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Abstract: Virus infections are a major global public health concern, and only via
substantial knowledge of virus pathogenesis and antiviral immune responses can we
develop and improve medical treatments, and preventive and therapeutic vaccines. Innate
immunity and the shaping of efficient early immune responses are essential for control of
viral infections. In order to trigger an efficient antiviral defense, the host senses the
invading microbe via pattern recognition receptors (PRRs), recognizing distinct conserved
pathogen-associated molecular patterns (PAMPS). The innate sensing of the invading virus
results in intracellular signal transduction and subsequent production of interferons (IFNs)
and proinflammatory cytokines. Cytokines, including IFNs and chemokines, are vital
molecules of antiviral defense regulating cell activation, differentiation of cells, and, not
least, exerting direct antiviral effects. Cytokines shape and modulate the immune response
and IFNs are principle antiviral mediators initiating antiviral response through induction of
antiviral proteins. In the present review, | describe and discuss the current knowledge on
early virus—host interactions, focusing on early recognition of virus infection and the
resulting expression of type | and type IlIl IFNs, proinflammatory cytokines, and
intracellular antiviral mediators. In addition, the review elucidates how targeted stimulation
of innate sensors, such as toll-like receptors (TLRs) and intracellular RNA and DNA
sensors, may be used therapeutically. Moreover, | present and discuss data showing how
current antimicrobial therapies, including antibiotics and antiviral medication, may
interfere with, or improve, immune response.
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Abbreviations

AIDS Acquired immune deficiency syndrome

ADAR1 Adenosine deaminase acting on RNA 1

AdV Adenovirus

AIM2 Absent in melanoma 2

AP-1 Activator protein 1

APOBEC3 Apolipoprotein B mRNA-editing, enzyme-catalytic, polypeptide-like 3

ASC Apoptosis-associated speck-like protein containing a caspase recruitment domain

ATF2 Activating transcription factor 2

AZT Azidothymidine

BMDC Bone marrow-derived DC

CARD Caspase recruitment domain

CCL5 CC chemokine ligand 5 (previously known as regulated upon activation, normal T
cell expressed and secreted (RANTES))

CCR5 CC chemokine receptor 5

CmMVv Cytomegalovirus

CLR C-type lectin receptor

CXCL10 CXC chemokine ligand 10

CYPA Cyclophilin A

DAI DNA-dependent activator of IFN-regulatory factors

DAMP Danger-associated molecular pattern

DC Dendritic cell

DC-SIGN Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-integrin

DDX41 DEAD (Asp-Glu-Ala-Asp) box polypeptide 41

DHX9 DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 9

Ds Double-stranded

EBV Epstein Barr virus

E.Coli Escherichia coli

EMCV Encephalo myocarditis virus

ER Endoplasmic reticulum

ERK Extracellular signal-regulated kinase

Flu Influenza virus

GAS IFN-y-activated site

GM-CSF Granulocyte macrophage colony-stimulating factor

HBV Hepatitis B virus

HBsAg Hepatitis B surface antigen

HCV Hepatitis C virus

HDV Hepatitis delta virus

HGF Hepatocyte growth factor

HIV Human immunodeficiency virus

HMGBL1 High mobility group box-1

HPV Human papilloma virus

HSP Heat shock protein

HSV Herpes simplex virus

ICP Infected cell protein
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IFIT1 Interferon-induced protein with tetratricopeptide repeats 1
IFI16 IFN-gamma-inducible protein 16

IFN Interferon

IKK Inhibitor of nuclear factor kb kinase

INOS Inducible nitric oxide synthetase

IRAK IL-1R-associted kinase

IRF Interferon regulatory factor

ISRE Interferon-sensitive response element

JAK Janus kinase

JNK Jun N-terminal kinase

KSHV Kaposi’s sarcoma-associated herpesvirus

LPS Lipopolysaccharide

LRRFIP1 Leucine-rich repeat flightless-interacting protein 1
LTR Long terminal repeat

MAPK Mitogen-activated protein kinase

MAVS Mitochondrial antiviral signaling protein

MDAS5 Melanoma differentiation-associated gene 5

MDP Muramy! dipeptide

MEF Mouse embryonic fibroblasts

MHC Major histocompatibility complex

MPL Monophosphoryl lipid A

MyD88 Myeloid differentiation protein 88

NF-xB Nuclear factor-kB

NLR NOD-like receptor

NLRP3 NACHT, LRR and PYD domain-containing protein 3
CNS Central nervous system

NO Nitric oxide

NOD Nucleotide-binding oligomerization domain

OAS 2’-5’ oligoadenylate synthetase

ODN Oligodeoxynucleotides

PAMP Pathogen-associated molecular pattern

PBMC Peripheral blood mononuclear cells

pDC Plasmacytoid dendritic cells

PKR Protein kinase R

PRR Pathogen recognition receptor

PYHIN Pyrin and HIN domain-containing protein

RLR RIG-like receptor

RIG-I Retinoic acid inducible gene |

RSV Respiratory syncytial virus

RT Reverse transcriptase

SAMHD1 SAM domain and HD domain-containing protein 1
SNP Single-nucleotide polymorphism

STAT Signal transducer and activator of transcription
STING Stimulator of IFN genes

TBK1 TANK-binding kinase 1

TDF Tenofovir disproxyl fumerate

TLR Toll-like receptor

TNF-a Tumor necrosis factor a

TRAF TNF receptor-associated factor

TRIF Toll/IL-1 receptor domain-containing adaptor inducing IFN-?

TRIMS5a Tripartite motif 5o
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VAI Adenoviral virus-associated type |
VSV Vesicular stomatitis virus

\VAY Vaccinia virus

VZV Varicella zoster virus

WNV West Nile virus

1. Introduction

Present and emerging viral infections pose an increasing burden to public health, and significant
resources are used to limit the spread of virus infections. Major human viral pathogens include
influenza A virus, causing annual epidemics and occasional pandemics; human immune deficiency
virus 1 (HIV-1), the causative agent of acquired immune deficiency syndrome (AIDS); and herpes
simplex virus (HSV), a significant cofactor of HIV infection and causative agent of genital and
orofacial infections and viral encephalitis. Moreover, several viruses are the cause of life-long
persistent infections and no protective vaccines have been developed. Overall, the lack of efficient
vaccines for many viral infections, the suboptimal treatment for many viral infections, and the impact
of viruses on human health and economy emphasize the need for an improved understanding of
viruses’ natural history, including how the innate and adaptive immune responses may restrict virus
infections, as well as modulate viral pathogenesis.

