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Abstract
Advances in innate immunity over the past decade have revealed distinct classes of pattern
recognition receptors (PRRs) which operate to detect pathogens at the cell surface and in
intracellular compartments. This has shed light on how herpesviruses, which are large disease-
causing DNA viruses that replicate in the nucleus, are initially recognized during cellular
infection. Surprisingly, this involves multiple PRRs both on the cell surface, and within
endosomes and the cytosol. In this article we describe recent advances in our understanding of
innate detection of herpesviruses, how this innate detection translates into anti-herpesvirus host
defense, and how the viruses seek to evade this innate detection to establish persistent infections.

Herpesviruses are a large family of DNA viruses. Among the known herpesviruses, eight
can cause diseases in humans (Table 1), particularly in children and immunocompromised
individuals 1. Herpesviruses can be subdivided into the α-, β- or γ-subfamilies based on
their biological functions and sequence similarities (Table 1), but common to all
herpesviruses is the ability to cause lytic infection in permissive cells, and to establish
latency in specific specialized cell types (Box 1), such as neurons in the case of
alphaherpesviruses, myeloid progenitors and/or lymphocytes in the case of betaherpesviruss,
and lymphocytes in the case of gammaherpesviruses

Immunological control of herpesviruses is achieved by both the innate and adaptive immune
system, with CD8+ T cells having a crucial role in the adaptive immune response 2-5. In the
innate antiviral immune response, type I interferons (IFNs) and natural killer (NK) cells
have key roles in the containment of herpesvirus infections 6-9. The innate immune system is
activated following sensing of infections by pattern recognition receptors (PRRs) that detect
pathogen-associated molecular patterns (PAMPs)10. Toll-like receptors (TLRs) are the first
discovered and best characterized PRRs (Fig. 1). They are membrane-bound receptors
localized in the plasma membrane and endosomal compartments. The TLRs in the plasma
membrane generally recognize hydrophobic molecules such as lipids and proteins, whereas
the endosomal TLRs sense nucleic acids 10. More recently, intracellular PRRs have been
identified that can detect pathogen nucleic acids in the cytoplasm. RNA is recognized by the
retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) RIG-I and melanoma
differentiation-associated gene 5 (MDA5), which detect 5′ triphosphate-panhandle RNA
and higher order RNA structures, respectively 11-13. Currently, five intracellular DNA
sensing systems are known: DNA-dependent activator of IFN-regulatory factors (DAI) (also
known as ZBP1), absent in melanoma 2 (AIM2), RNA polymerase III, leucine-rich repeat
Flightless-interacting protein 1 (LLRFIP1) and most recently IFNγ-inducible protein 16
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(IFI16) 14-22. With the exception of AIM2 (and under some circumstances RIG-I 23), all
TLRs and intracellular nucleic acid sensors induce intracellular signaling pathways that lead
to the expression of genes with pro-inflammatory and microbicidal activities, including
cytokines and type I IFNs (IFNα and IFNβ) 10,24. The stimulation of pro-inflammatory
responses generally relies on activation of the transcription factors nuclear factor-κB (NF-
κB) and activator protein 1 10,24, whereas the induction of IFNα expression depends on
activation of the IFN regulatory factor (IRF) family and IFNβ expression requires IRFs and
NF-κB 25. By contrast, AIM2 activates the inflammasome, a large multiprotein complex that
stimulates a proteolytic caspase-1-dependent pathway that cleaves pro-interleukin-1β
(IL-1β) and IL-18 into the mature bioactive pro-inflammatory cytokines 15-18. Importantly,
there is significant overlap between the downstream activities stimulated by PRRs so that
some of pathways that lead to IFN activation also drive activation of other cytokines and cell
death. For instance, IFI16 stimulates activation of both the IRF-3 and NF-κB pathways as
well as caspase 2 and 3 22,26.

For herpesviruses to establish infection, it is essential that they modulate host cells 27 and
evade host immune responses 28-43. Evasion of the innate immune system may be
particularly important for herpesviruses, given their slow replication cycle and maintenance
of life-long latent infections. In this review we present the current knowledge on how the
innate immune system detects herpesvirus infections, how this translates into antiviral
immune responses, and how herpesviruses specifically evade this response, impacting on
both primary infection and reactivation from latency.

Recognition of herpesviruses by TLRs
Substantial literature shows that TLRs can recognize herpesvirus PAMPs (Table 2, Fig. 1).
This recognition controls cytokine and IFN expression in various cell types. The three
classes of herpesvirus PAMPs recognized by TLRs are viral proteins, DNA and RNA.

TLR2
Following binding of herpesviruses to specific cellular receptors, the viral glycoprotein
triade gH, gL and gB mediate virion-cell lipid mixing, followed by full fusion of the virus
and host cell membranes 44,45,46. TLR2 on the plasma membrane, presumably in complex
with TLR1 47, recognizes herpesviruses through a process, which in the case of human
cytomegalovirus (HCMV), that can be blocked by antibodies specific for gB and gH 47-52.
Exactly how herpesviruses stimulate TLR2 has not been elucidated, and in this respect it is
also interesting that not all strains of HSV-1 activate TLR2 53. As TLR2 recognizes
hydrophobic PAMPs, such as lipopeptides 10,24, it is possible that TLR2 detects
hydrophobic viral fusion peptides in gH and gB, which are normally buried within the fusion
proteins and only exposed during virus–cell membrane fusion. However, the available data
do not exclude the possibility that TLR2 detects a lipid component exposed during viral
entry. It should be mentioned that in the case of HSV-1, there is also evidence for innate
immune recognition of viral glycoproteins independent of TLR2 54. TLR2 is expressed
predominantly by myeloid cells, and has mainly been ascribed roles in the stimulation of
inflammation 10,24. During herpesvirus infections, TLR2 activation stimulates signaling that
leads to NF-κB activation and expression of pro-inflammatory cytokines 49,51,52, but it has
recently been reported that the type I IFN response of inflammatory monocytes after
infection with viruses, including MCMV, is partially dependent on TLR2 55.

