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Abstract

DNA viruses are a significant contributor to human morbidity and mortality. The immune system
protects against viral infections through coordinated innate and adaptive immune responses. While
the antigen-specific adaptive mechanisms have been extensively studied, the critical contributions
of innate immunity to anti-viral defenses have only been revealed in the very recent past. Central
to these anti-viral defenses is the recognition of viral pathogens by a diverse set of germ-line
encoded receptors that survey nearly all cellular compartments for the presence of pathogens. In
this review, we discuss the recent advances in the innate immune sensing of DNA viruses and
focus on the recognition mechanisms involved.

Introduction

Infectious diseases as a result of DNA virus infections are a major health concern
worldwide. The major pathogenic DNA viruses include cytomegalovirus (CMV), herpes
simplex virus (HSV), Epstein-Barr virus, Kaposi's sarcoma-associated herpesvirus, polyoma
virus and human papilloma virus. The two major species of herpes viruses such as CMV and
HSV are clinically important. Herpes simplex virus is the cause of a wide range of diseases
including some serious illnesses such as keratitis and encephalitis. Human cytomegalovirus
is the major health risk in the newborn and in the immunocompromised causing congenital
abnormalities and systemic diseases, respectively. Moreover, given the ability of DNA
viruses to efficiently infect a wide range of cell types, these viruses also have gained clinical
importance as potential gene delivery platforms to treat a variety of genetic diseases. The
potent immune and inflammatory responses against the viral components however remain
the stumbling block to the widespread clinical use of such vectors. Therefore a thorough
mechanistic understanding of host anti-viral responses is central to the development not only
of anti-viral therapeutics and vaccines but also in order to improve the safety of viral vectors
in gene therapies.

Control of viral infections is mediated by coordinate activation of innate and adaptive
immune mechanisms involving multiple cell types. CD8 T cells, CD4 T cells, and B cells
contribute to anti-viral responses in an antigen-specific manner via IFN-y production,
cytolytic effect, or antibody secretion ensuring long term protection. On the other hand,
during the early phase of infection, the antigen-presenting cells, stromal cells and notably
NK-cells play a critical role in virus control. Production of the key anti-viral cytokines, the
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type | Interferons by cells of the innate immune system is the principal mechanism
mediating early anti-viral defense. Although type I IFNs are instrumental in coordinating
early anti-viral defenses, additional cytokines induced in innate immune cells are also
important components of early defenses. These include members of the IL-1 family such as
IL-1 and the related cytokine IL-18, as well as IL-12 all of which contribute to early anti-
viral immunity. Although the role of these cytokines in immune defenses has been well
appreciated for some time, the early events that coordinate the production of these effectors
has only been revealed in the last decade or so. What has emerged from this exciting decade
or more of intensive research is that innate immune cells express a large repertoire of germ
line-encoded pattern recognition receptors (PRRs) that recognize microbial components
(Kawai and Akira, 2010). The receptors identified to date include Toll-like receptors
(TLRs), Nod-like receptors (NLRs), RIG-I-like receptors (RLRs), and AIM2 like receptors
(ALRS).

These germline encoded PRRs bind either directly or indirectly, depending on the class of
PRR, microbial ligands and initiate signaling cascades which culminate in the activation of
transcription factors such as nuclear factor kappa B (NF-xB), interferon regulatory factors
(IRFs), and activating protein-1 (AP-1) involved in the expression of inflammatory and type
I IFN genes. The Toll-like receptors (TLRs) were the first set of pattern recognition
receptors discovered. A considerable body of work has revealed that these receptors (of
which there are 10 or so in humans), survey the presence of microbial products (or
endogenous molecules released from damaged or dying cells) on the cell surface or in the
endosomal compartment and signal through TIR-domain containing adapter molecules;
MyD88 and/or TRIF (reviewed in detail elsewhere) (Kawai and Akira, 2010). In addition,
extensive research over the last few years has identified additional PRRs localized in the
cytosolic compartment that belong to distinct classes including retinoic acid-inducible gene I
(RIG-I)-like helicases and NOD-like receptors and AIM2-like receptors (ALRs). Thus,
patrol of the extracellular space as well as intracellular compartments is achieved through a
combination of PRRs. In the following sections, we review how DNA viruses are sensed
and sampled in various cellular compartments during their life cycle to trigger innate
immune defenses.

Cell surface recognition of DNA viruses

The host innate immune system employs PRRs particularly TLRs to detect microbial
pathogens at the extracellular milieu. While several of such receptors sense bacteria and
fungi, which have a complex outer structure, the detection of viruses at the cell surface is
limited to only a very few receptors. Notably, the cell surface localized TLR2 is the
predominant plasma membrane-localized sensor involved in anti-viral defenses. TLR2 is
expressed by antigen presenting cells and non-immune cells such as mucosal epithelial cells
(Ilwasaki, 2010). TLR2 along with the co-receptors TLR1 or TLR6 binds cognate ligands,
which include bacterial lipoproteins and glycoproteins. The crystallographic data indicate
that TLR2 ligands such as, Pam3CSK,, mediate the heterodimerization of the TLR2 and
TLR1 receptors through their three acyl chains; two which bind TLR2 and one binds
TLR1(Jin et al., 2007) The hererodimerization of TLR1-TLR?2 is suggested to promote the
dimerization of their intracellular TIR domains. Subsequently, the TLR2-TLR1 complex
initiate a signaling cascade via adaptor proteins MAL and MyD@88 that leads to the
activation of NF-xB and MAP kinases that turn on the genes involved in inflammatory
responses (Jin et al., 2007). TLR2 is best studied in the context of anti-bacterial and anti-
fungal responses, although in a limited number of cases, TLR2 is also involved in the
recognition of viruses where recognition is coupled to the virus entry process. In the case of
human cytomegalovirus, a TLR2-TLR1 complex recognize the CMV glycoproteins gB and
gH, which mediate virus binding to host integrins and entry into host cell, leading to NF-xB
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activation (Boehme, Guerrero, and Compton, 2006). Studies in HEK293 cells reconstituted
with TLR2 or in TLR2-deficient macrophages have revealed that TLR2 plays a central role
in driving inflammatory cytokines following CMV infection (Compton et al., 2003).
Consistent with these in vitro findings, impaired TLR2 function is associated with clinical
cases of hCMV. In a population of immunocompromised transplant recipients, patients with
a point mutation in the cytoplasmic Toll-1L-1 receptor domain of TLR2 that renders it
nonfunctional had a higher CMV load indicating that TLR2 recognition is critical to the
control of CMV infection (Kijpittayarit et al., 2007). Similarly, TLR2 plays an important
role in sensing murine cytomegalovirus (MCMV); the TLR2~/~ mice displayed increased
susceptibility to mCMV relative to wild type controls as reflected in the increased viral
loads in the visceral organs. Mechanistically, TLR2-sensing of mCMYV triggers NK-cell
activation through 1L-18 secretion, which in turn control early infection (Szomolanyi-Tsuda
et al., 2006).