The innate immune system is the very first line of defense, and early recognition of invading pathogens
is essential to initiate an antiviral response. However, the inflammatory response induced by virus
recognition may also be detrimental to the host mediating immune-pathogenesis. Until a few years ago, the
virus—host interactions responsible for initiation of antiviral responses were poorly characterized, but
in recent years, knowledge on innate virus—host interactions have increased dramatically.

Cytokines are backbone molecules of the immune system, regulating growth, cell activation,
differentiation of cells, attraction of cells to sites of infection, and exert direct antimicrobial effects.
Especially interferons (IFNs) and proinflammatory cytokines, such as tumor necrosis factor oo (TNF-c)
and interleukin IL-12 (IL-12), play a major role in controlling viral infections. In addition,
IFN-inducible proteins are very important in restricting virus infections [1,2].

This review summarizes the current knowledge on virus—host interactions. Furthermore, the review
addresses innate stimulation as a mean of improving vaccine responses or as a direct antiviral
mediator. Finally, the review discusses how current antimicrobial therapies may regulate innate
responses and possibly interfere with or improve pathogen clearance.

2. Virus Activation of Pattern Recognition Receptors

Invading viruses are recognized by several innate receptors located both at the cell surface and
within the cells. The innate receptors generating the response are termed pattern recognition receptors
(PRRs). In general, PRRs recognize conserved pathogen motifs termed pathogen-associated molecular
patterns (PAMPS). Virus PAMPs include virus surface structures, virus genomic material, replication
products, and capsids (Figure 1 and Table 1). Sensors of viral infections include toll-like receptors
(TLRs), NOD-like receptors (NLRs), retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs), and
a number of cytoplasmic DNA receptors (Figure 1). Each virus may be sensed by several receptors and
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each sensor may sense several viruses (Figure 2). The following section will summarize and discuss
the current knowledge on innate sensing of virus infections.

Figure 1. Viral PAMPs and cell PRRs. The viral particle constitutes of a viral genome of
either RNA or DNA sensed by both membrane-associated receptors and receptors in the
cytoplasm. DNA sensors include TLR9, AIM2, IFI16, DDX4, DHX9, DHX36, Ku70, and
RNA pol Ill. RNA sensors include TLR3, TLR7/8, MDAS5, RIG-I, NLRP3, NOD2,
LRRFIP1, PKR, and IFIT1. The genome is surrounded by a capsid, which in the case of
HIV is sensed by cyclophilin A (CYPA) and TRIMS. The outer surface of a major number
of viruses consists of a lipid membrane with embedded glycoproteins. Virus surface
structures are sensed by the cells via TLR2 and TLR4.

Surface
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TLRs: TLR2 TLR9 TLR3
TLR4 TLR7/8
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RIG-I
LPG2
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NOD2
ALRs: - AlM2 - -
IFI16
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LRRFIP1
DDX41
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Table 1. Viruses and viral PAMPS.

Viruses Genome Family PAMPs Primary host (s)
HSV dsDNA Herpesviridae Glycoproteins, Human
dsRNA, Viral DNA
VZV dsDNA Herpesviridae Glycoproteins, Human
dsRNA, Viral DNA
dsDNA Herpesviridae Glycoproteins, Human
HEMV dsRNA, Viral DNA
EBV dsDNA Herpesviridae Glycoproteins, Human
Viral DNA, RNAs
S dsDNA Poxviridae Glycoproteins, Unknown
Vaccinia virus (VV) Viral DNA, RNAS
Reovirus dsRNA Reoviridae dsRNA genome Human
Influenza A (-)ssRNA Orthomyxoviridae  Viral 5’ppp ssRNA  Human, Pig, Fowl
. (-)ssRNA Paramyxoviridae dsRNA, surface Human
Measles virus .
hemaglutinin
RSV (-)ssRNA Paramyxovirus dsRN_A, SSRNA, Human
proteins
- (-)ssRNA Paramyxoviridae dsRNA, ssRNA Mouse
Sendai virus .
virus genome
VSV (-)ssRNA Rhabdoviridae RNA Many
West Nile Virus (+)ssRNA Flaviviridea Genomic RNA Human
HCV (+)ssRNA Flaviviridae RNA, NS protein Human
Rhinovirus (+)ssRNA Picornaviridea RNA Human
Coxsackie virus (+)ssRNA Picornaviridae Virion, dsRNA Human
EMCV (+)ssRNA Picornaviridae dsRNA Pig, rodent
sSRNA (RT) Retroviridae Genomic RNA, Human
HIV cDNA, capsid,

glycoproteins

2.1. Cell Surface Recognition of Virus

The major group of receptors recognizing a virus at the cell surface are the TLRs. Ten TLRs have
been identified in humans with TLR1, TLR2, TLR4, and TLR6 primarily recognizing lipids and
TLR3, TLR7, TLR8, and TLR9 recognizing nucleic acids [2]. TLRs are known to recognize multiple
organisms, including a variety of viruses (Table 2). Best characterized are the receptors TLR2 and
TLR4; TLR4 in complex with MD-2 primarily sensing extracellular gram-negative bacteria
lipopolysaccharide (LPS) and TLR2 sensing bacterial lipopeptides and a number of fungal PAMPs.
Interestingly, TLRs are capable of recognizing quite divergent motifs. As an example, TLR4 recognize
LPS from gram negative bacteria, cell-derived danger-associated molecular patterns (DAMPs), as well
as virus surface proteins [2]. The molecular basis of the broad range of PAMP structures recognized is
not fully understood, but may partly rely on cellular distribution and involvement of PAMP-binding
molecules, including MD-2 [3].



