for herpesviruses
(Fig. 3). Until now, viral proteins of HSV-1, HCMYV,
MCMYV, KSHV, and MHV68 have been unveiled as antago-
nists of this crucial adaptor protein. On the other hand, parts
of STING’s signaling activity can also be exploited by her-
pesviruses, as revealed by studies on the MCMV antagonist
ml152.

Herpesvirus deubiquitinases

The tegument protein and deubiquitinase (DUB) ORF64
of MHV68 inhibits STING-dependent signaling in a DUB-
dependent fashion. An MHV68 mutant lacking ORF64
induces higher STING-dependent responses in primary mac-
rophages compared with wild-type (WT) MHV68. Notably,
the presence of ORF64 is dispensable in STING ™'~ mice
indicating that ORF64 acts on the level of or upstream of
STING [74]. Assays to show or exclude an effect on cGAS
were not performed and the detailed mechanism of ORF64
antagonism needs to be further investigated. However, a
similar phenotype was obtained for the MHV68 ORF64
homologue KSHV ORF64 in the cancer monocytic cell line
THP-1. In addition, expression of the HSV-1 and MCMV
DUBs VPI1-2 and M48, respectively, was shown to inhibit
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type I IFN secretion in primary macrophages to the same
extent as MHV68 ORF64 [74]. Consistent with these obser-
vations, overexpression of HCMV UL48 was reported to
inhibit signaling downstream of STING, TRAF6, TRAF3,
IRAKI1, IRF7 in a DUB-dependent manner [73].

HSV-1

The relationship between HSV-1 and STING is highly cell
type- and context-dependent. It was reported that the STING
protein is stabilized in cancer-derived HEP-2 and HeLa cells
infected with HSV-1 [108]. This stabilization is dependent
on the viral proteins ICP0O, ICP4 and the US3 protein kinase,
since infection with the respective HSV-1 mutants led to
degradation of STING upon infection. However, in human
embryonic lung fibroblasts (HEL), STING protein levels
were unaffected by ICPO. Interestingly, HSV-1 infection of
STING knockdown HEP-2 and HeL a cells resulted in signif-
icantly decreased viral titers. In contrast, depletion of STING
in HEL cells did significantly increase the viral load after
HSV-1 infection [108]. These results suggest a pivotal role
of the STING protein for optimal cell-type specific replica-
tion of HSV-1, and that the HSV-1 antagonist ICPO affects
the stability of STING in a cell-type dependent manner.
The tegument protein VP11/12, encoded by UL46, was
reported to mediate the degradation of STING in both
HEL and HEP-2 cells [69]. This seems to be directed by
an interaction of UL46 and STING and a yet unidentified

Fig.3 Cushion the STING:
herpesviruses smother the

key adaptor. Activity of the
STING protein is manipulated
by all members of the herpes-

virus family (a: red, f: blue, g
v: green). They either redi-

rect it for degradation (black

arrow-headed line), modulate g

the translocation to the Golgi
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mechanism. Consequently, an HSV-1 mutant lacking UL46
induces elevated transcript levels of IFNf and ISG56 [69].
These combined findings implicate a complex interplay
between HSV-1 proteins and the usurpation or inactivation
of the STING protein.

HCMV and MCMV

The HCMV glycoprotein US9 localizes to the mitochon-
dria and the ER upon overexpression and targets the RIG-I
adaptor molecule mitochondrial antiviral signaling protein
(MAYVS) and STING [72]. Upon overexpression of US9 in
293T cells the membrane potential and membrane integrity
of the mitochondria are disrupted, which are prerequisites
for the induction of efficient MAVS signaling. Moreover,
US9 prevents the dimerization of STING. Consistent with
these observations, HCMV lacking the region US7-16
induces stronger MAVS- and STING-dependent responses
[72].