TLR2 has also been implicated in sensing other herpes viruses including HSV, Epstein-Barr
virus and varicella-zoster virus (Gaudreault et al., 2007; Kurt-Jones et al., 2004; Michaud et
al., 2010; Wang et al., 2005). The innate recognition of HSV depends on TLR2 in a cell-type
specific manner however. While TLR2 is essential for the recognition of HSV and the
production of proinflammatory mediators by macrophages, microglial cells and to a certain
extent by myeloid DCs (Aravalli, Hu, and Lokensgard, 2007; Aravalli et al., 2005; Lima et
al.), the plasmacytoid DCs sense HSV in a TLR2-independent fashion (Rasmussen et al.,
2007; Sato, Linehan, and Iwasaki, 2006). Additionally, Iwasaki and colleagues reported that
TLR2 sensing of HSV-1 is virus strain/clone-dependent; TLR2-stimulating activity is
restricted to only certain subclones of common laboratory and clinical isolates of HSV-1.
Though the molecular mechanism underlying this phenomenon is not known, the inability to
trigger TLR2 signaling is suggested to provide a selective advantage to the persistence of the
virus in the host (Sato, Linehan, and Iwasaki, 2006). Though the HSV viral component that
triggers TLR2 signaling has not been identified, it is possible that TLR2 detects one of the
viral envelope glycoproteins as observed in the case of hCMV.

The requirement for TLR2 in sensing HSV in vivo depends on the route of infection and the
HSV species. In the case of HSV-2, while TLR2 signaling is dispensable for the control of
virus replication and dissemination following intraperitoneal infection, the optimal cytokine
and chemokine production in the brain in response to a natural vaginal infection was
dependent on TLR2 (Sorensen et al., 2008). Genetic studies in humans also revealed a role
for TLR2 in HSV-2 infection; two polymorphisms in the TLR2 gene have been found to be
associated with increased shedding of virus and higher lesional rates (Bochud et al., 2007).
An infection route-dependent role of TLR2 was observed in HSV-1 infection also. Unlike in
HSV-2 infection, TLR2 sensing of HSV-1 has been demonstrated to be deleterious to the
host following intraperitoneal and ocular infections (Kurt-Jones et al., 2004; Sarangi et al.,
2007); severe inflammatory responses characterized by the excessive cytokine and
chemokine levels in the brain and the pathological lesions including mononuclear cell
infiltration and perivascular cuffing in brain were remarkably reduced in the TLR2
deficiency. In line with these findings, TLR2 deficiency protected both the adult and
neonatal mice against HSV-1 induced death (Kurt-Jones et al., 2005; Kurt-Jones et al.,
2004). Similarly, in a physiologically relevant corneal infection model, TLR2 deficient mice
displayed markedly attenuated proinflammatory cytokine production and stromal keratitic
lesions relative to wild type mice (Sarangi et al., 2007). This clearly indicates that TLR2
sensing of HSV-1 in these models triggers exaggerated innate responses that adversely
affect the host. In contrast, TLR2 was found to play a minimal role following intranasal
infection; though TLR2 detection of HSV-1 contributed to local and/or systemic expression
of IFN-y and IL-1p, it did not play a role in the viral control and host survival. Collectively
the data outlined above demonstrate that the invading HSV is sensed by surface TLR2, the
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contribution of which to innate anti-viral immunity is cell type- and infection route-
dependent. TLR2 sensing is also essential for the host inflammatory responses and the virus
control in infection with another herpes virus, murine herpes virus 68 (Michaud et al., 2010).

TLR2 is also an integral part of innate detection of additional DNA viruses including pox
viruses. TLR2 recognizes vaccinia virus infection triggering NF-xB-dependent production
of proinflammatory mediators by DCs (Zhu, Huang, and Yang, 2007). TLR2 activation by
vaccinia virus occurs in a virus replication-independent manner and is believed to involve
engagement of TLR2 by the envelope or capsid protein(s). Consistent with the in vitro data,
a lack of TLR2 signaling hampered both innate and adaptive immune responses, including
NK cell and CD8 T cell activation and IFN-y production, to vaccinia virus in vivo (Zhu et
al., 2007). Particularly, NK cell activation appears to be essential for the initial control of
vaccinia virus (Zhu et al., 2007). Surprisingly, TLR2 activation in antigen presenting cells
and the subsequent IL-1, IL-6 and IL-12 production is not necessary for NK-cell dependent
virus control in vivo. In fact, the direct stimulation of TLR2 signaling in NK cells by
vaccinia virus is found to be essential for NK cell function and virus control (Martinez,
Huang, and Yang). Similarly, TLR2-MyD88 signaling in CD8 T cells rather than in DCs
mediates the survival of activated T cells and their development into memory T cells during
vaccinia virus infection (Quigley et al., 2009). These lymphocyte—specific functions of
TLR2-MyD88 signaling appear to be mediated through the phosphatidylinositol 3-kinase
(PI13K)-extracellular signal-regulated kinase (ERK) pathway (Martinez, Huang, and Yang).
These findings highlight the fact that TLR2 sensing intrinsic to NK cells and T cells is also a
critical event in certain viral infections.