Viruses 2013, 5

Figure 2. Viral sensors localized at membranes and in cytoplasm and nucleus. TLR2 and
TLR4 located at the surface of the cell senses surface structures from a number of viruses,
including HSV, CMV, VV, MV, RSV, and HCV. After internalization viral DNA
genomes, typically from herpes viruses and VV, may be recognized by the DNA sensors
IF116, DAI, Ku70, AIM2, DDX41, RNA pol IllI, DHX9 or DHX36 localized in the
cytoplasm or for IFI16 possibly also in the nucleus. Genomic DNA may also be recognized
by TLR9 localized in endosomes. Viral genomic RNA or RNA structures’ accumulation
during infection is recognized by the RLRs RIG-I or MDAS5, the NLRs NOD2 or NLRP3
or the protein LRRFIP1. In addition, dsSRNAs and ssRNAs localized in the endosomal
compartments are recognized via TLR3 and TLR7/8, respectively. Signaling from TLRs
proceed via the adaptor protein MyD88 (TLR2, TLR4, TLR7/8, and TLR9) and TRIF
(TLR3 and TLR4). Signaling from DNA receptors is mediated via STING for at least the
DNA receptors DAI, IFI16, and DDX41. Signaling from RIG-1 and MDAS proceeds via
the signaling protein MAVS.
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Table 2. Recognition of viruses by membrane-associated TLRs.

Receptor Virus PAMP Virus References

Cell surface TLRs

TLR2 Glycoproteins gH/gL HSV [4,5]
Envelope glycoproteins CMV [6,7]
Virion component, dUTase EBV [8,9]
Not determined VzZV [10]
Hemagglutinin Measles virus [11]
Core and nonstructural protein HCV [12]
Not determined \AY [13,14]

TLR4 Fusion protein RSV [15]
Not determined Coxsackievirus B [16]
Glycoprotein VSV [17]

Endosomally located TLRs

TLR3 Virus-derived dsRNA HSV [18]
EBER RNA EBV [19]
Genomic dsRNA Reovirus [20]
RNA Influenza virus [21-23]
dsRNA RSV [24,25]
dsRNA HIV-1 vector [26]
dsRNA Rhinovirus [27,28]
RNA WNV [29,30]

TLR7/8  Genomic ssSRNA HIV [31-33]
Genomic ssSRNA Influenza A [34]
Genomic ssSRNA Sendai [35]
Genomic ssSRNA Coxsackievirus B [36]
Genomic ssSRNA VSV [34]

TLR9 Viral DNA HSV [37-41]
Viral DNA CMV [42]
Viral DNA \V/AY, [43]
Viral DNA EBV [44,45]
Viral DNA KSHV [46]
Viral DNA \AY [47]
Viral DNA Adenovirus [48,49]

2.1.1. TLR2 and TLR4

477

The first report on virus recognition by TLRs was published in 2000, showing TLR4-mediated
recognition of respiratory syncytial virus (RSV) in mice [15]. Later studies in humans have linked
TLR4 polymorphisms to impaired resistance to RSV in high-risk infants [50]. In addition to RSV, the
picornavirus Coxsackievirus B4 induces early cytokine production in pancreas cells TLR4
dependently [16], and vesicular stomatitis virus (VSV) glycoprotein G is recognized by TLR4 [17].
The in vitro data has been elaborated to in vivo findings showing that TLR4 deficient mice are more
susceptible to high dose pulmonary vaccinia virus (VV) infections [51]. However, TLR4 may also
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mediate immune-pathogenesis during pulmonary virus infection, based on the findings that
TLR4-mediated inflammation is detrimental during avian H5N1 influenza virus infection in mice [52].

TLR2 mediates recognition of measles virus hemagglutinin [11] and V'V is recognized by TLR2 via
an unknown PAMP [13]. TLR2 also senses cytomegalovirus (CMV) via virus envelope glycoproteins
B and H activating nuclear factor kB (NF-xB) and cytokine production [6,7]. In addition to cytokine
production, a group of inflammatory monocytes are capable of producing type | IFN after
TLR2-mediated recognition of several DNA viruses, including VV [53]. It is noteworthy that a TLR2
single nucleotide polymorphism (SNP) has been associated with increased risk of CMV disease in
liver transplant recipients, thus emphasizing TLR2s as an important mediator of antiviral defense
against certain viruses [54]. Studies link TLR2 to recognition of herpes simplex virus (HSV) [4,55]
and recent studies have identified HSV-1 glycoproteins gH/gL to mediate signaling via TLR2 [5].
Although TLR2 senses HSV infection in some cells, mouse studies suggest that TLR2 alone does not
play an essential role in anti-HSV responses in mice [56]. Rather TLR2 may contribute to viral
pathogenesis during HSV infection, evidenced by the finding that TLR2-deficient mice are resistant to
viral encephalitis despite displaying similar viral loads compared with the wild type mice [4,56].
However, polymorphisms in TLR2 have been associated with increased viral shedding and lesion rate,
suggesting a role for TLR2 during HSV-2 infection in humans [57]. TLR2 may also promote control of
brain infections, since the presence of both functional TLR2 and TLR9 seems to be important for
control of CNS infections in mice [58]. It should be noted that results gained in mice or mouse cells
are not easily extrapolated to humans and human cells, as is exemplified by the finding that HSV-1 is
recognized by TLR2 and TLR9 in murine DCs [40], whereas HSV-1 is recognized by human DCs
independent of TLR2 [59].

In the context of virus infections, TLR4 and TLR2 may also recognizes damage-associated
molecular patterns (DAMPS) released during infection. Both TLR2 and TLR4 have been associated
with recognition of DAMPs released from necrotic infections, including heat shock proteins (HSPS),
high mobility group box-1 (HMGB1) protein, and oxidized phospholipids [60], all of which may be
released during virus infections [52,61,62]. Indicating a role of DAMPs in virus sensing,
TLRA4-deficient mice were found to be resistant to avian influenza-induced death during H5N1 avian
influenza infection mediated by TLR4 recognition of cell-released oxidized phospholipids [52]. Future
research will have to delineate whether some of the reported virus-induced immune responses
mediated via TLR2 and TLR4 are due to recognition of DAMPs rather than direct recognition of the
viruses, and thus further characterize the role of TLR2 and TLR4 during virus infection in humans.