Mouse studies have shown both beneficial and deleterious roles for TLR2 in host defense
against herpesviruses. Neonatal TLR2-deficient mice were protected against HSV-1
encephalitis following intraperitoneal infection, due to reduced inflammation rather than
elevated viral load 49. Subsequent studies have shown that TLR2 has protective roles in
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three models for HSV-2 and CMV infections. Mice lacking both TLR2 and TLR9 were
significantly more susceptible to HSV-2 dissemination to the central nervous system than
either TLR2-deficient or TLR9-deficient mice after intraperitoneal or intravaginal
infection 50, and TLR2-deficient mice had elevated levels of MCMV in the spleen and liver
after intraperitoneal infection 56. Both studies reported that a lack of TLR2 led to impaired
expression of cytokines and activation of NK cells 50,56, and it was demonstrated that
MCMV-induced production of type I IFNs was compromised in TLR2-deficient mice 56.
Two genetic studies in humans have now shown that TLR2 has protective roles during
natural herpesvirus infections. TLR2 haplotypes 2 and 4 were shown to be associated with
increased frequency of genital HSV-2 lesions and viral shedding in infected individuals 57,
and transplant recipients with the TLR2 polymorphism R753Q have elevated HCMV
replication and are more likely to develop CMV disease58. Both of these studies addressed
the role of TLR2 in established infection, and thus suggest that TLR2 is involved in
controlling herpesviruses in the latent state.

TLR9
The most potent immune-stimulating component of herpesvirus particles is probably the
genomic DNA. TLR9 senses DNA in endosomes59, and all three classes of human
herpesviruses are recognized by TLR9 60-64. In addition, MCMV and murine
gammaherpesvirus 68 (MHV68) are recognized by this PRR, allowing pathogenesis studies
in animal models 65-67. Based on studies using synthetic DNA, the prevailing paradigm has
been that TLR9 recognizes CpG motif-containing DNA, which is abundantly present in
herpesvirus genomes. Recent studies on natural DNA suggest that both CpG content and the
level of methylation of the motif strongly affects the ability of DNA to activate TLR9 68,
whereas the DNA sugar backbone 2’ deoxyribose rather than the CpG motif determines
TLR9 activation by synthetic DNA 69. Thus, the molecular mechanism of TLR9-mediated
sensing of herpesvirus DNA remains to be fully understood. In humans, TLR9 expression is
restricted to B cells and plasmacytoid DCs (pDCs), whereas in mice it is widely expressed
by many cell types 10,24. As TLR9 signaling leads to the activation of IRF7 70, recognition
of herpesviruses by TLR9 by both human and mouse pDCs leads to the expression of type I
IFNs 60,61,63,71.

Initial studies on herpesvirus infections in TLR9-deficient mice failed to demonstrate a
phenotype 61. Subsequently, modest effects of TLR9 deficiency on early antiviral and
inflammatory events after HSV infections have been reported, mainly due to impaired pDC-
derived type I IFN response in the TLR9-deficient mice and impaired NK cell
activation50,72-74. Importantly, in a model of corneal HSV-1 infection a more pronounced
phenotype was observed in TLR9-deficient mice with significantly compromised expression
of ISGs, recruitment of neutrophils and control of viral load 75. In the MCMV model,
infection of TLR9-deficient mice through the intraperitoneal route revealed an impaired
antiviral response and increased mortality. TLR9 was shown to stimulate early type I IFN
production as well as NK cell production of IFNγ71. Other groups have confirmed the role
of TLR9 in the early type I IFN response, and demonstrated the source to be pDCs 76,77.
Finally, TLR9-deficiency has also been reported to impair the host response to MHV68
infection with reduced cytokine expression by DCs and higher viral load during both during
lytic and latent infection by mice lacking TLR9 67. With respect to γ-herpesviruses it has
been demonstrated TLR9 has essential roles in eliminating the acute MHV68 infection and
controlling latent viral load 67, following infection through the intraperitoneal but not
intranasal route. Therefore, TLR9 is important for the host response only to pathogens that
reach locations where pDCs are abundantly present (such as the lymphoid organs and the
blood stream). The specialized but often redundant role of TLR9 in the protective immune
response to herpesvirus infections is further supported by the observation that patients with
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an IL-1R-associated kinase 4 (IRAK4) mutation, and hence abolished IFN production by
TLR7, TLR8 and TLR9, do not have increased susceptibility to infections with
herpesviruses 78.

TLR3
While TLR2 and TLR9 are activated by PAMPs present in the herpesvirus particle,
replication of herpesviruses leads to the intracellular accumulation of double-stranded RNA
(dsRNA) structures 79, which can function as TLR3 agonists 80. Although the specific RNA
species of α- and β-herpesviruses that stimulate TLR3 have not been characterized, latency-
associated EBV-encoded small RNAs (EBERs), which are nonpolyadenylated, noncoding
dsRNAs stem-loop structures, have been reported to be released from EBV-infected cells
and to stimulate TLR3 81.