The mechanisms through which TLR2 sensing of viruses contributes to antiviral immunity
has further been expanded by additional recent findings (Barbalat et al., 2009; Michaud et
al., 2010). Barbalat et al demonstrated that TLR2 activation by DNA viruses such as mCMV
and vaccinia virus but not by bacterial TLR2 agonists triggers type | interferons (Barbalat et
al., 2009). This was a somewhat surprising finding since TLR2 was thought to be incapable
of activating type | IFN gene transcription (Barbalat et al., 2009; Bauernfeind and Hornung,
2009). This phenomenon was found to be unique to a subset of hematopoietic cells; the
inflammatory monocytes that are CD11b*Ly6CNILy6G ™, a population distinct from
macrophages and dendritic cells. The depletion of this specific cell type in mice revealed
that TLR2-dependent type | interferon production is critical for the anti-viral resistance
during vaccinia virus infection. These findings raised a key question; how TLR2
differentially responds to virus versus bacterial ligands. It has been speculated that virus
recognition uniquely triggers TLR2 translocation from the plasma membrane to endosomes,
from where a TLR2-MyD88 complex can activate the TRAF3-IRF3/IRF7 axis leading to the
transcription of type I interferon genes, however further studies are required to clarify the
molecular basis for this finding.

Adenovirus-based vectors have been developed for gene therapy but the success of these
vectors in the clinical setting has been hampered by the rapid and potent inflammatory
responses elicited in the host. The liver resident and splenic marginal zone macrophages are
the key cell types that trap blood-borne adenovirus and elaborate proinflammatory mediators
(Appledorn et al., 2008; Di Paolo et al., 2009). Appledorn et al showed that TLR2 signaling
partially contributes to the production of certain chemokines (MCP-1 and RANTES) but not
cytokines in a time-dependent manner. Additionally, the humoral responses to adenovirus
and adenovirus-encoded transgenes were dependent on TLR2. The limited role of TLR2
indicated that innate recognition of adenovirus involves an additional pathway(s). Recently,
Shayakhmetov and colleagues identified cellular B3 integrins as an integral component of
innate immune detection of adenovirus (Di Paolo et al., 2009). They demonstrated that the
interaction of arginine-glycine-aspartic acid (RGD) motifs of viral homopentameric penton
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base protein with host B3 integrins during viral entry triggered the production of IL-1a
within a few minutes of infection in vivo. IL-1a is synthesized as a preprotein, and is
converted to an active cytokine by cytoplasmic proteases such as calpains (Fitzgerald,
2009). B3 integrin signaling appears to trigger the processing of inactive IL-1a rather than its
transcription or translation in a MyD88-, TRIF-, and TRAF6-independent fashion (Di Paolo
et al., 2009). Surprisingly, adenovirus induced inflammation in vivo is mainly driven by
IL-1a signaling; following adenovirus infection, IL-1R-deficient mice and wild type mice
treated with anti-IL-1 antibodies displayed reduced inflammatory responses as well as
hepatotoxicity (Di Paolo et al., 2009). Furthermore, the sensing of viral RGD motifs by host
B3 integrins has also been implicated as a crucial event in mediating chemokine production,
leukocyte infiltration as well as corneal inflammation in infections with human adenovirus
serotype 37, the causative agent of a highly contagious epidemic keratoconjunctivitis
(Chintakuntlawar et al., 2010). Collectively, these findings demonstrated the importance of
host integrins as key mediators of inflammation not only to adenoviral vectors but also to
pathogenic adenoviruses.

TLR4, the first identified member of the TLR family, is a surface receptor that
predominantly recognizes lipid A, the major structural component of bacterial
lipopolysaccharide. TLR4 binds lipid A in complex with the accessory protein MD2 which
leads to receptor dimerization. Activated receptors then signal via TLR adapter molecules
Mal/TIRAP, MyD88, TRAM and TRIF which trigger signaling pathways that culminate in
the transcriptional regulation of inflammatory cytokines and type I interferon genes (Kagan
et al., 2008). While the role of TLR4 in infections with bacteria has been extensively
studied, less was known about the role of TLR4 in anti-viral defenses. TLR4 has been
shown to sense the RNA virus, Respiratory Synchitial virus and a recent study also revealed
a role for TLR4 in the recognition of DNA viruses (Hutchens et al., 2008a). TLR4 is
required for the efficient control and maximal protection against vaccinia virus challenge.
Surprisingly, TLR4 deficiency did not impair the production of proinflammatory cytokines
in the lungs but rather resulted in exaggerated inflammation in the lungs after vaccinia virus
challenge (Hutchens et al., 2008a). Therefore the mechanism of TLR4 mediated protection
against vaccinia virus remains not known.

Innate sensing of DNA viruses in the endosomal compartment

Following their interaction with the cell membrane, viruses enter the host cell primarily via
(Mercer, Schelhaas, and Helenius, 2010). As the internalized virus traffics in the endosomal
compartment, it undergoes disassembly exposing the hitherto-concealed viral products,
particularly the genome to endosomally localized PRRs such as TLR3, 7, 8 and 9. Innate-
surveillance in the endosomal compartment relies on the sensing of viral nucleic acids and is
mediated through TLR3, TLR7, TLR8 and TLR9. While TLR3 recognizes double stranded
RNA, TLR7 and TLR8 have been shown to detect sSRNA mainly from viral infections and
in some rare cases in response to bacterial infections (Kawai and Akira, 2010). TLR9
recognizes hypo/unmethylated CpG-rich DNA that is frequently present in the genomes of
microbes. In contrast in mammalian cells this CpG motif is methylated. New evidence
indicates that TLR9 can also recognize natural DNA with a phospho-diester backbone in a
manner dependent on the 2-deoxyribose sugar rather than the CpG motif (Haas et al., 2008).
Thus nucleic acid sensing by all the endosomal TLRs appears to be mostly sequence-
independent. Upon binding their ligands, TLR7 and 9 recruit MyD88 to initiate the signaling
that lead to the activation of IRF7 and the expression of proinflammatory genes including
type I interferons. The MyD88-IRF7 signaling pathway is the major IFN-o/B-inducing
pathway in pDCs because the nucleic acid ligands are retained in the endosomes for a longer
duration in this cell type leading to the sustained activation of IRF7. In contrast, TLR3
signals via TRIF to activate the IRF3 transcription factor. All of the endosomal TLR
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pathways converge on either IRF3 or IRF7. These IRFs are strong inducers of type |
interferons (Kawai and Akira, 2010). Once activated, the phospho-IRF3 and -IRF7
translocate into the nucleus as homodimers or heterodimers and form a transcription
complex termed the enhanceosome together with NF-xB and ATF2-c-jun. The assembly of
the enhanceosome leads to a strong induction of type | IFN-B (Honda and Taniguchi, 2006).