The HCMV protein, IE86 (also known as IE2, encoded
by UL122), was reported to negatively affect [IFNf mRNA
transcription [114]. In a follow-up study using electropho-
retic mobility shift assay (EMSA), stably expressed IE86
was shown to disrupt the binding of the transcription fac-
tor NF-kB to the promoter region of IFNf, IL6, IL8 and
RANTES [115]. Since IE86 is predominantly expressed in
the nucleus, the authors suggested that IE86 blocks NF-xB
mediated transcription [115]. Interestingly, a recent study
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showed that stably expressed IE86 led to reduced levels of
STING protein, which was restored upon treatment with
the proteasome inhibitor MG132 [70]. IE86 did not affect
STING mRNA levels, suggesting that IE86 induces pro-
teasomal degradation of STING. Accordingly, the authors
observed that reduced protein levels of STING led to dimin-
ished activation of TBK1 and the transcription factors IRF3
and NF-xB. Nonetheless, an interaction between IE86 and
STING in the context of HCMYV infection could not be
detected [70], and since IE86 is localized to the nucleus, a
direct effect of IE86 on STING is unlikely. Taken altogether,
only overexpression studies have been published for IE86 so
far and the mechanisms by which IE86 induces proteasomal
degradation of STING and how IE86 affects NF-xkB medi-
ated transcription need further investigation.

Another tegument protein of HCMV, ULS82 (also known
as pp71), localizes to the nucleus or the cytoplasm depend-
ing on its phosphorylation status at amino acid T223 [116].
Phosphorylated ULS82 localizes to the cytoplasm while
unphosphorylated UL82 is exclusively detected in the
nucleus. A recent study showed that UL82 interacts with
STING and eventually disrupts the translocation of STING
to the Golgi apparatus in 293T cells [71]. Stable expression
of ULS82 in HFF leads to a complete block of STING trans-
location from the ER to the Golgi compartment. Expression
of WT ULS?2, but not T223A ULS2, impairs the activation of
TBK1 and IRF3, resulting in dampened induction of type I
IFN transcription in fibroblasts. Likewise, infection of HFF
with HCMV lacking UL82 led to stronger induction of
STING-dependent responses compared to WT HCMV [71].

MCMYV is equipped with another manipulator of
STING. The MCMV m152 protein, which is an ER-
resident type I transmembrane protein, has been previ-
ously reported to efficiently thwart both NK- and T cell-
dependent immune responses [117-121]. We recently
showed that m152 targets yet another arm of the host’s
immune response. At a very early time point after MCMV
infection, m152 perturbs the translocation of activated
STING from the ER to the Golgi compartment and
thereby delays the type I IFN response to MCMYV infec-
tion in macrophages and fibroblasts [39]. Interestingly,
m152 has no effect on STING-mediated NF-kB activa-
tion, and through detailed analysis of m152 antagonism of
STING we revealed that STING activates the NF-xB sign-
aling from the ER prior to its translocation to the Golgi
compartment. Strikingly, this STING-dependent NF-kB
response is beneficial for the early stages of MCMV
infection in fibroblasts. This study is a vivid example of
how studies on viral proteins can lead to new insights into
cellular mechanisms and responses. At the same time, it
highlights the delicate balance between escape from host
defense and the manipulation of said host responses to the
advantage of the virus.
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KSHV

The KSHV protein viral interferon regulatory factor 1
(vIRF1), encoded by ORF K9, binds directly to STING
without affecting its translocation, but prevents its associ-
ation with TBK1 upon reactivation of KSHV. This results
in reduced phosphorylation of STING and, subsequently,
lower IFNf mRNA levels [59].

Take out the middleman-herpesviruses
antagonize TBK1

TANK-binding kinase 1 (TBK1) is an ubiquitously
expressed kinase of the IkB kinase family. It plays a cen-
tral communication role between activated sensors and
adaptor proteins and the transcription factor IRF3 [28,
122]. Only a few antagonists of TBK1 have been identi-
fied so far, among them several proteins of HSV-1 and a
single MHV68 protein (Fig. 4).