TLR3 is constitutively expressed by several cell types including epithelial cells and CD8α+

DCs. In addition, TLR3 expression is strongly induced by type I IFNs and viral infections in
most cell types 82. TLR3 signaling through the adaptor protein TIR-domain-containing
adaptor protein inducing IFNβ (TRIF) potently activates IRF3 and NF-κB, leading to the
expression of IFNβ and other pro-inflammatory cytokines 83. The specific expression of
TLR3 by CD8α+ DCs promotes the cross-presentation of viral antigens 84, which
contributes to development of an efficient CD8+ T cell response against HSV-1 85. Currently
it is not known how herpesvirus RNA that accumulates in the cytoplasm is detected by
endosomal TLR3. This may involve phagocytosis of infected cells in the case of CD8α+

DCs 84, but it is less obvious what happens in stromal cells, where for example autophagy
may be used to traffic this viral danger signal to TLR3-containing compartments.

MCMV-infected TLR3-deficient mice have increased viral loads in the spleen and reduced
serum cytokine levels, but show no difference in survival compared with wild-type mice65.
In addition, it was recently shown that TLR3-deficient mice exhibit impaired generation of
virus-specific CD8+ T cells following skin HSV-1 infection, which was associated with
impaired control of the virus at late time points post infection 85, suggesting a role for TLR3
in stimulation of the adaptive immune response, as previously proposed 84. The most
compelling evidence for a role for TLR3 in host defense against herpesvirus infections stems
from the identification of a rare TLR3 P554S homozygous mutant in two children with
HSV-1 encephalitis but absent in more than 1,500 healthy controls 86. Fibroblasts from these
patients responded to HSV-1 infection with an impaired IFNβ response 86. Finally, a recent
case report describes the L412F TLR3 gene variant, which encodes a receptor with reduced
activity 87, in a patient with frequently recurrent lymphocytic HSV-2 meningitis 88. Despite
these data, the mechanism by which TLR3 exerts protective roles against HSV infection in
the central nervous system is unknown.

TLR7
In addition to TLR3, TLR7, a single-stranded RNA sensor expressed by pDCs 76, has
recently been reported to sense MCMV infection, and this recognition is essential for a full
IFNα response and optimal antiviral defense 76. TLR7xTLR9 double-deficient mice are
significantly more susceptible to MCMV infection than either of the single knockout mice
strains 76, and comparable to mice lacking the TLR adaptor proteins myeloid differentiation
primary-response protein 88 (MyD88). Since both α- and β-herpesvirus particles have been
reported to contain viral mRNAs 89,90, it is not clear whether TLR7 senses virion- or
replication-associated RNA.

Collectively, herpesviruses are detected by TLR2, 3, 7, and 9. While TLR3, 7, and 9 detect
herpesvirus nucleic acids,TLR2 senses virions, although we still lack full understanding of
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the nature of the PAMP. All together, TLR-mediated sensing of herpesviruses orchestrates
early antiviral and inflammatory responses.

Recognition of herpesviruses by intracellular nucleic acid receptors
Although TLRs have a clear role in the sensing of herpesvirus infections, the fact that
viruses replicate and persist intracellularly suggested that PRRs operating in the intracellular
environment to detect viral RNA and DNA PAMPs also contribute to innate immune
recognition of these viruses 91.

RNA
Intracellular herpesvirus RNA can be recognized by the RLRs. Similar to TLR3, RIG-I
senses EBERs, but it does so in the cytoplasm, leading to induction of both IFNs and the
cytokine IL-10 92,93. We have recently reported that HSV-1-induced IFN responses by
primary human monocyte-derived macrophages depend on MDA5 and its adaptor protein
mitochondrial antiviral signaling protein (MAVS; also known as CARDIF, IPS1 and
VISA)35,94. As the response was also dependent on viral gene expression, which correlated
with the induction of IFNs and IFN-stimulated genes (ISGs), these data suggest that
replication-induced higher-order RNA structures are detected by MDA5 in HSV-1-infected
human macrophages35,94. In contrast to most TLRs, the RLRs are expressed by most cells in
the body, and are also strongly induced by IFNs 95. Therefore, RLRs could be involved in
the recognition of herpesvirus infection in permissive cells, particularly at later stages of
infection when the expression of RLRs will be strongly upregulated. In such a scenario,
RLRs would not be responsible for the initial antiviral IFN response, but instead contribute
to the control of productive infections.

DNA
Given that herpesviruses have DNA genomes, the main focus of the search for host
intracellular sensing systems has been on viral DNA recognition. Akira and colleagues first
reported that transfection of HSV and HCMV DNA into fibroblasts induces TLR-
independent expression of IFNβ 96. We subsequently reported that expression of type I IFNs
by splenic conventional DCs was independent of TLR9, but dependent on viral entry and
genomic DNA 72. The first cytoplasmic DNA sensor to be identified was the ISG DAI,
which induces signaling to activate IRF3 and induce type I IFN expression 14, and the initial
report indicated a role for DAI in HSV-1-induced IFNβ expression 14. However, this was
seen only in a murine fibroblast-like cell line 14, and subsequent analysis of DAI-deficient
mice has failed to identify any essential roles for DAI in innate antiviral responses 97. Based
on this, it seems that DAI is not the main sensor of at least HSV DNA, and indicates a more
specialized role for DAI, which remains to be described. Interestingly, recent studies show
that type I IFN expression by HCMV-infected fibroblasts is mediated by DAI 98,99, which
suggests a role for DAI in the early response to herpesvirus infections in a specific subset of
cells.