In DNA viral infections, TLR9 is the primary sensing mechanism in the endosome. A
number of DNA viruses have been shown to trigger TLR9. The innate control of mCMV
infection is dependent at least in part on TLR signaling; TLR9™/~ mice had significantly
increased viral titers following systemic infection with mCMV (Krug et al., 2004a; Tabeta et
al., 2004). TLR9-dependent detection of mCMV results in the production of IL-12, MIP-1
and IFN-a/p and thereby activation and proliferation of NK-cells, the crucial cell type
responsible for the early control of mMCMV. Consistent with these attenuated immune
responses, TLR9 deficiency impaired the survival of mMCMV-infected mice (Tabeta et al.,
2004). As the innate recognition of mMCMV is virus replication-independent (Krug et al.,
2004a), TLR9 is suggested to sense the DNA of the incoming mCMYV virions following
endocytosis/uncoating in the endosome. Though the CMV genome is rich in unmethylated
CpG motifs, it is still not clear whether TLR is activated by the CpG motifs or the 2-
deoxyribose sugar backbone of the viral DNA. Though TLR9 deficiency significantly
hampered the immune response to mCMYV in the above-mentioned studies, those responses
particularly, type I IFN production and virus control were not completely abrogated as
observed in the absence of MyD88 (Hokeness-Antonelli et al., 2007). In other words,
MyD88~/~ mice are more susceptible than TLR9™/~ mice to mCMYV infection suggesting an
additional MyD88-dependent pathway sensing CMV infection. Indeed, the TLR7 pathway
which is also capable of inducing IFN-a/p in pDCs also contributes to the detection of
mCMV in vivo (Delale et al., 2005). Though TLR7 deficiency alone did not significantly
impair pDC production of IFN-a/B, IL-12, and TNF-a in vivo, the deficiency of both TLR7
and TLR9 abolished the host responses to mCMV (Delale et al., 2005). Moreover, the
TLR77/~TLR9~/~ double KO mice were more susceptible than the respective single KO
mice to mMCMYV infection (Delale et al., 2005). Together, these findings demonstrated that
TLR7 and TLR9 cooperate in the innate sensing of mMCMV. The mechanism underlying
TLR7 detection of mMCMV is not yet known. One possibility is that the autophagic
machinery may directly participate in the infected cells to deliver the viral RNA to
endosomes as indicated in certain RNA viral infections (Lee et al., 2007). Alternatively,
during phagocytosis of infected cells by pDCs the viral RNAs CMV may become accessible
to TLR7 in the endosomal compartment. Further studies are required to define the role of the
autophagy machinery during infection with DNA viruses however.

The role of TLR9 in the detection of the a herpes viruses is cell type-specific and limited to
certain responses. While TLR9 mediates the early but not late production of interferon-o/p
by pDCs in response to HSV-1 and HSV-2 infection in vivo, the production of other
proinflammatory cytokines including TNF-a, IL-6, and KC by pDCs occurs in a TLR9-
independent manner (Rasmussen et al., 2007). Similarly, HSV-driven innate responses
including interferon production by conventional DCs, macrophages, and MEFs does not
appear to require TLR9 signaling. A parallel trend has also been observed in humans. HSV-
driven IFN-o/p secretion by peripheral blood mononuclear cells (PBMCs) cells from
patients with IRAK-4 deficiency, which abolishes interferon production in response to
TLR7, TLR8, TLR9 but not TLR3 and TLR4 ligands, was normal (Yang et al., 2005). In
addition, TLR9 is dispensable for the control of HSV replication in vitro in several cell
types, particularly, pDCs (Rasmussen et al., 2007). The role of TLR9 in the control of virus
in vivo depends on both the route and dose of infection. The HSV-1 load at the local sites
after footpad injection was comparable between TLR9™~ and wild type mice (Krug et al.,
2004b). In the corneal infection model, while TLR9 did not contribute to virus control in the

Virology. Author manuscript; available in PMC 2012 March 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rathinam and Fitzgerald Page 7

cornea and trigeminal nerves after infection with a higher dose of HSV-1, following a lower
dose infection the optimal virus clearance in the cornea was dependent on TLR9 (Wuest et
al., 2006). While the contribution of TLR9 to virus clearance is minimal, TLR9 plays a
modest role in the pathogenesis of HSV-1-induced disease (Sarangi et al., 2007; Wuest et
al., 2006). After corneal scarification with HSV-1, TLR9 ™~ mice displayed a partial
reduction in the production of cytokines and chemokines such as CXCL-9 and CXCL-10
and the infiltration of cornea with neutrophils. Accordingly, the neovascularization of the
cornea and the development of keratitic lesions were modestly attenuated in the absence of
TLR9 signaling.

TLR9 sensing of HSV-2 plays a protective role in a murine model of genital herpes (Lund et
al., 2006). Following intravaginal infection with HSV-2, TLR9 ™/~ mice and pDC-depleted
mice displayed reduced IFN-o secretion, increased leukocyte infiltration, severe vaginal
inflammation, and increased local viral loads compared to wild type mice. Consistent with
this, the deficiency of TLR9 or depletion of pDCs significantly compromised the survival of
infected mice. The mechanism of TLR9 sensing of HSV is similar to that observed with B-
herpes viruses. TLR9 recognition required virus entry by endocytosis and endosomal
acidification indicating that the DNA, most likely the CpG motifs, of the invading virus is
the ligand for TLR9 (Lund et al., 2003; Rasmussen et al., 2007). Overall, TLR9 sensing
plays a relatively minimal role in eliciting anti-viral responses in HSV-1 infection when
compared to CMV infection. Perhaps, the stimulation of TLR9 by HSV DNA may be weak
in the physiological conditions possibly due to the limited accessibility of viral DNA to
TLR9. Alternatively, TLR9 mediated responses to HSV-1 are redundant with additional
pathways. For instance, the strong activation of TLR2 signaling by HSV-1 may compensate
for the lack of TLR9 signaling resulting in normal anti-viral responses in TLR9-deficient
cells/mice.