2.1.2. C-Type Lectins

C-type lectins (CLRs) consist of a large family of soluble and transmembrane proteins recognizing
a large range of carbohydrate structures on pathogens. The CLR family includes dendritic cell-specific
intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) and mannose receptors both
associated with innate recognition of viruses. DC-SIGN mediates rapid endocytosis of HIV-1 by DCs
resulting in either destruction of the virus in the endosomes, survival and replication in the DCs, or
intracellular transfer to T cells [63-66]. Mannose receptors mediate a similar HIV-1 transfer
mechanism in macrophages [67]. In addition, DC-SIGN signaling events, in concert with TLR8
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activation, promote HIV replication in DC [68]. Dengue virus, Ebola virus, and CMV are other viruses
utilizing DC-SIGN as cellular receptor for infection of DCs [69-71]. Albeit, presently, no
CTR-induced activation of NF-kB or IFN regulatory factor 3 (IRF3) and subsequent IFN production
has been shown during virus infection; CLR may induce signaling via a number of kinases, including
spleen tyrosin kinase (SYK) and Src kinase during bacterial and virus infections; thus, CLRs possibly
shape innate responses during infection [72]. Collectively, CLRs together with TLR8 are important for
productive HIV-1 infection of DCs, but CLRs may also participate in regulating immunity.

2.2. Endosomal Recognition of Viral RNA and DNA

TLR3, TLR7/8, and TLR9 are located in the endosomes and sense nucleic acids, such as viral
genomes and accumulating viral RNAs [2]. Table 1 summarizes TLR-mediated recognition of viruses.

2.2.1. TLR3

TLR3 is expressed in many cells and senses short double-stranded (ds)RNA and triggers activation
of NF-xB, mitogen-activated protein kinases (MAPKS), and IRF3 and subsequent IFN and cytokine
responses [2,20]. TLR3 plays a direct role in recognition of virus infection, evidenced by the finding
that genomic dsRNA from reovirus activates cytokine production [20]. In cell cultures, a number of
productive virus infections, including HSV, Adenovirus, EMCV, and VSV infection result in
accumulation of dsRNAs [76,77]. Correspondingly many virus infections are sensed by TLR3,
including RSV (parainfluenza virus), rhinovirus (picornavirus), reovirus (reovirus), Epstein Barr Virus
(EBV), and HSV-2 (both herpes viruses) [19,20,24,25,27,28,78]. Furthermore, antiviral and
inflammatory response to influenza A virus and HIV-1 lentivirus vectors have been shown to be
mediated via TLR3 [21,23,26]. Several studies have addressed TLR3’s role in virus infection using
TLR3 deficient mice. Studies from mice have revealed that TLR3 is involved in the pulmonary
antiviral response against RSV, but is not essential [25]. TLR3 deficiency, however, is linked with
increased permissiveness to HSV-2 central nervous system (CNS) infection in mice [78]. In humans,
HSV infection is also recognized by TLR3, evidenced by the finding that a deletion in TLR3 increases
the risk of encephalitis in children and inhibits HSV-mediated stimulation of IFN-, IFN-y, and IL-6 in
fibroblasts [18]. TLR3 may therefore be primarily important for combating virus infections in the
CNS. However, the route of infection and type of virus may very well determine TLR3’s role during
infection. An example is West Nile virus (WNV), where one study in mice showed TLR3-dependent
neuronal protection and increased risk of encephalitis in TLR3-deficient mice [30], but another study
showed increased survival in mice deficient in TLR3 when using another route of infection and
another type of virus preparation [79]. TLR3-mediated immune-pathogenesis has also been observed
for other viruses, such as influenza A virus and VV, evidenced by the findings that mice deficient in
TLR3 produce less inflammatory cytokines and are more resistant to infections with influenza A virus
or VV [22,79]. Finally, TLR3 may participate in generation of efficient adaptive response, since TLR3
stimulation helps virus-infected DC to cross-present antigens and generate efficient CD8+ T cells
responses [80]. In conclusion, TLR3 is involved in innate recognition of very different classes of
viruses and very important for restricting CNS infections caused by HSV in humans, whereas the role



Viruses 2013, 5 480

during WNV is less clear. Whether TLR3 deficiency also primes for encephalitis caused by other
viruses, such as VZV or RSV, remains to be determined.

2.2.2. TLR7 and TLR8

TLR7 and TLR8 are highly expressed in plasmacytoid DCs (pDCs) and act as direct sensors of
virus genomic material resulting in high levels of IFN-a expression [2]. TLR7 and TLR8 sense
single-stranded uridine-rich (ss)RNA genomic material from a range of viruses. Influenza virus
(orthomyxovirus), HIV-1 (retrovirus), VSV (rhabdovirus), sendai virus (paramyxovirus), and
coxsackievirus B (picornavirus) are all sensed by TLR7 and TLR8 mediating IFN and cytokine
responses [32—36]. Activation of human pDC and secretion of IFN-a has also been attributed TLR7
during dengue 2 virus infection [81]. In addition, TLR8-mediated recognition of AT-rich VV DNA
genome has been proposed [82]. The authors found that pDC recognition of VV DNA was mediated
by TLR8 and not TLR9 in murine pDCs [82]. The results are somewhat controversial and have been
questioned by others in the field [83]. TLR7 may also sense infected cells exemplified by the finding
that pDCs recognize HIV-1-infected T cells via a TLR7-dependent mechanism [84]. pDCs may also
recognize HIV-1 directly, since genomic RNA from endocytosed HIV-1 activates pDCs via TLR7 [31].
Finally, TLR7 and TLR8 may also link to adaptive responses, evidenced by the findings that influenza
A virus-infected DCs cross-prime antigens via an TLR7-dependent mechanism.

2.2.3. TLR9

TLR9 is primarily expressed by pDCs in humans and a number of cells in mice [85]. pDCs are
“professional IFN producers” with constitutive high levels of IRF7 and thus capable of rapidly
producing high levels of IFN-a.. TLR9 mediates sensing of unmethylated CpG motifs characteristic in
virus and bacterial DNA genomes, including HSV-1 and HSV-2 genomic material, resulting in
expression of IFN-o, IFN-A, and a number of cytokines and chemokines [37,86-88]. The herpes
viruses varicella zoster virus (VZV), CMV, and EBV have also been shown to mediate IFN-a
production via TLR9 suggesting that all herpes viruses are sensed by TLR9 [42-45]. VV infection and
adenovirus genomic DNA is also sensed by TLR9 [47-49]. Moreover, HIV-1 recognition via TLR9
has been proposed [31]. Several studies have addressed TLR9’s role in antiviral responses. TLR9 is
essential for antiviral responses during VV infection in mice [47]. In humans, a study has shown that
polymorphisms in TLR9 have been linked with rapid progression of HIV, suggesting that proviral
DNA or cellular debris is important for immune function during HIV-1 infection. However, the finding
has to be confirmed in other settings. In the case of HSV infections, present results indicate a
nonessential role for TLR9 during most infections, albeit TLR9 may together with TLR2 play a role
for control of HSV brain infection in mice [58].