HSV-1

The y,34.5 protein of HSV-1 is known to facilitate viral
replication by countering the translation arrest machinery
upon infection [123, 124]. Ma et al. described that y;34.5
interacts via its N-terminal domain with TBK1 in an over-
expression context. In addition, HSV-1 (F strain) lacking
7,34.5 failed to replicate in the presence of TBK1, while
HSV-1 expressing the N-terminus of y,34.5 could replicate
and overcome the TBK1-mediated restriction of HSV-1
replication in vitro and in vivo [75]. A separate study in
2017 could confirm the interaction between y,34.5 and
TBK1 upon overexpression; however, an interaction with
endogenous TBK1 was not detected upon infection with
neither the 17 + nor the F strain [76]. It is worth noting that
this later study used human fibroblasts (HFF), compared
to mouse fibroblasts (MEF) in the earlier study, and there-
fore, a cell-type-specific effect may explain the findings, or
weak or transient interaction between TBK1 and y,34.5. In
addition, the proposed N-terminal TBK1-binding domain
of y,34.5 was dispensable for the impact on IRF3 phospho-
rylation and replication in vitro and in vivo, respectively
[76]. However, while Ma et al. used Balb/c mice for their
study, Manivanh and colleagues made use of B6J mice,
which may explain the opposing observations in vivo. The
authors postulated that the lack of y,34.5 also alters ICP0
protein levels upon infection of HFF, thus the effects seen
on IRF3 activation are likely due to the inability to sustain
ICPO expression [76]. In conclusion, further studies are
necessary to fully understand the impact of HSV-1 y,34.5
on the innate immune response.
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The HSV-1 protein Us11 was shown to interact with heat
shock protein 90 (Hsp90) in a yeast-two-hybrid screen [78].
In MEF, via its interaction with Hsp90, Us11 prevents the
interaction between TBK1 and IRF3 in the context of HSV-1
infection, resulting in disruption of the TBK1 signalosome
and abolishment of IRF3 phosphorylation. Consistently, the
lack of Us11 led to lower viral titres in MEF [78]. Interest-
ingly, the phenotype was only partially rescued in TBK1-
deficient cells, indicating that Us11 may contribute to other
immune evasion strategies of HSV-1.

As mentioned above, HSV-1 VP11/12 (encoded by UL46)
was shown to block STING signaling by mediating degrada-
tion of STING [69]. Using a GST-pulldown assay, they also
showed that the C-terminal domain of UL46 interacts with
TBK1 [69]. However, it is not yet known if this interaction
also affects host signaling or if this interaction is present in
the context of infection. The IE protein of HSV-1, ICP27,
negatively regulates the type I IFN response by targeting
TBK1-mediated IRF3 phosphorylation [77]. While ICP27
interacts with phosphorylated TBK1 in WT THP-1 cells, this
interaction was abolished in STING™~ THP-1 cells. This
led to the conclusion that ICP27 is recruited to the TBK1-
activated STING signalosome, and this was dependent on
the RGG motif in ICP27. However, ICP27 also inhibits
signaling downstream of the RIG-I adaptor protein MAVS
and the TLR adaptor protein TRIF [77], indicating that the
effects seen are not exclusively STING-dependent. Thus,
ICP27 interaction with activated TBK1 could potentially
block signaling downstream of multiple PRR.

MHV68

The MHV68 tegument protein ORF11 was reported to be
important for lytic replication of MHV68, but dispensa-
ble for the establishment of infection [125]. This observa-
tion may correlate with the report that stable expression of
MHV68 ORF11 can inhibit IFNf production in fibroblasts
and macrophages by targeting signaling downstream of
MAVS, RIG-I, STING and TRIF, but not downstream of
IRF3 [79]. In agreement with these observations, ORF11
associates with the kinase domain of TBK1 upon MHV68
infection, thus blocking the phosphorylation and activation
of the transcription factor IRF3 [79].

Seize the tail: herpesviruses converge
on the transcription factors

The transcription factors IRF3 and NF-«xB are master regula-
tors of the innate immune response. STING-dependent sign-
aling, RNA-dependent RLR signaling and TLR signaling

converge on the activation of these transcription factors
and their subsequent nuclear translocation and binding to
promoter regions of cytokine genes. Not surprisingly, their
major role in establishment of an antiviral state in the host
has led to the evolution of a variety of herpesviral strate-
gies to counteract these transcription factors (Fig. 5). So far,
multiple antagonists for each of the herpesviruses HSV-1,
VZV, HCMYV, and KSHYV have been uncovered, while only
a single antagonist has been reported for MCMV (M35),
HHV-6 (IE1), EBV (BGLF4), and MHV68 (ORF36).