TLR9 also appears to contribute to the innate response to gammaherpesviruses where TLR9-
dependent sensing is important in viral pathogenesis and organ-specific immunity during
both lytic infection and latency (Guggemoos et al., 2008). TLR9 signaling is essential for the
optimal proinflammatory responses characterized by the production of 1L-12, IFN-a, and
IL-6 by FIt3L-derived DCs upon stimulation with murine gammaherpesvirus 68. In a
systemic infection model, mice lacking TLR9 were susceptible to gammaherpesvirus 68 and
displayed higher latent viral loads while no difference was observed with intranasal
challenge (Guggemoos et al., 2008)

The role of TLR9 in immunity to poxviruses has also been revealed and appears to be virus
species-specific. The maturation and interferon production by pDCs in response to
ectromelia virus (ECTV) was mediated by TLR9 (Samuelsson et al., 2008). TLR9 is also an
essential component of innate sensing of ECTV in vivo as the TLR9™/~ mice are highly
susceptible to ECTV infection (Samuelsson et al., 2008). In contrast, the proinflammatory
responses induced by live modified vaccinia virus Ankara (MVA) were TLR9-independent
(Samuelsson et al., 2008; Waibler et al., 2007). Though both ECTV and MVA belong to the
same genus Orthopoxvirus, the mechanism responsible for the differential requirement for
TLR9 signaling is not known. Likewise, TLR9 plays little or no role in infections with
vaccinia-related viruses (Zhao et al., 2009). In fact a recent study showed that vaccinia
virus-induced activation of pDCs is mediated by TLR8 and that this TLR8-dependent
immune responses is critical in innate control of VV infection in vivo (Martinez, Huang, and
Yang, 2010). TLR8 is phylogenetically related toTLR7 and while human TLR8 recognizes
sSRNA, the mouse version was originally believed to be nonfunctional (Kawai and Akira,
2010). However, the recent findings indicate that TLR8 plays a role in the regulation of
innate immunity (Demaria et al., 2010). The molecular mechanism by which vaccinia virus
activates TLR8 however remains unknown.
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TLR9 also contributes to the innate immune response to adenovirus in a cell-specific manner
(Cerullo et al., 2007; Zhu, Huang, and Yang, 2007). Dendritic cell recognition of helper
dependent-adenovirus does not involve TLR9 (Cerullo et al., 2007). However, macrophages,
the major cell type driving inflammation following adenoviral delivery, sense helper
dependent-adenovirus through TLR9 (Cerullo et al., 2007). A similar phenomenon has also
been observed for the recombinant E1- and E3-deleted adenovirus (Zhu, Huang, and Yang,
2007). The type I IFN production by pDCs in response to the recombinant adenovirus
depends on TLR9-MyD88 signaling, whereas that by conventional DCs and macrophages is
TLR9-independent. Importantly, TLR9 deficiency attenuated acute proinflammatory
responses including IFN-o production elicited by adenoviral vectors in vivo. Similarly, in a
mouse adenovirus keratitis model, though TLR9 contributed to IL-6 production and
sustained monocytic infiltration of the cornea, chemokine secretion and keratitis
development were TLR9-independent (Chintakuntlawar et al., 2010). Furthermore, empty
adenoviral particles devoid of genomic DNA are poor inducers of innate responses
indicating that the DNA is a major immunostimulatory molecule of adenovirus ((Cerullo et
al., 2007); (lacobelli-Martinez and Nemerow, 2007)). All of the inflammatory responses
elicited by adenovirus in vitro and in vivo are not solely attributed to TLR9 signaling
indicating the existence of an additional sensor(s) of adenoviral DNA in the cell (Appledorn
et al., 2008); (Cerullo et al., 2007; Zhu, Huang, and Yang, 2007).

TLR3 is also expressed in the endosomes where it detects dsSRNA. Unlike TLR2 and TLR9
which signal via MyD88, TLR3 activates a MyD88-independent pathway that requires TRIF
(Kawai and Akira, 2010). The formation of dsRNA structures has been observed during the
replication of many DNA viruses such as vaccinia virus, adenovirus, and herpes viruses. The
dsRNA may reach the endosome either via autophagy or by the phagocytosis of infected
cells by the bystander cells. Though dsRNA structures are commonly noticed in several
classes of DNA viruses, TLR3 sensing has been shown to play a role mainly in immunity to
herpes viruses. A dominant negative mutant allele of TLR3 characterized by P554S
aminoacid substitution has been found to be associated with herpes simplex virus 1 (HSV-1)
encephalitis in children. This P554S mutation in the extracellular leucine-rich repeat
domain, which is essential for dSRNA binding and receptor multimerization, renders TLR3
nonfunctional. The heterozygosity for this P544S TLR3 mutation in humans has been
suggested to impair antiviral responses and virus control in the central nervous system
(Zhang et al., 2007). The innate immune response to mCMYV is partly mediated by TLR3;
TLR3 is essential for maximal interferon and cytokine production following mCMV
infection in vivo as well as for virus clearance at later but not at early time points (Delale et
al., 2005; Tabeta et al., 2004). Epstein-Barr virus, a gammmaherpes virus, encodes small
noncoding RNAs that form dsRNA-like structures. These dsRNAs released by the EBV-
infected cells are present in the serum from patients with active EBV infections where they
activate TLR3 (lwakiri et al., 2009). Furthermore, TLR3 is essential for sensing Kaposi's
sarcoma-associated herpesvirus (KSHV) in human THP-1 monocytes (West and Damania,
2008). Collectively, the endosomal recognition of infections with several classes of herpes
viruses such as a, B, and y is mediated by TLR3. The recent findings indicate a deleterious
role for TLR3 in sensing pox viruses. TLR3 deficient mice displayed enhanced virus control
and were protected from vaccinia virus induced lethality (Hutchens et al., 2008b). However,
it appears that TLR3 is not activated by majority of other classes of DNA viruses or is
largely redundant with other innate pathways.