Since TLR3, TLR7/8, and TLR9 are located in endosomes, the intriguing question remains: How do
the virus RNAs and DNAs get in contact with the endosomal compartments, knowing that the viruses
replicate in the nucleus or cytoplasm? At least three mechanisms may account for delivery of viral
nucleic acids to the endosomes. First, RNAs or DNA present in the cytoplasm may be engulfed by an
autophagosome, which subsequently fuse with the endosome [89]. In that way, pDC may utilize the
cellular process termed autophagy, in which damaged organelles, proteins etc. are degraded in
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membrane-surrounded autophagosomes. The second option is direct endocytosis of virus particles or,
alternatively, virus-infected cells, subsequently making the viral nucleic acids available for sensing by
TLR3, TLR7/8, and TLR9. Finally, virus-infected cells may be sensed via cell-cell interaction.
An example is a recent paper showing that pDCs recognize HIV-1-infected CD4+ T cells
TLR7-dependently [84].

2.3. Cytoplasmic and Nuclear Recognition of Virus Infection

The very recent years have brought us exiting knowledge on a variety of cytoplasmic and nuclear
sensors of virus infections mediating IFN and cytokine response essential for successful antiviral
responses (Figure 3). The receptors include: RNA sensors; Leucine-rich repeat flightless-interacting
protein 1 (LRRFIP-1); RIG-like receptors (RLRs); and, NLRs. DNA receptors include
DNA-dependent activator of IFN-regulatory factors (DAI), IFN-gamma-inducible protein 16 (IF116),
and DHX9/DHX36 (Table 3). The following section will focus on RNA and DNA receptors sensing
virus infection in the cytoplasm.

2.3.1. RIG-I-Like Receptors

The RLR family consist of the three DEXD/H-box containing RNA helicases melanoma
differentiation associated gene 5 (MDADS) (alternatively termed IFN-induced with helicase C domain 1,
IFIH1), retinoic acid inducible gene | (RIG-I) (alternatively termed DDX57), and laboratory of
genetics and physiology 2 (LGP2). The exact role of LGP2 in antiviral immune responses is debated,
whereas both RIG-1 and MDAS have been linked to early recognition of virus infections mediating
antiviral IFN and cytokine responses [35, 77, 91, 92, 95, 101, 105, 134]. All three members of the RLR
family bind RNA via a RNA-binding domain. RIG-1 and MDAS5 also encode N-terminal caspase
recruitment domains (CARDSs), which triggers signaling after binding of RNA to the receptors.
Signaling is mediated via CARD-CARD interactions with the CARD-containing adaptor molecule
mitochondrial antiviral signaling protein (MAVS) (also known as virus-induced signaling adaptor
(VISA)), IFN-B promoter stimulator 1 (IPS-1), and CARD adaptor inducing IFN-B (cardif) [135-138].
Since LGP2 lacks a CARD domain, it does not mediate signaling, but LGP2 has been ascribed a
function as both enhancer and inhibitor of RLR functions [139-142].

MDADS (IFIH1) is a cytoplasmic receptor for long and higher structure dsRNAs [77,105]. MDA5
recognizes a diverse range of viruses, including VV (poxvirus), reovirus (reovirus), VSV
(rhabdovirus), and the picornaviruses rhinovirus, and EMCV [27,28,92,97,98,105,143]. We and
collaborators have shown that MDAS recognizes HSV-1 in human primary macrophages [104]. In
addition, Sendai virus-defective interfering particles, a byproduct of viral replication, induce IFN and
DC activation via a MDAb5-dependent mechanism [107]. Moreover, Sendai virus-induced IFN
response is partially dependent on MDAS5 in hepatocytes [134]. The innate response via MDAS may be
essential for virus-induced IFN responses and for clearance of the virus, as seen during EMCV
infection [92]. MDAS5-induced responses may, however, also be the cause of hyper responses and
inflammation detrimental to the host, as seen during rhinovirus infections [27].
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Figure 3. PRR activated signaling and antiviral responses during virus infection. An
overview of signaling pathways triggering IFN and cytokine production and mediates an
endogenous antiviral states after sensing of invading virus. TLR2, TLR4, TLR7/8, and
TLR9 all signals via the adaptor molecule Myd88 and via TRAF6 and/or TRAF3 and
IRAKs. TLR2 primarily mediates activation of NF-kB, whereas TLR3 and TLR4 also
mediate activation of IRF3 via the adaptor molecule TRIF. TLR3 and TLR4 stimulation
induce IFNP production. TLR7/8 and TLR9 primarily activate IRF7 leading to immediate
IFN-a expression, but also NF-xB activation leading to stimulation of proinflammatory
cytokines. RNA sensors and DNA sensors lead to activation if both IRF3 and NF-kB thus
regulating both IFN and cytokine production. DNA sensors IFI16, DAI, and DDX41
signals via STING located at the ER whereas the RNA sensors RIG-I and MDAG5 signal
via MAVS. Finally, the DNA sensors AIM2 and IIF16 and the RNA sensor NLRP3
participate in inflammasome formation and cleavage of pro-IL-1p to IL-13. Secreted IFN
binds to its receptor and activates JAK/STAT signaling pathways leading to enhanced IFN
expression and induction of antiviral mediators, including OASs, PKR, IFIT1, APOBECS3,
and viperin, as well as production of IRF7 inducing IFN-a responses and thus increase
overall IFN secretion. The MAPK signaling pathway activated by several PRRs, including
TLRs and RLRs, has been omitted in the figure. ER = endoplasmic reticulum.
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Table 3. Recognition of viruses by cytoplasmic and nuclear receptors.