Although the RLRs are sensors of RNA, some data have suggested a role for this system in
the detection of DNA 100. Two reports have now provided a potential mechanism. AT-rich
DNA can be transcribed by RNA polymerase III into 5’-triphosphate RNA, which
subsequently activates RIG-I. This pathway was reported to be involved in type I IFN
induction during EBV infections where EBERs are transcribed by RNA polymerase III 19.
This indirect DNA-sensing system was also reported to be involved in induction of type I
IFNs following HSV-1 infection 20. However, other studies have not been able to
demonstrate a role for RNA polymerase III in sensing of HSV-1 DNA 22,94, and one report
has shown direct interaction between HSV-1 DNA and RIG-I and non-redundant roles for
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RIG-I and MDA5 in HSV DNA sensing in fibroblasts 101. These findings raise questions as
to the requirement for RNA polymerase III in herpesvirus DNA recognition, and urge for
identification of the potential mechanism involved. RLRs belong to the family of DExD/H
box helicases (DHX), and two other members of this family, namely DHX9 and DHX36,
have recently been reported to recognize CpG-DNA in pDCs and induce activation of NF-
κB and IRF7, respectively, via MyD88 102. Importantly, DHX9 and DHX36 were associated
with the expression of pro-inflammatory cytokines and IFNα, respectively, after HSV-1
infection in a human pDC line 102. The proposal that DHX9 and DHX36 are novel sensors
of cytosolic DNA in pDCs may explain previously unexplained findings of TLR9-
independent cytokine responses to HSV and CMV infections in pDCs 72,77,103.

Herpesviruses are also known to activate inflammasomes leading to caspase-1 activation.
The identification of AIM2 as a cytosolic dsDNA sensor stimulating caspase-1 activation
has provided a mechanism for this 16-18,104. AIM2 belongs to the PYHIN (pyrin and HIN
domain-containing protein) family and binds DNA through its HIN domain. AIM2 then
engages apoptosis-associated speck-like protein containing a CARD (ASC; also known as
PYCARD) via pyrin domain interactions and recruits pro-caspase-1, leading to the
production of active caspase-1 and mature IL-1β and IL-18. There is genetic evidence
demonstrating that the AIM2 inflammasome is activated by MCMV 105, and MCMV-
infected AIM2-deficient mice exhibit reduced levels of serum IL-18 and spleen IFNγ
production as well as elevated viral load 105. By contrast, the inflammasome activated by
HSV-1 appears to be independent of AIM2 and remains to be further characterized105.

Recently, in a collaborative effort between our laboratories, we identified IFI16, another
PYHIN family protein, as an intracellular sensor of HSV-1 DNA, stimulating the expression
of IFNβ and pro-inflammatory genes during infection with this virus 22. Free HSV-1
genomic DNA was found in the cytosol during infection and IFI16 bound directly to isolated
viral DNA motifs. Reduction in the expression of IFI16, or its mouse ortholog p204, by
RNA interference inhibited DNA- and HSV-1-mediated gene induction and activation of
IRF3 and NF-κB 22. Although IFI16 is mainly present in the nucleus, a significant portion
localizes to the cytosol, where it co-localizes with viral DNA 22. However, it remains
possible that IFI16 recognizes HSV-1 DNA in the nucleus and migrates to the cytoplasm to
stimulate signal transduction. Together with AIM2 and p202 (a PYHIN protein that
negatively regulates AIM2), these proteins constitute a new family of AIM2-like receptors
(ALR)s that recognize intracellular DNA. The role of IFI16 in innate antiviral defense
against herpesviruses in vivo remains to be described, including its role in directing adaptive
immune responses. As MCMV and HCMV exploit IFI16 for their own benefit to promote
replication 29,106, it will be interesting to determine if the net effect of herpesvirus–IFI16
interactions are beneficial or detrimental for the ability of herpesviruses to replicate.

In summary, intracellular nucleic acid-sensing PRRs have an important role in the activation
of innate immune responses against viruses. In the case of herpesviruses, RNA replication
intermediates can stimulate endosomal and cytosolic PRRs, but it seems that the genomic
DNA is the main trigger of the innate immune response. In the case of recognition of RNA
viruses by RLRs, it was recently reported that genomic RNA generated by viral replication
constitutes the major trigger for RLRs 107. Based on the available data on herpesvirus
recognition, and the observation that herpesvirus DNA replication occurs after innate
immune activation is initiated, it seems for DNA viruses it is the incoming genomic material
that is sensed by PRRs.

Exposure of herpesvirus DNA PAMPs to intracellular PRRs
Despite the identification of several PRRs capable of recognizing herpesvirus nucleic acid
PAMPs, it is not known how the genomic material arrives at these cellular compartments,
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and how the capsid-protected DNA is made accessible to PRRs. Herpesviruses can enter
cells through both endocytic and non-endocytic pathways 44. Following endocytic entry,
endosomal processing of viral capsids can potentially lead to the exposure of viral DNA and
presentation to TLR9 (Fig. 2). After entry through the non-endocytic pathway, where TLR9
stimulation also occurs 72, alternative pathways of viral delivery to endosomes must be
involved. This could involve autophagy, in parallel to the reported role for autophagy in
delivering cytosolic viral RNA to TLR7 in endosomes 108.

We recently demonstrated that HSV-1 DNA can be detected in the cytosol of infected
cells 22. However, whether DNA in the cytosol originates from the nuclear, cytoplasmic or
endosomal compartments is still unclear. Viruses entering through an endocytic route 44,
may be subject to degradation which could be followed by translocation of DNA PAMPs
from the endosomal lumen to the cytosol. Alternatively, herpesvirus DNA may be exposed
to the cytosol following proteasomal degradation of the viral capsid. Proteasomal activity is
essential for induction of ISGs during HSV infection and for the delivery of HSV DNA from
the capsid to the nucleus 109,110. Thus, there are many potential mechanisms that may
mediate the exposure of herpesvirus DNA to the cytosolic DNA sensing machinery, all
requiring further examination. Herpesvirus replication occurs in the nucleus of infected
cells, potentially providing an abundance of DNA for recognition at this location. However,
at present there is no evidence for innate immune sensing by herpesviruses in the nucleus,
although the localization of IFI16 to both the cytosol and nucleus is intriguing and urges for
investigation of its potential role in the recognition of herpesvirus DNA in the nucleus.