Conserved herpesviral protein kinases

One subgroup of herpesviral protein kinases is conserved
throughout the a-, B- and y-herpesviruses. HSV-1 UL13 is
one representative of this group with homologues encoded
in other herpesviruses: VZV ORF47, HCMV UL97, HHV-6
U69, EBV BGLF4, KSHV ORF36, and MHV68 ORF36.
While HHV-6 U69 has not yet been reported to be involved
in immune evasion, the other UL13 kinase family members
target IRF3 in different manners. With a yeast-two-hybrid
screen the EBV protein BGLF4 was identified to interact
with the C-terminus of IRF3 [86]. Further analysis showed
that this interaction is dependent on the kinase activity of
BGLF4; however, BGLF4 does not affect phosphorylation
and nuclear translocation of IRF3 nor the association of IRF3
with the CREB-binding protein (CBP), which is a prerequi-
site for transcriptional activation of IRF3. Instead, BGLF4
phosphorylates IRF3 at S123, S173 and T180, three resi-
dues of IRF3 within or close to the DNA binding domain of
IRF3, thus preventing the promoter binding activity of IRF3.
siRNA-mediated knockdown of BGLF4 in EBV-reactivated
cells enhances IRF3-responsive reporter activities [86].
Simultaneously, Hwang et al. identified MHV68 ORF36 as
a novel inhibitor of the type I IFN response using an in vivo
screen in Balb/c mice with an MHV68 transposon mutant
library [87]. Similar to EBV BGLF4, MHV68 ORF36 does
not target activation or nuclear translocation of IRF3. How-
ever, in contrast to BGLF4, ORF36 interacts with active
IRF3, eventually disrupting the interaction between IRF3
and CBP and thereby blocking IRF3-mediated transcription
[87]. In addition, the authors used an EMSA to show that
infection of NIH3T12 cells with an ORF36-deletion mutant
enhances the recruitment of CBP and RNA Polymerase 11
to the IFN promoter. More importantly, using 293T and
NIH3T3 cells, the authors could show that the MHV68
ORF36 homologues EBV BGLF4, KSHV ORF36, HCMV
UL97, and HSV-1 UL13 inhibit IFNf promoter induction
to the same extent as MHV68 ORF36 [87]. VZV ORF47
was reported to target IRF3 as well [82]. In contrast to EBV
BGLF4 and MHV68 ORF36, VZV ORF47 interacts with
IRF3 to prevent its phosphorylation and homodimerization
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Fig.4 Take out the middleman-
herpesviruses antagonize
TBK1. HSV-1 (red) and
MHV68 (green) proteins inhibit
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in a kinase-dependent manner upon infection of 293 cells.
Taken together, the UL13 kinase family members EBV
BGLF4, MHV68 ORF36 and VZV ORF47 target IRF3, but
they use different mechanisms to achieve this goal. For the
other homologues, HCMV UL97, HSV-1 UL13 and KSHV
ORF36, which inhibit IFN promoter activation to the same
extent as MHV68 ORF36, the mechanism of action merits
further investigation.