Receptor Virus PAMP Virus References
Cytoplasmic RNA recognition
RIG-I 5ppp viral RNA Influenza A [23,90-92]
sSRNA and dsRNA HIV [93,94]
Virus-encoded RNA  EBV [95]
dsRNA Reovirus [96,97]
dsRNA \AY [98]
dsRNA Measles virus [99]
RNA RSV [91,100]
dsRNA Sendai virus [35,92,101]
dsRNA Human parainfluenza virus [102]
dsRNA VSV [92,101,103]
MDAS5 dsRNA HSV [104]
dsRNA vV [98,105]
RNA Reovirus [97]
dsRNA Measles Virus [99]
dsRNA Coxsackie B [106]
RNA Sendai virus defective [107]
interfering particles
dsRNA Rhinovirus [27,28]
dsRNA EMCV [92]
DDX60 dsRNA VSV [108]
DHX9 dsRNA Influenza A [109]
dsRNA Reovirus [109]
DDX1/DDX21/DHX36 dsRNA Influenza A [110]
DDX1/DDX21/DHX36 dsRNA Reovirus [110]
NOD2 SSRNA RSV [111]
SSRNA VSV [111]
NALP3 M2 protein, RNA Influenza [112-115]
Unknown Sendai virus [112]
dsRNA EMCV [116]
dsRNA VSV [116]
Genomic DNA Adenovirus [117]
unknown VZV [118]
PKR dsRNA HSV [41,119]
dsRNA VvV [98]
LRRFIP1 RNA VSV [120]
Cytoplasmic DNA recognition
RNA pol 111 Genomic DNA HSV [121]
Genomic DNA EBV [122]
IF116 Genomic DNA HSV [123]
DAI Genomic DNA HSV [124]
Genomic DNA CMV [125]
DHX9 Genomic DNA HSV [126]
DHX36 Genomic DNA HSV [126]
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Table 3. Cont.
Receptor Virus PAMP Virus References
DDX41 Genomic DNA AdV [127]
Genomic DNA HSV [127]
Ku70 Genomic DNA HSV [128]
AIM2 Virus DNA MCMV [129]
Virus DNA \A% [129]
Nuclear-located receptor for nucleic acids
IFI16 Virus genomic DNA  KSHV [130]
Miscellaneous
Cyclophilin A Capsid HIV [131]
TRIM5 Capsid lattice HIV [132]
NLRP3 Membrane AdV [75]
penetration
IFIT1 5’triphosphated viral  Influenza A [133]
RNA

RIG-I is sensor for shorter dSRNA and 5’ppp ssRNAs and mediates type | IFN responses in
response to a number of viruses, including HIV-1, influenza A virus, EBV, RSV, reovirus, VV, Sendai
virus, and human parainfluenza virus [35,90,91,91-95,97,98,101,102,134,143]. In addition to
mediating IFN and proinflammatory cytokine production, RIG-I has also been shown to mediate
activation of the inflammasome and thus IL-1( secretion in respond to the rhabdovirus VSV [103].

2.3.2. Other DExD/H-Box Helicases

In addition to the RLRs, the DExD/H-box helicases DDX1, DDX21, DHX9, and DHX36 have been
linked to recognition of cytoplasmic RNA and sensing of virus infections in myeloide DCs. DHX9 has
been linked to sensing of dsSRNA and mediate signaling via MAVS [109]. DDX1, DDX21, and
DHX36 form a complex that recognizes dsRNA in the cytoplasm and senses infection with
influenza A and reovirus [110]. The DDX1-DDX21-DHX36 complex was found to utilize the
Toll/interleukin-1 receptor domain-containing adaptor inducing IFN-B (TRIF) pathway to activate
expression of type | IFNs [110]. As described later, DHX9 and DHX36 also sense DNA in the
cytoplasm of pDCs [126].

2.3.3. NOD-Like Receptors

NLRP3 (Cryopyrin) recognizes several RNA viruses. Sendai virus, influenza virus and rotavirus
dsRNAs are sensed by NLRP3 and NLRP3 mediates activation of the inflammasome in mice or mouse
cells [112]. Moreover, VZV activates the NLRP3 inflammasome in human fibroblasts, THP-1 cells,
and melanoma cells [118]. Moreover, and hepatitis C virus (HCV) activates the inflammasome and IL-13
secretion via NLRP3 in human hepatoma cells [144]. NLRP3 is also important for in vivo control of
virus infections. In mice, NLRP3 mediates inflammation and production of cytokine and chemokines
during influenza A infection and NLRP3 is important for restricting the infection, as evidenced by the
finding that NLRP3-deficient mice show enhanced mortality compared to wt mice [113,115]. NLRP3
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also mediates inflammasome activation and IL-1p release during respiratory RSV infection [145]. The
role for NLRP3 is less clear for VSV activation of the inflammasome. One report shows that RIG-I
binds to apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) in
complex with caspase 1 independent of NLRP3 whereas another report claims NLRP3 to be a receptor
for VSV RNA, independent of RIG-1 [103,116]. Since NLRP3 has been shown to mediate inflammasome
activation of the DNA virus VZV in human monocyte-like THP-1 cells and primary lung fibroblasts, it
is possible that NLRP3 also recognizes DNA [118]. NLRP3 sensing of HIV-1 has been suggested based
on finding that IL-1p is upregulated during HIV-1 infection of human DCs [146]. Further suggesting a
role for NLRP3 for control of HIV-1 infection, polymorphisms in genes for NLRP3 and the inflammatory
cytokine IL-1p are both associated with increased susceptibility to HIV-1 infection [147,148]. NLRs
may also activate non-inflammasome, innate responses evidenced by the finding that NOD2
recognizes RSV ssRNAs and mediate innate responses, including IFN production [111].

2.3.4. PKR

The cytoplasmic protein kinase R (PKR) is important for direct antiviral activity, but also plays a
role in signaling. PKR is activated by dsRNA from viruses and is a component of MAPK and NF-kB
signaling [164-166]. PKR is activated by 5-triphosphated RNAs with short stem loops, including HIV-1
TAR RNA [167,168]. PKR has been linked to viral innate responses. During HSV infection, type |
IFN and inflammatory cytokines are produced PKR-dependently [41,119]. Whether the PKR
dependent cytokine and IFN production relates to direct PKR signaling after activation by
HSV-derived RNA remains to be determined. Furthermore, reovirus-induced IFN responses are
regulated by PKR [97]. PKR may also attenuate virus—host responses via RLRs suggesting that the
protein either sequester certain dSRNAs or interact with signaling. HSV utilizes PKR to inhibit type |
IFN production via RIG-I [169]. It will be interesting to define whether other viruses suppressing IFN
production, like HIV-1, actively utilizes PKR to inhibit RLR signaling. Moreover, PKR mediates
autophagic degradation of HSV-1 [170], which possibly could mediate the transport of viral PAMPs to
endosomally located TLR9 and/or enhanced presentation of endogenous viral antigens via major
histocompatibility complex I (MHC 1) [171]. Finally, PKR may be an important mediator of virus-
induced apoptosis, evidenced by the finding that VV-derived RNA species and synthetic RNAS in the
cytoplasm activate apoptosis dependent on PKR [98,172]. Thus, during virus infection, PKR may
regulate innate PRR recognition, apoptosis, and signaling at several levels, as well as play a role for
generation of adaptive responses.