Cytosolic sensing of DNA viruses

Most of the viruses access the cytosolic compartment of host cells via multiple mechanisms
during their life cycle. In most cases, following endocytosis the internalized virus gains
access to the cytosol by fusion and uncoating of the virus in the cytosol or by lysing of the
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endosome as in the case of adenovirus (Greber, Singh, and Helenius, 1994). Certain viruses
including HSV directly fuse their envelope with the plasma membrane leading to the
delivery of the capsid into the cytoplasm (Marsh and Helenius, 2006). During the process of
replication, virions and/or their components accumulate in the cytosol. This is particularly
relevant in the case of pox viruses as they replicate in the cytosol exposing potentially a
whole array of viral ligands to the host cytosolic surveillance system. Therefore the
detection of viral products in the cytosol is integral to innate anti-viral defense. One of the
most commonly observed virus-associated molecular patterns in the cytosol is viral nucleic
acids, the detection of which forms the basis of the cytosolic sensing of DNA viruses.
Accumulating evidence over the last decade has demonstrated that unlike at the cell surface
and in the endosomes, where virus sensing is restricted to a few TLRs, an expanding
repertoire of PRRs contribute to innate viral sensing in the cytosol (Hornung and Latz,
2010b). The recognition of viral DNA by these mechanisms leads to two distinct types of
responses characterized by the production of type I interferons/inflammatory cytokines and
caspase 1-dependent secretion of IL-1p.

Interferon-inducing cytosolic sensors

Type | interferon production by the host is the frontline anti-viral defense strategy and it is
one of main outcomes of the cytosolic sensing of DNA. The identification of the upstream
receptors and signaling components that mediate the cytosolic interferon response has been
the subject of intense investigation over the past few years. Multiple receptors namely, DAI
(also known as ZBP1 or DLM-1), RNA polymerase 111, LRRFIP1, DDX36/DHX9 and IFI16
have all been implicated (discussed below). A common signaling pathway exists
downstream of these receptors to turn on interferon production at the transcriptional level;
the cytosolic DNA recognition pathways converge on STING (stimulator of interferon
genes), a transmembrane protein expressed on the endoplasmic reticulum membranes and
the outer mitochondrial membrane (Ishikawa, Ma, and Barber, 2009). STING relocalizes
with TANK-binding kinase 1 (TBK1), an IKK-related kinase that phosphorylates and
activates IRF3 and IRF7 (Hornung and Latz, 2010b; Ishikawa, Ma, and Barber, 2009). The
STING-TBK1 axis is central to the cytosolic DNA- and RNA- driven interferon responses
and host resistance against DNA viral infections (Ishikawa, Ma, and Barber, 2009).

DAI—DNA-dependent activator of IRFs (DAI) was the first molecule to be identified as a
DNA sensor in the cytosol (Takaoka et al., 2007). Initial knockdown approaches showed
that DAI mediates TBK1-IRF3 dependent type | interferon production in responses to
synthetic DNA and HSV-1 infection. Human CMV-driven interferon production by human
fibroblasts was also shown to dependent on DAI (DeFilippis et al., 2010). However, the
DAlI-deficient mice and various cell types derived from them including macrophages and
mouse embryonic fibroblasts displayed normal responses to synthetic DNA and DNA
viruses (Ishii et al., 2008; Wang et al., 2008). These later studies indicated that DAI plays a
redundant and/or cell-type specific role in the sensing of cytosolic DNA.

LRRFIP1—LRRFIP1 has been recently shown to recognize both cytosolic RNA and DNA
(AT-rich B-form dsDNA as well as GC-rich Z-form dsDNA) and subsequently recruit -
catenin through an unknown mechanism to enhance IFNB production. The association of -
catenin with LRRFIP1 leads to its phosphorylation at Ser552 and translocation into the
nucleus. The activation of B-catenin leads to the recruitment of p300-histone
acteyltransferase to the Ifnb1 promoter through IRF3, which ultimately enhances the
expression of IFN-g gene. Though LRRFIP1 is essential for maximal interferon production
in response to a cytosolic bacterium, Listeria monocytogenes or a RNA virus, vesicular
stomatitis virus, the role of LRRFIP1 in sensing infections with DNA viruses remains
unknown (Rathinam, Sharma, and Fitzgerald, 2010; Yang et al., 2010).
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IFI16—IFI116 (interferon-inducible protein 16) and its closest murine homolog p204 belong
to the interferon inducible PYHIN protein family (pyrin and HIN200 domain-containing
proteins; also known as p200 or HIN200 proteins). Bowie and colleagues recently
demonstrated that IFI16 is a sensor of cytosolic DNA. IFI16 recognizes DNA through DNA-
binding HIN domains and subsequently interacts with STING to activate a TBK1-IRF3 axis
resulting in type | interferon gene expression (Unterholzner et al., 2010). RNAi-mediated
knockdown of IFI16 indicated that IF116 is essential for innate responses driven by HSV-1
infection or a synthetic DNA motif that is common in the vaccinia virus genome. The
generation of mice deficient in p204 will allow further analysis of the relative role of IFI16
in sensing DNA and DNA viruses.

DHX36 and DHX9—Aspartate-glutamate-any amino acid-aspartate/histidine (DExD/H)-
box helicase 36 (DHX36) and DExD/H-box helicase 9 (DHX9) have recently been shown to
sense CpG-A and CpG-B DNA, respectively, in the cytosol of human pDCs (Kim et al.,
2010). In contrast to other cytosolic sensors described so far that signal through the STING-
TBK1 pathway, DHX36 and DHX9 activate IFN via MyD88. Upon binding CpG DNA,
DHX9 and DHX36 recruit MyD88 via interactions between the HA2 and DUF domains of
DHX and the TIR domain of MyD88 leading to the activation of IRF7 and NF-xB. RNAI-
mediated knockdown of DHX36 and DHX9 expression blunted the proinflammatory
responses of human pDCs to HSV infection indicating the involvement of these proteins in
the innate recognition of DNA viruses.