Activation of signal transduction in response to intracellular DNA sensing
Cytosolic DNA recognition leads to the activation of TANK-binding kinase 1 (TBK1),
IRF3, and the production of type I IFNs and pro-inflammatory cytokines (Fig. 2). However,
the signaling pathway linking upstream DNA sensors to TBK1 are poorly characterized.
TBK1 associates with DDX3, a DEAD box RNA helicase, which regulates IFNβ
transcription by IRF3 99,111,112. In addition, TBK1 interacts with the exocyst protein Sec5 in
a complex that includes the recently identified endoplasmic reticulum (ER) adaptor
stimulator of IFN genes (STING) 113, although the role of Sec5 in this complex is unclear.
STING is essential for activation of the signaling pathway upstream of TBK1 following
HSV-1 infection 113,114 and has been shown to associate with IFI16, and to relay signals
downstream of DAI 22,99. STING interacts with the ER translocon components Sec61β and
TrapB in a manner that is essential for regulation of cytosolic DNA-induced type I IFN
production 113, although the mechanism involved is not known.

Concerning the subcellular location where cytosolic STING-dependent DNA- signaling
occurs, recent studies have provided interesting, but somewhat contradictory conclusions. In
unstimulated cells, STING localizes to the ER and perhaps ER-associated
mitochondria 22,99,115. Following stimulation with cytosolic DNA and HSV-1 STING
translocates to perinuclear foci, via the Golgi 22,99,115. However, the nature of these STING-
containing structures is contentious. One report indicates that STING localizes partially to
endosomes, particularly Sec5-positive structures 114, whereas another report has shown that
STING localizes to vesicular structures, which are not peroxisomes, mitochondria,
endosomes or autophagosomes 115. Clearly, further work is required to elucidate the
composition and sites of signaling in response to intracellular DNA recognition.

Evasion of innate immune responses by herpesviruses
Herpesviruses are large viruses, with slow replication cycles and the ability to establish
latent infections. Initiation of replication and establishment of infection is heavily influenced
by the early virus-host interactions occurring within minutes of exposure, including
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hijacking of preexisting host cell signaling pathways (e.g. phosphoinositide-3-kinase/
AKT) 27. Therefore, to successfully colonize the host, herpesviruses need to actively evade
and modulate host responses at all stages of infection. There is strong evidence for
herpesviruses evading the innate immune system 28-43 (Fig. 3). This includes avoidance of
sensing by PRRs, blocking of the action of PRRs, and inhibition of signaling pathways and
gene expression. With respect to evasion of recognition, the HSV-1-encoded RNA
endonuclease virion host shut-off protein (vhs), an mRNA-specific RNase that cleaves virus
and host mRNA 116, was recently reported to impair activation of the RNA-sensing
pathways through TLR3 and RLRs in conventional DCs, presumably by destroying the viral
agonists that trigger this response 30. Likewise, HSV-1 counteracts delivery of PAMPs from
the cytoplasm to endosomal compartments where TLR3, 7, and 9 operate 117. The
neurovirulence factor ICP34.5 prevents autophagy by directly binding to the autophagy-
inducing protein Beclin1 34. Given the reported role for autophagy in delivery of viral cargo
to endosomal TLRs 108, the ICP34.5-mediated inhibition of autophagy is likely to counteract
detection of viral nucleic acids by endosomal TLRs.

The second principle in innate immune evasion is inhibition of the action of specific PRRs.
For instance, the HSV immediate-early protein ICP0 inhibits TLR2 responses by promoting
degradation of MyD88 and MyD88-adaptor-like (MAL; also known as TIRAP) 33.
Following the recent identification of cytosolic DNA sensors proposed to be involved in
stimulation of innate immune responses during herpesvirus infections 14,19,20,22,102, it is
interesting that there is now evidence for herpesvirus proteins inhibiting both DAI, DHX9,
and IFI16 29,31,37. The HCMV tegument protein pUL83,which has long been known to
inhibit virus-induced expression of ISGs 118,119, has been identified to directly interacts with
IFI16, suggesting an immune evasion strategy whereby HCMV could inhibit IFI16-
dependent antiviral responses 29. In support of this idea, the guinea pig CMV UL83 deletion
mutant virus is significantly attenuated in vivo 120. Likewise, MCMV targets DAI signaling
via its M45 protein 31, and the HHV8 protein kinase directly interacts with DHX9 and
inhibits downstream activities of the receptor 37. All together, these data suggest a very
important role for the intracellular DNA sensors in the innate immune response to
herpesviruses.