2.3.5. DNA Receptors

Viral and synthetic DNA has been known to induce IFN and ISG responses for more than a
decade [149]. In recent years, several nuclear and cytoplasmic sensors of viral DNA have been
identified, yet many questions still remain unanswered, including which intracellular DNA receptors
are responsible for HIV-1-induced cytokine and caspase 1 and 3 responses observed in CD4+ T cells,
and which DNA receptor mediates inflammasome activation in HSV-infected cells [129,150]. In the
following section, the current knowledge on virus sensing by DNA receptors within the nucleus and
cytoplasm of cells will be presented.
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2.3.6. DAI/ZBP-1

DAI (alternatively ZBP-1/DLM-1) recognizes HSV-1 genomic DNA in murine L929 cells and
CMV genomic DNA in human fibroblasts mediating the expression of IFN-B [124,125]. In addition,
DAI is upregulated during HSV-1 infection of astrocytes and glial cells and DAI facilitates production
of inflammatory cytokines IL-6 and TNF-a during HSV-1 infection [151]. DAI may also contribute
negatively to virus infection. One example is that DAI expression enhances HIV-1 replication via
activation of NF-kB, which is known to enhance long terminal repeat (LTR)-driven expression [152].
Collectively, the present data suggest that DAI may both contribute to antiviral responses though the
production IFNs from fibroblasts, but DAI may also potentially augment immuno-pathogenicity by
mediating inflammation in the brain during infection. Moreover, DAl may enhance HIV-1 infection
though stimulation of HIV-1 replication.

2.3.7. Ku70

Ku70 is a DNA-binding protein with multiple functions, including telomere maintenance, DNA
replication, antigen-receptor gene rearrangement, cell cycle control, and apoptosis [153]. One paper
suggests that Ku70 is a sensor of cytosolic DNA and shows a role for Ku70 in production of IFN-A
during HSV-1 infection of HEK292 cells [128]. Whether the result can be extrapolated to others cells
and other viruses remains to be determined. However, evidence suggests that Ku70 is not a general
regulator for IFN-X, since IFN-A is induced via TLR3 in human fibroblasts and via MDA/MAVS in
human primary macrophages [18,104].

2.3.8. IFI16

The IFN-inducible protein IFI16 is a cytoplasmic and nuclear-located protein shown to recognize
synthetic HSV-1 and VV DNA in cell cultures initiating innate IFN responses [123]. In contrast,
adenovirus activates innate IRF3 signaling independent of IFI16 in murine RAW264.7
macrophage-like cells [154]. IFI16 may also mediate expression of the chemokine CCL3 in human
primary macrophages during HSV-1 infection [74]. Moreover, IFI16 recognizes DNA from Kaposi
sarcoma-associated herpes virus (KSHV), mediating activation of the inflammasome and IL-1fB
secretion from infected endothelial cells [130]. The involvement of IFI16 in activation of the
inflammasome may be cell specific since IFI16 has been shown to suppress activation of caspase 1 by
AIM2 and NLRP3 inflammasomes [155]. In addition, IFI16 is a restriction factor for herpes viruses,
evidenced by the finding that knockdown of IFI16 augments CMV and HSV-1 replication in cell
cultures [156,157]. In addition to the role in innate response, IFI16 may also affect adaptive responses,
since activation of human DCs by cytoplasmic DNA is dependent on IFI116 [158]. Collectively, IF116
is a multifunctional protein regulating very early innate response to infections with DNA viruses,
regulating adaptive responses, and directly inhibiting viral replication. It remains to be determined
whether IFI16 recognizes retroviruses encompassing a DNA step in the replication.
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2.3.9. RNA pol Il

RNA polymerase 111 (RNA pol I11) has been shown to sense cytoplasmic dsDNA and, via produced
RNA, intermediates signal via RIG-1 and MAVS. [121,122]. In murine bone marrow-derived DCs,
RNA pol Il mediates the accumulation of IFN-inducing small RNAs from adenovirus DNA via a
mechanism partly dependent on MAVS [159]. In murine RAW267.4 cells, RNA pol 1l does not seem
to affect the early innate response during adenovirus infection, but inhibition of RNA pol 111 attenuates
the later innate response [154]. Sensing of HSV-1 by RNA pol 11l has also been proposed. Chiu et al.
found that RNA pol I1I/RIG-1 mediates IFN production in murine macrophage-like RAW264.7 cells
during HSV-1 infection [121]. However, the results for HSV-1 are controversial, since others have
shown that expression of IFN and cytokines proceeds via a RNA pol Ill-independent mechanism in
both murine and human macrophages [104,123].

2.3.10. DHX9, DHX36, DDX41, and DDX60

DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 9 (DHX9), DDX60, DEAD (Asp-Glu-Ala-Asp)
box polypeptide 41 (DDX41), and DHX36 belong to the DEXD/H box helicase family. DHX9 and
DHX36 have been shown to sense CpG-rich DNA in human pDCs [126] and as described earlier,
DHX9 and DHX36 sense dsRNA in myeloid DCs [109,110]. In a human pDC line, DHX9 was found
to mediate NF-xB activation via MyD88 and regulate TNF-o expression, whereas DHX36 was found
to mediate IRF7 activation via MyD88 and mediate production of IFN-a [126]. DDX41 has recently
been identified as a sensor of cytoplasmic DNA and a sensor of adenovirus and HSV-1 infection in
murine bone marrow-derived DC and a myeloid DC line [127]. DDX41 was also found to mediate
signaling via STING to promote expression of type | IFN in DCs [127]. Moreover, the authors found
that knockdown of DDX41 inhibits secretion of IFN-B and IL-6 from human monocyte-like THP-1
cells during HSV-1 infection. DDX60 is involved in sensing of dsRNA and dsDNA [108].
Miyashita et al. found that the DDX60 mediates IFN-3 and CXCL10 expression after transfection with
dsRNAs and dsDNA and that DDX60 amplifies signaling from MDA5 and RIG-I. Furthermore, the
authors found that CXCL10 and IFN- expression was dependent on DDX60 during infection with
HSV-1 and VSV in an endothelial cells line. It remains to be determined whether DDX60’s primary
function is direct sensing of virus infections or rather regulate RLR signaling. Furthermore, it remains
to be determined whether DHX9 and DHX36 sense other DNA viruses in cells different from the
investigated pDCs. Finally, it remains to be determined whether DDX41 is only a DNA sensor in
myeloid DCs.