vzv

Since models to study VZV infection in vitro were devel-
oped only recently, most studies reported in this review
utilize overexpression analysis of individual VZV proteins.
Nonetheless, several VZV proteins were reported that target
the innate immune response. The IE protein VZV ORF61,
homologue of HSV-1 ICPO, was reported to target IRF3 [83].
Using luciferase assay and immunoblot analysis in 293T,
the authors showed that overexpressed ORF61 specifically
targets phosphorylated IRF3 in an ORF61 RING-finger-
dependent manner and redirects it for proteasomal degrada-
tion. However, while the authors also observed by luciferase
assay that ORF61 inhibited signaling when coexpressed
with IxkBa, its effect on IRF signaling was stronger and thus
the authors focused on its impact on IRF3 [83]. Interest-
ingly, another study highlighted that ORF61 targets NF-xB
activation by inhibiting the ubiquitination of IxkBa [90].
Infection with VZV (pOka strain) and further stimulation
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with TNFa showed that IkBa degradation is inhibited in an
ORF61 RING-finger dependent manner. However, whether
VZV ORF61 affects either IRF3 or NF-xB directly or if the
observed phenotypes are indirect needs further investiga-
tion. In 2010, Sen et al. screened several VZV IE proteins
for the capacity to modulate induction of the type I IFN
response [81]. They reported that overexpression of IE62, a
homologue of HSV-1 ICP4, blocked TBK1-mediated IRF3
phosphorylation in 293 cells, while signaling downstream
of the constitutively active IRF3 mutant (IRF3-5D) was not
inhibited. Using Serine/Threonine mutants of IRF3, the
authors showed that IE62 blocks phosphorylation of IRF3
at positions S396, S398 and S402, which are crucial residues
for IRF3 activation and homodimerization [81].

HSV-1

HSV-1 is reported to encode a variety of proteins target-
ing the transcription factors IRF3 and NF-kB. HSV-1 UL42
inhibits TNFa induced NF-xB activation [92]. During infec-
tion of 293T cells with HSV-1 (F strain), UL42 interacts
with NF-xB and thereby prevents the nuclear translocation
of activated NF-xB. Similarly, the UL24 protein interacts
with NF-kB upon HSV-1 infection (KOS strain) and like-
wise prevents its nuclear translocation [91]. Analogous to
VZV ORF61, HSV-1 UL36 was reported to diminish cGAS-
STING mediated signaling by targeting IxkBa [126]. Overex-
pression of UL36 in 293T cells prevented the ubiquitination
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of IxkBa upon stimulation of the cGAS-STING signaling
pathway, thereby blocking the activation and nuclear trans-
location of NF-xB. Using luciferase assays, the tegument
protein VP16 was reported to downregulate IRF3 and NF-xB
signaling [96]. Focusing on IRF3, the authors showed that
overexpression of VP16 in 293T cells blocked the recruit-
ment of CBP to IRF3, thus preventing IRF3-mediated tran-
scription [96], which is reminiscent of MHV68 ORF36. The
effect of VP16 on NF-kB was not further addressed in this
study. While VP16 seems to prevent the association of IRF3
with CBP, the US3 kinase of HSV-1 significantly inhibits the
activation of the type I IFN response by targeting IRF3 and
NF-kB activation [94, 95]. Depending on its kinase activ-
ity, overexpressed US3 atypically hyperphosphorylates IRF3
and NF-kB in 293T cells, thus inhibiting their dimerization
and nuclear translocation. In agreement, infection of 293T
cells with a US3 K220M or D305A mutant, lacking the
kinase activity of US3, induced more robust IFNf and pro-
inflammatory cytokine responses compared to WT HSV-1
[94, 95]. Moreover, the VP24 protein of HSV-1, encoded by
UL26, inhibits IRF- but not NF-kB signaling downstream of
cGAS-STING signaling [80]. The authors used luciferase-
based assays and Co-IPs in 293T cells to show that overex-
pressed VP24 interacts with IRF3 to dampen its activation
upon ISD stimulation.
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B-herpesviruses (HHV-6, HCMV, MCMV)