The third principle in innate immune evasion involves viral inhibition of downstream
signaling and gene expression programs activated by PRRs. Given the important role for
type I IFNs in innate antiviral defense to herpesviruses 6,7,121, it is no surprise that all
classes of herpesviruses target the IRF-IFN pathway at various levels 28,32,35,36,38-40,42,43

(Fig. 3). The E3 ubiquitin ligase ICP0 of HSV-1 and other α-herpesviruses can inhibit
nuclear accumulation of IRF3 and induction of IFN 28,122. At the mechanistic level, this
involves both degradation of IRF-3 and sequestration of IRF-3 and CBP/p300, which is
dependent on cytoplasmic localization of ICP0 28,123,124. While most herpesvirus immune
evasion proteins share limited homology with the proteins they antagonize, the HHV8
genome contains a cluster of open reading frames encoding proteins with homology to the
IRF family 40, vIRFs, which inhibit expression of IFNs. For instance, vIRF3 inhibits the
action of IRF3, 5, and 7 by directly interacting with the cellular IRFs, hence preventing
DNA binding and IFN promoter activation 125,126. Collectively, herpesviruses target the
innate immune system by avoiding sensing by PRRs, blocking the action of specifically
PRRs, and inhibiting signaling pathways and expression of antiviral genes. The
identification of such viral immune evasion strategies provides strong evidence for the
importance of the early innate immune system in control of herpesvirus infections.
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Role for the innate immune system in latent herpesvirus infections
Latent herpesvirus infections are characterized by the presence of viral DNA in the nucleus
of infected cells, but limited or no viral replication activities. It has long been known that
CD8+ T cells are important for controlling herpesvirus infections during latency and
reactivation 2,3, but emerging evidence suggests that the innate branch of the immune
system also has a central role in controlling latent herpesvirus infections. For instance, pDCs
infiltrate the dermis of recurrent genital HSV-2 lesions and stimulate T cell proliferation 127.
Interestingly, the cells in the dermis immediately surrounding the pDCs were positive for
ISGs, suggesting a role for type I IFNs in controlling recurrent HSV-2 infection. This is
further supported by the ability of HSV-1 ICP0, which is a rate-limiting protein in
reactivation of α-herpesviruses, to inhibit IRF3 activation and IFN production 28. Although
the role of ICP0 in reactivation was originally believed to be due to its role in replication,
this may also be attributed to the essential role of ICP0 in limiting the host IFN response, a
function now also ascribed to the HHV8 latency-associated nuclear antigen 1 42. Finally,
one of the reported patients with the TLR3 P554S mutation developed HSV encephalitis
during both primary and recurrent infection, further suggesting a role for the innate immune
system in controlling herpesviruses in the latent state 86.

The innate immune system may affect herpesvirus latency at various steps. The classical
innate antiviral activity of type I IFNs during primary infection may reduce the latent viral
genome load per cell as suggested from mouse studies 67,128. Second, IFNs could be induced
during reactivation, as indicated by the expression of ISGs during HSV-2 reactivation 127.
This would suggest that PRRs, such as ALRs, sense low-grade reactivation or even the
latent viral genome. Third, the ability of the innate immune response to shape the adaptive
immune response could affect the potency of the CD8+ T cell response. In this respect it is
worth noting that TLR3-deficient mice exhibit impaired development of virus-specific CD8+

T cells in a model for HSV-1 skin infection 85.

Further support for a role of the innate immune system in controlling herpesviruses comes
from evidence that TLRs are exploited by these viruses for both establishment of latency
and reactivation. Establishment of latency by MHV68 has been reported to be impaired in
MyD88-deficient mice, probably due to reduced activation of B cells, which are the main
latency reservoir 129, suggesting that MHV68 uses TLR signaling to condition the target cell
for establishment of latency. In addition, two studies have shown that TLR stimulation of
cells latently infected with MHV68 or HHV8 reactivates these two γ-herpesviruses 130,131.
For HHV8 infection, it was further demonstrated that not only synthetic PAMPs but also
infection with vesicular stomatitis virus, which stimulates TLR7 and RIG-I, led to
reactivation of the infection 130. These findings demonstrate that secondary pathogen
infection can reactivate HHV8 through stimulation of PRRs.

Conclusions and perspectives
Our understanding of how herpesviruses are detected by the innate immune system and
stimulate antiviral activities has grown tremendously over the past decade. This has been
accompanied by an increased understanding of how these viruses evade the innate immune
response and establish persistent infection. This field now faces several interesting questions
that need to be addressed to achieve the knowledge required for translation of basic
knowledge into understanding of disease pathogenesis. First, with the identification of new
intracellular PRRs that sense herpesvirus infections, it is essential to establish their roles and
mechanisms of action in immune defense and pathogenesis. Given the important role of
ALRs in the recognition of herpesviruses, understanding the intracellular dynamics of
recognition and signaling molecules, and also how the viral DNA is made accessible for
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PRRs is essential. Progress in this area may also start to resolve the important question of
whether herpesviruses are detected by the innate immune system in the nucleus, and if this is
the case, how viral DNA is then distinguished from host DNA.

Second, while it is clear that detection of classical PAMPs is central to immune surveillance,
we also believe that the innate immune system can sense viral infections through other
mechanisms. It seems likely that novel principles of pathogen recognition remain to be
discovered, by which viral activities rather than molecular structures are sensed. This would
allow the host to distinguish pathogenic from non-pathogenic infections. Lytic infection, a
property of all herpesviruses, is an activity directly associated with pathogenicity, and a
recent report has shown that 2′ 5′ oligoadenylate synthetase is induced in virus-infected
cells, released following cell lysis and subsequently taken up by non-infected cells to exert
antiviral activity 132. It will be interesting to establish if host sensing of pathogen-induced
processes is a whole new layer of immune surveillance yet to be described.