RNA polymerase lll—A novel RNA polymerase I11-dependent mechanism of cytosolic
DNA has also been revealed (Ablasser et al., 2009; Chiu, MacMillan, and Chen, 2009).
RNA polymerase 11 present in the cytoplasm recognizes AT-rich DNA and transcribes it
into immunostimulatory RNA transcripts characterized by the presence of uncapped 5’
triphosphate group. These RNA species then stimulate RIG-1 which signals via IPSI/MAVS
to turn on IFN and cytokine genes. RNA polymerase 111 has been shown to play a role in
sensing certain DNA viral infections. Adenovirus-induced IFN-pB expression in murine cells
is dependent on RNA polymerase 111 (Chiu, MacMillan, and Chen, 2009). Furthermore,
Epstein-Barr virus induces type | interferon expression via EBV-encoded small RNA 1 and
2, (EBER1 and EBER?2) and this response is mainly mediated by RNA polymerase 111
(Ablasser et al., 2009). However, the role of RNA polymerase Il in sensing the GC-rich
HSV-1 DNA is not clear as the published findings on the requirement of RNA polymerase
111 for HSV-1-induced type | interferon expression are not consistent, warranting further
studies (Chiu, MacMillan, and Chen, 2009; Melchjorsen et al., 2010; Unterholzner et al.,
2010).

MDAS5/MAVS—Recent studies also indicate an RNA polymerase Il11-independent
mechanism of sensing of immunostimulatory viral RNAs in the cytosol. In vaccinia virus
infected cells, MDA (melanoma differentiation-associated protein 5), the cytosolic sensor
for long stretches of dsSRNA has been shown to detect higher-order structures of RNA
comprising both single-stranded RNA and dsRNA and subsequently mediate type | IFN
responses (Pichlmair et al., 2009). Similarly, the MDA-MAVS pathway elicits interferon
responses to HSV-1 infection in human primary macrophage in a RNA polymerase I11-
independent manner adding to the complexity of the innate immune detection of HSV
(Melchjorsen et al.). Overall these studies together with those on RNA polymerase 111
indicate that at least two mechanisms operate in the cytosol of DNA virus infected cells to
generate immunostimulatory RNA and that each of these mechanisms stimulates distinct
cytosolic RNA sensors with a certain level of redundancy.

These studies therefore reveal the complexity of the mechanisms by which the innate
immune system senses the presence of DNA in the cytosol. It is likely that over the next few
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years, we will gain a comprehensive understanding of how these complex mechanisms
coordinate anti-viral defenses.

Inflammasome-dependent recognition of DNA viruses

The immune response to DNA in the cytosol is not limited to the activation of type |
interferon responses, but also stimulates the production of an important group of cytokines
belonging to IL-1 family of pro-inflammatory cytokines (Hornung and Latz, 2010b). IL-1p
and IL-18 play a central role in host defense against a variety of bacterial and fungal
pathogens (Martinon, Mayor, and Tschopp, 2009). Growing evidence supports the
importance of these cytokines in anti-viral defenses (Kanneganti, 2010; Rathinam and
Fitzgerald, 2010). IL-1p stimulates innate and adaptive mechanisms of antimicrobial
resistance through its action on neutrophils, macrophages, CD4 and CD8 T cells. Similarly,
IL-18 is critical for IFN-y production by NK cells and T cells (Rathinam and Fitzgerald,
2010). In contrast to the transcriptional regulation of other proinflammatory cytokines, IL-1p
and IL-18 are regulated post-translationally. IL-1p and I1L-18 are synthesized as inactive
proteins following the stimulation of pattern recognition pathways, particularly TLRs
(Dinarello, 2010). The conversion of proforms of IL-1f and IL-18 into their respective
bioactive forms is mediated by a large multiprotein complex in the cytosol referred to as
inflammasomes (Martinon, Burns, and Tschopp, 2002; Martinon, Mayor, and Tschopp,
2009). In response to a distinct set of stimuli of microbial as well as endogenous origins, an
upstream receptor that belongs to the NOD-like receptor family in most cases forms a
complex with procaspase 1, a cysteine protease via an adaptor protein ASC. The assembly
of this complex leads to the cleavage of inactive procaspase 1 to caspase 1, which then
catalyzes the proteolytic processing of prolL-1p and prolL-18 into IL-1p and IL-18 (Bryant
and Fitzgerald, 2009). Of all the inflammasome complexes identified so far, NLRP3 and
AIM2 inflammasomes play a role in sensing DNA viruses (Rathinam and Fitzgerald, 2010).

The NLRP3 inflammasome—A diverse range of stimuli of microbial and endogenous
origins such as bacterial pore-forming toxins, uric acid and ATP, triggers NLRP3 to
associate with ASC and procaspase 1 and form an active inflammasome complex (Bryant
and Fitzgerald, 2009). The heterogenous nature of the stimuli that activate NLRP3 indicate
that NLRP3 does not recognize these ligands directly but rather senses a common
downstream cellular event that is triggered in cells in response to these various stimuli,
which include the generation of reactive oxygen species, potassium efflux. Several
mechanisms have been proposed and have been reviewed extensively, elsewhere (Hornung
and Latz, 2010a; Latz, 2010; Martinon, 2010). The role of NLRP3 inflammasome in viral
infections is best characterized in influenza A infection. NLRP3 is required for the optimal
inflammasome-dependent responses and host resistance following infection with a high dose
of influenza A virus (Allen et al., 2009; Ichinohe et al., 2009; Thomas et al., 2009). NLRP3
has been shown to sense infections with DNA viruses such as adenovirus and modified
vaccinia virus Ankara strain. NLRP3 and ASC are essential for the adenovirus-driven
processing of IL-1f by mouse macrophages (Muruve et al., 2008). Moreover, the
inflammatory responses elicited by adenovirus in the liver and spleen of infected mice was
shown to be dependent on NLRP3. Similarly, NLRP3 mediates the production of active
IL-1p in response to modified vaccinia virus Ankara strain (Delaloye et al., 2009). The
precise molecular mechanism by which DNA viruses activate NLRP3 inflammasomes is not
yet clear. Furthermore, whether NLRP3 plays an important role in the host protective
immune responses to DNA viruses in vivo remains largely unknown.