Upon overexpression, the HHV-6 protein IE1 impairs activa-
tion and nuclear translocation of IRF3 in 293T cells, while
NF-«B signaling remains intact [88], but the mechanism
is unknown. The HCMV tegument protein UL26 blocks
phosphorylation of the IKK complex, thereby inhibiting the
activation of NF-kB, while IRF3 signaling is not affected.
Infection of human lung fibroblasts with an HCMV mutant
lacking UL26 leads to stronger induction of IL6 and TNFa
transcription compared to infection with HCMV WT [93].
Following a luciferase-based screen with MCMV tegument
and IE proteins in NIH3T3 cells, we identified the tegument
protein M35 as an antagonist downstream of multiple PRR
[97]. M35 is required for efficient replication of MCMYV in
macrophages, whereas replication in non-immune cells is
not affected by its absence. This growth deficit was abol-
ished in the absence of the interferon-o/p receptor IFNAR,
indicating that the modulation of type I IFN responses by
M35 is crucial for the ability of MCMYV to replicate in mac-
rophages. Further analysis showed that M35 is localized to
the nucleus shortly after MCMYV infection and inhibits tran-
scription of type I IFN. In accordance, mice infected with
an MCMYV mutant lacking M35 respond with elevated levels
of type I IFN and viral replication is significantly impaired
in the spleen and salivary glands. These in vivo studies
highlight the necessity for MCMYV to counteract the type
I IFN response to establish an infection. However, further
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investigation is required to understand the exact mechanism
by which M35 is exerting this effect.

KSHV

The KSHYV protein K-bZIP, encoded by ORFS, is expressed
with IE kinetics [127], and, when overexpressed, it inhib-
its IFR3-mediated transcription [85]. Upon transfection of
K-bZIP and infection with Sendai Virus to induce IRF3-
and NF-kB activation, nuclear translocation of the transcrip-
tion factors was not modulated. However, by EMSA it was
shown that K-bZIP binds strongly to the IRF3 binding sites
of the IFNf promoter, thereby preventing association of
IRF3, while NF-xB or ATF2 binding to the IFNf promoter
remained unaffected [85]. As mentioned above, the KSHV
protein VIRF1 inhibits STING-dependent signaling by tar-
geting the interaction of STING and TBK1, preventing the
phosphorylation of STING and downstream signaling acti-
vation [59]. VIRF1 was also shown to inhibit IFNf activation
by blocking the recruitment of CBP to IRF [84]. Its effect
on the STING-TBKI1 axis and IRF3/CBP are proposed to be
achieved by distinct mechanisms [59].

Concluding remarks

Due to their large genome and close association with their
specific hosts, herpesviruses are renowned for their multi-
layered ability to evade host immune responses. A range of
PRR have been described to recognize the very first stage
of herpesviral infection and most recently the DNA sens-
ing pathway, predominantly mediated by cGAS-STING-
dependent signaling, has been at the forefront of efforts to
understand how the host combats viral infection. In turn,
herpesvirus proteomes have been systematically mined and
in the last few years a plethora of viral proteins have been
identified to specifically antagonize this key innate pathway.
Remarkably, at least one antagonist, and in many cases mul-
tiple, has been characterized for each level of the signaling
pathway, from directly inhibiting sensor binding to DNA to
subverting STING function to disruption of transcription
factor induction of type I IFN signaling. Since cytosolic
DNA sensing itself is a relatively newly identified concept,
the field of viral evasins specifically targeting this pathway
is still in its infancy. Many of the studies we have described
are the results of single studies, which lack verification from
multiple groups, or demonstrate a highly cell and/or time
and/or stimulation dependent phenotype. In addition, differ-
ences in virus strains can also contribute to opposing obser-
vations. Furthermore, mechanistic insight is missing for
most of these antagonists and the overwhelming majority,

@ Springer

acknowledged due to restriction by host specificity, lack con-
firmation of the phenotype in the host. We have endeavored
to illustrate the context of these studies and encourage the
reader to keep these in mind.

Notably, while so many viral antagonists of DNA sens-
ing and innate signaling have been identified, induction of
innate signaling upon viral infection is still evident. Does
this then suggest that the activation of specific components
of innate signaling are exploited by the virus to promote its
replication in the host and ultimate dissemination through-
out the population? There is emerging evidence to support
this hypothesis, such as the finding that the HCMV ULS83
protein exploits IFI16 to activate viral transcription, as well
as our own studies with MCMV m152, which targets STING
translocation to selectively shut down the antiviral type I
IFN response while allowing the proviral NF-kB-mediated
response to proceed. Alternatively, is this phenomenon
merely indicative of the constant arms race between the
herpesvirus and its host, a product of the close association
from coevolution, where the virus wins some and the host
wins some? Only time, and many more carefully executed
studies, will tell.
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