Third, herpesviruses, and in particular EBV, have been proposed to be involved in the
pathogenesis of autoimmune diseases 133,134. Given the overlap between PRRs that
recognize herpesviruses, most notably TLR9 and IFI16, and those proposed to be involved
in the pathogenesis of autoimmune diseases such as systemic lupus erythematosus, Sjogren
syndrome, and systemic sclerosis 135-137, the role of herpesviruses and PRRs in these
conditions should be explored further to potentially identify the long-sought-after missing
link between herpesviruses and autoimmune diseases. Finally, although the intellectual and
experimental forefront of immunology research has always been centered on studies in
rodents, it is important that the findings from these model studies are tested in human
systems. Moreover, a close interaction between the basic and clinical research communities
will reassure that new discoveries are rapidly investigated under conditions of direct
relevance for diseases caused by herpesviruses in humans. The identification of several
novel primary immunodeficiencies with defects in viral sensing and type I IFN production,
all of which are associated with susceptibility to HSV encephalitis 6,86,138,139, underscores
the important role of the innate immune system in controlling herpesvirus infections, and
maintaining the balance between the virus and the host achieved through millions of years of
co-evolution.
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Glossary

Lytic infection Viral replication in host cells either causes cellular death and lysis
(lytic infection) or is compatible with cell survival (persistent
infection).
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Permissive cells Cells that support replication of a given virus. Permissiveness is
often determined by expression of specific components in the
cells and/or the ability of viruses to circumvent host defense
mechanisms.

Latency A state where viruses lie dormant in infected cells with no
detectable virus replication. From the latent state viruses can
become activated to initiate productive replication.

Pathogen-associated
molecular patterns

(PAMPs). Evolutionarily conserved molecular structures
recognized by pattern recognition receptors. PAMPs are either
specific for whole classes of pathogens or used by both
microorganism and host but present in abnormal locations.

Cross-presentation The ability of certain antigen-presenting cells (APCs) to load
peptides that are derived from exogenous antigens onto MHC
class I molecules. This property is atypical, because most cells
exclusively present peptides from their endogenous proteins on
MHC class I molecules. Cross-presentation is essential for the
initiation of immune responses to viruses that do not infect APCs.

Autophagy A catabolic process in which cells degrade cytosolic content,
including organelles, through the lysosomal machinery.

Interferon-
stimulated genes

Genes induced by interferons, through their ISRE gene promoter
element, which binds the IFN-activated transcription factor
ISGF3. A subgroup of ISGs is induced directly through PRRs,
through transcription factors of the IRF family.

PYHIN (pyrin and
HIN domain-
containing protein)
family

A family of proteins with both Pyrin and HIN domains. Pyrin
domains mediate pyrin/pyrin homotypic interactions and
stimulate signal transduction, while HIN domains bind DNA.

Tegument An amorphous layer of proteins, which lines the space between
the lipid membrane and the nucleocapsid of herpesviruses. The
tegument proteins generally support viral replication and evasion
of immune responses.

Neurovirulence
factor

A factor essential for the ability of a pathogen be pathogenic in
the nervous system. HSV and rabies virus are neurovirulent
viruses.

2’ 5’oligoadenylate
synthetase

A family of IFN- and virus-inducible enzymes that catalyzes the
formation 2’, 5’ oligomers of adenosine, to stimulate antiviral
activities dependent and independent of RNase L.
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Box 1

The herpes virion and lytic replication cycle

The herpes virion is composed of a dsDNA genome, which encodes about 100
transcripts; an icosahedron capsid composed of 162 capsomers, including four protein
subunits; the tegument, an amorphous layer of proteins, which are released into the host
cell following infection; a lipid membrane bilayer, derived from the producer cell trans-
Golgi network; and glycoproteins (at least 11) that are embedded in the lipid bilayer.

Herpesviruses enter host cells either at the cell surface or via pH-dependent endocytosis
through a process involving a trio of glycoproteins that are conserved among all
herpesviruses. The tegument proteins are then released into the cell and the capsid is
transported to the nuclear membrane, where DNA is released into the nucleus. The viral
replication process is initiated by the expression of immediate-early genes, which encode
proteins that promote expression of viral genes and also exert innate immune evasion.
This is followed by expression of the early proteins, which are responsible for replication
of the viral DNA genome, and eventually late proteins, which include capsid, tegument
and glycoproteins. The late protein products and the replicated DNA are assembled into
progeny virions, which are released from the cell either by exocytosis through the trans-
Golgi network or cell lysis. (see figure)

Establishment and maintenance of latency is a complex process involving many viral and
cellular components. It is believed that suppression of immediate-early genes, by virus-
encoded microRNAs for example, have a central role in this process. The innate immune
system can detect components of the herpesvirus particle (glycoproteins and DNA) or
replication intermediates produced during productive infection (RNA structures).
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Online features

Online summary

• Herpesviruses are a large family of DNA viruses, eight of which are able to
cause diseases in humans, particularly in children and immuno-compromised
individuals. All herpesviruses have the capacity to cause lytic infection in
permissive cells, and to establish latent/recurrent infections in other cell types.

• The innate immune system detects infections using germline-encoded pattern
recognition receptors (PRR)s. Toll-like receptors (TLR)s are membrane-bound
PRRs detecting microbes in extracellular and endosomal locations. TLR2, 3,
and 9 are well described sensors of herpesvirus infections.

• In the cytoplasm, active innate immune surveillance takes place and is mediated
by nucleus acid sensors. Herpesvirus infections are sensed by both RNA and
DNA sensing systems and recent reports suggest a particularly important role
for the cytosolic DNA-sensing AIM2-like receptor (ALR) family in intracellular
detection of herpesviruses.

• Given the relatively slow replication cycle of herpesviruses and the
establishment of life-long infections, these viruses are highly dependent on
efficient immune evasion strategies. It is now known that herpesviruses evade
all classes of PRRs (including ALRs) as well as the downstream signaling
machinery.