AIM2 inflammasome—DNA in the cytosolic compartment is a potent trigger of mature

IL-1p and IL-18 production (Muruve et al., 2008) and is mediated not by NLRP3, but rather
by AIM2 (Absent in melanoma), an interferon inducible protein that belongs to the same
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family as IF116 (Burckstummer et al., 2009; Fernandes-Alnemri et al., 2009; Hornung et al.,
2009; Roberts et al., 2009). AIM2 recognizes cytosolic dsDNA of self and nonself origin
including viral DNA via its HIN domain in a sequence-independent manner. Contrary to
other cytosolic sensors of DNA, the recognition of DNA by AIM2 triggers the assembly of
an inflammasome complex. Upon DNA binding, AIM2 likely undergoes oligomerization
and associates with ASC via homotypic pyrin-pyrin domain interactions, which in turn
recruits procaspase 1. Published data has shown that the AIM2 inflammasome is an integral
component of innate sensing of DNA viruses (Rathinam et al., 2010). AIM2 is essential for
the activation of caspase 1 and proteolytic processing of IL-1p and I1L-18 in antigen
presenting cells in response to infection with mCMV and vaccinia virus. Furthermore,
AIM2-ASC dependent IL-18 secretion and NK-cell activation is critical in the early control
mCMV infection in vivo. Interestingly, AIM2 does not sense all herpes viruses; for
example, it has been shown that HSV-1-driven processing of IL-1f by macrophages does
not require AIM2. This is somewhat surprising, since HSV-1 DNA (not in association with
viral capsids) has been shown to accumulate in the cytosol of infected cells and it activates
other DNA sensors such as IFI16 in the cytosol (Unterholzner et al., 2010). It is of critical
importance to determine the molecular basis for differential recognition of herpes viruses by
AIM2.

Conclusions and future perspectives

Intense research over the last decade has undoubtedly advanced our understanding of the
early critical events in the generation of anti-viral immunity. The Innate immune system
employs germ-line encoded receptors to sense viruses and/or their components in various
cellular compartments. While the recognition of viruses at the cell surface and in the
endosomes is almost exclusively by TLRs, the cytosolic sensing relies on a diverse set of
receptors. While the recent findings provide deeper insights into innate sensing of viruses,
they raise many key questions. First of all, DNA viruses such as herpes viruses replicate in
the nucleus. Since every cellular compartment that viruses have access to have been heavily
guarded by innate receptors, it raises the possibility that the nucleus should also be under
innate immune surveillance. How nuclear surveillance would occur and enable the host to
discriminate between pathogenic and host DNA is an area worthy of investigation. This
could become particularly relevant for the Aim2-like receptor, IFI16, which is present in the
nucleus and to a much lesser degree in the cytosol. The chromatinization of incoming viral
DNA and mounting DNA damage responses to the viral DNA fragments by the cellular
machinery as in the case of HSV-1 infection are some of the known surveillance
mechanisms in the nucleus (Knipe and Cliffe, 2008; Lilley et al., 2010). It is important to
understand whether additional mechanism(s) exist in the nucleus that trigger innate and
inflammatory responses upon sensing viral products.

Compared to the cell surface and endosomal compartment, the cytosolic sensing of viruses
is complex and there appears to be considerable redundancy, with several sensors
contributing to the overall anti-viral responses. Though such phenomenon would minimize
the possibility of viral evasion of one particular pathway, the biological significance of this
redundancy is not yet clear. Additionally, the detection of DNA is the basis of cytosolic
sensing and it is important to determine whether these receptors recognize the naked viral
DNA or DNA-viral protein complexes. With the existence of several receptors it is also
possible that distinct aspects of DNA sequence and or structure is recognized by distinct
receptors. The inflammasome-dependent sensing of DNA viruses has been limited to
NLRP3 and AIM2 only whereas additional inflammasomes play a role in sensing other
classes of pathogenic microbes such as bacteria. Therefore it is of interest to determine
whether DNA viruses also activate any novel inflammasome pathways. Importantly, the
clinical significance of the innate sensing pathways in human cases of viral diseases should
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be thoroughly assessed by comprehensive whole genome studies. This will be a major step
towards translating the basic research findings to protect humans from infectious diseases.
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Figure 1.

Cell surface and endosomal recognition of DNA viruses. A majority of DNA viruses such as
CMV, HSV, vaccinia virus and adenovirus are recognized at the cell surface by TLR2.
Vaccinia virus is also detected by TLR4. The stimulation of TLR2 and TLR4 leads to the
activation of NF-x B and IRF-3 dependent immune responses. In contrast the recognition of
adenovirus by B3-integrins at the cell surface leads to post-translational processing of
prolL-1a to IL-1a. The recognition of DNA viruses in the endosomes is exclusively
mediated by TLRs such as TLR3, 7, 8, and 9 which sense nucleic acids. The activation the
endosomal TLRs results in a strong activation of IRF3/7-dependent type I interferon
responses as well as NF-kB-dependent cytokine expression.
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Detection of DNA viruses by interferon-inducing cytosolic sensors. Cytosolic sensing DNA
viruses is a complex phenomenon involving a plethora of receptors including IFI16, RNA
polymerase 111 and MDADS. These receptors sense viral nucleic acids and activate type |
interferon responses through a common signaling platform consisting of STING and TBK1.
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Inflammasome-dependent recognition of DNA viruses. NLRP3 and AIM2 sense DNA viral
infections and form caspase 1-containing inflammasome complexes through the adapter
protein ASC. The activation of caspase 1 results in the proteolytic processing of prolL-1
and prolL-18 to IL-1p and IL-18, respectively. The DNA viruses sensed by the
inflammasome pathways include adenovirus, modified Ankara vaccinia virus (MAV),

mCMV, and vaccinia virus (VV).
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