• Innate immune defense against herpesviruses is highly dependent on the type I
interferon system and natural killer cells. Model studies in mice and genetic data
from human, have revealed essential roles for both TLRs and intracellular DNA
sensors in mounting protective immune responses against herpesviruses.
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Figure 1. Innate immune recognition and activation by herpesviruses
a The virion is sensed by TLR2, which most likely detects herpesvirus glycoproteins and
induces expression of pro-inflammatory cytokines and in specific cell types also type I IFNs.
Viral genomic DNA is detected by TLR9 in endosomes, and by DAI, DHX9/36, AIM2, and
IFI16 in the cytoplasm. DNA sensing by the Pol III/RIG-I system may take place in either
the nucleus or the cytoplasm. b The intracellular DNA sensing pathways together lead to
expression of both cytokines, type I IFNs, and activation of the inflammasome. Productive
replication of herpesviruses leads to the accumulation of RNA species, including higher
order RNA structures. These RNAs are sensed either in the cytoplasm by MDA5 or in
endosomes by TLR3 and TLR7. The cellular response to RNA sensing involves the
production of IFNs and cytokines. 1°, 2°, 3°, proposed relative importance of the
downstream events activated by PRRs. AIM, absent in melanoma; DAI, DNA-dependent
activator of interferon regulatory factors; DHX, DExD/H-box helicase; IFI; interferon-
inducible; IFN, interferon; MDA, melanoma differentiation-associated gene; RIG, retinoic
acid inducible gene; TLR, Toll-like receptor.
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Figure 2. Intracellular detection of herpesvirus DNA and activation of signal transduction
Productive replication of herpesviruses requires transport of the capsid to the nuclear pore,
where the genomic DNA is released into the nucleus. Alternatively, herpesvirus DNA may
be released from the capsid into the cytosol and be subject to immune recognition. Cytosolic
sensors of viral capsids may exist, which target the capsid for degradation either through
autophagy or the proteasome. Autophagy-mediated degradation of the capsid will expose the
viral DNA to TLR9 in endosomes. Alternatively, TLR9 could receive the viral DNA from
an endocytic or phagocytic route. Degradation of the capsid in the cytosol will expose the
DNA for the cytosolic DNA sensors, including IFI16, and DAI, which in turn associates
with STING and re-localizes from the ER to perinuclear vesicles from where signaling takes
place. DHX9 and 36 detect cytosolic DNA and signal through MyD88 like TLR9. DAI,
DNA-dependent activator of interferon regulatory factors; DDX3, DEAD box protein 3;
DHX, aspartate-glutamate-any amino acid-aspartate/histidine (DExD/H)-box helicase; ER,
endoplasmic reticulum; IFI, interferon γ-inducible; MyD88, myeloid differentiation
primary-response protein 88; NF-κB, nuclear factor κB; STING, stimulator of interferon
genes; TBK, TANK-binding kinase 1;TLR, Toll-like receptor
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Figure 3. Evasion of PRR-mediated recognition, signalling and gene expression by herpesviruses
The HSV proteins ICP34.5 and Vhs prevent the recognition of viral nucleic acids by
inhibiting autophagy and degrading viral RNA, respectively. Herpesviruses inhibit signaling
through both PRR-specific mechanisms (HSV-1 ICP0 inhibits TLR2 signalling by
stimulating degradation of TLR adaptor molecules, and MCMV M45 inhibits recruitment or
RIP1 to DAI) and more general mechanisms targeting all PRRs (for example, HHV8 ORF45
interacts with IRF7 and inhibits phosphorylation and nuclear translocation). Finally, several
herpesvirus-encoded proteins (such as HHV8 vIRF3) inhibit transcription by interacting
with NF-κB and IRF3 and/or IRF7 in the nucleus, hence preventing interaction with DNA
and assembly of functional transcriptional complexes. CMV, cytomegalovirus; DAI, DNA-
dependent activator of interferon regulatory factors; HHV, human herpesvirus; ICP, infected
cell protein; IRF, interferon regulatory factor; NF, nuclear factor; ORF, open reading frame;
PRR, pattern recognition receptor; RIP, receptor-interacting protein kinase; TLR, Toll-like
receptor; Vhs, virion host shut-off.
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Table 2

PRRs and PAMPs in herpesviruses recognition and innate immune activation

PRR Virus Proposed PAMP Reference

TLR2 HSV-1, HSV-2 Virion component 49,50

VZV Virion component 51

HCMV gB and/or gH 47

EBV Virion component, dUTPase 52,140

TLR3 HSV-1 dsRNA 86

MCMV dsRNA 65

EBV EBER RNA 81

TLR7 MCMV ssRNA 76

TLR9 HSV-1, HSV-2 Genomic DNA 60,61

MCMV, HCMV Genomic DNA 62,65,66

EBV Genomic DNA 63,64

MDA5 HSV-1 Replication intermediate 94

Pol III / RIG-I HSV-1 Genomic DNA 20

EBV EBER DNA 19

DAI HSV-1 Genomic DNA 14

HCMV Genomic DNA 99

IFI16 HSV-1 Genomic DNA 22

DHX9/36 HSV Genomic DNA 102

AIM2 MCMV Genomic DNA 105

AIM, absent in melanoma; DAI, DNA-dependent activator of interferon regulatory factors; DHX, DExD/H-box helicase; dsRNA, double-stranded
RNA; EBV, Epstein-Barr virus; gB, glycoprotein; HCMV, human cytomegalovirus; HHV, human herpesvirus; HSV, herpes simplex virus; IFI,
interferon inducible; MDA, melanoma differentiation-associated gene; RIG, Retinoic acid inducible gene; TLR, Toll-like receptor; VZV, Varicella
zoster virus.
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