2.3.11. LRRFIP1

LRRFIP1 is a transcriptional regulator present both in the cytoplasm and in the nucleus. In addition,
LRRFIP1 interacts with both RNA and DNA in the cytoplasm and mediates IFN-B production via a
[-catenin pathway [120]. LRRFIP binds GC-rich regions, characteristic in herpes virus DNA genomes,
making LRRFIP1 a likely candidate as mediator of IFN- production. Presently, no studies have
shown LRRFIP1 recognition of HSV. In addition to sensing cytoplasmic DNA and RNA, LRRFIP1
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regulates TLR pathway signaling [160]. Thus LRRFIP1’s primary role during virus infections may be
regulating signaling from other PRRs.

2.3.12. AIM2

AIM2 is an IFN-inducible, DNA-binding protein belonging to the pyrin and HIN domain-containing
protein family (PYHIN family). AIM2 is part of an ASC inflammasome and mediates activation of
caspase 1 and cleavage of pro-IL-1p3 and pro-IL-18 to mature IL-1p3 and IL-18 [161,162]. Moreover,
AIM2 has been linked to activation of IRF3 signaling in murine RAW264.7 cells [154]. Activation of
the AIM2/ASC inflammasome seems to be dependent on the type of virus infecting the cell and
possibly also the type of cell. Release of IL-1p and IL-18 is dependent on AIM2 during murine
cytomegalovirus infection [129]. In contrast, AIM2 does not mediate activation of the inflammasome
during HSV infection in mice [129]. Similarly, VZV activates the inflammasome independently of
AIM2 in human THP-1 cells, primary lung fibroblast, and melanoma cells [118]. Overall, the data
suggest that AIM2 is not a major viral DNA sensor for inflammasome activation and no evidence has
linked AIM2 to virus sensing in human cells. Future studies will need to determine the AIM2-independent
activation of the inflammasome in human cells and define AIM2’s role in innate signaling.

2.4. Other Viral Sensors and Innate Mediators
2.4.1. Sensing of Viral Capsids

Viral capsids may be a general PAMP for the sensing of virus infections, and recent studies have
provided evidence for innate sensing of HIV-1 and possibly adenovirus capsids. Cyclophilin A
(CYPA) recognizes the HIV-1 capsids during virus assembly in human monocyte-derived DCs and
subsequently CYPA mediates IRF3 signaling and activation of the DCs [131]. In addition to CYPA,
TRIMS recognizes the HIV-1 capsid (lattice) and activates NF-kB and MAPK signaling in several
cells [132]. Finally, empty adenovirus capsids may trigger innate responses via an unknown
mechanism when infecting the eye [163]. Future studies will need to address whether recognition of
viral capsid is a broad innate sensing mechanism or limited to specific virus groups. Furthermore, it
will be interesting to evaluate whether incorporation of e.g. HIV-1 capsids into vaccines would
augment immune responses based on improved DC activation and antigen presentation.

2.4.2. Membrane Fusion Events

Very recent data has shown that infection with enveloped viruses may trigger virus—cell fusion
events inducing innate signaling via the adaptor protein STING, including CXCL10 expression [73].
Similarly, lipid-lipid interactions have been shown to induce CXCL10 in human PBMCs and human
primary macrophages [74]. The mechanism is not clear, but Holm. et al. exclude the involvement of
DNA, RNA, and the viral capsid [73]. Also membrane penetration seems to play a role during
recognition of the nonenveloped adenovirus sensed by NLRP3 [75].



Viruses 2013, 5 489

2.4.3. HMBG1

High mobility group box (HMGB) proteins are nucleotide-binding proteins localized within cells,
but secreted from macrophages and other cells during infection or stimulation with inflammatory
TNF-a or IL-1 [62,173]. Studies have shown that HMGBs may also play a role in both TLR and RLR
recognition of pathogens [174]. HMBG1-3 act as a sensor of nucleic acids and participate in TLR3,
TLR7 and TLR9 recognition of their respective nucleic acid ligands [174]. HMGB:s also acts upstream
of RIG-1 and MDADS promoting IFN-f after introduction of viral DNA to the cell cytoplasm, evidenced
by the finding that sSiRNA knockdown of HMGBs impaired the IFN-B response to HSV-1 and VV
genomic DNA [174]. However, the mechanism of RNA and DNA-binding to HMGBs remains to be
determined. HMGB1 may also promote virus replications, since the presence of HMGB1 seems
important for influenza virus and borna diseases virus replication [175,176]. In addition, HMBG1
released from DCs and NK cells induces HIV-1 replication in DCs and latently infected PBMCs, but
HMBG1 inhibits the replication of HIV-1 in monocytic cells [177-179]. Since HMGBL levels are
increased in chronic HIV patients and associated with high viral load [180-182], one might speculate
that exogenous HMGBL actively modifies viral replication and viral reservoirs in vivo.

3. Innate Signaling Restricting Virus Infection

Intracellular signaling induced downstream of PRRs results in produced IFN and upregulated
endogenous factor (Figure 3). Albeit the sensors that initiate antiviral responses may be located both at
the cell surface, in endosomes, in the cytoplasm, or in the nucleus the initiated signaling cascades often
converges at several points [2,183,184]. In the following section, virus-activated signaling pathways
and the regulation of innate responses are outlined.

3.1. TLR Signaling

Binding of virus PAMPs to TLRs activate signaling that ultimately lead to activation of a number of
the transcription factors, including IRF3, IRF7, NF-xB, and activated protein 1 (AP-1) [2,183]. TLR3
specifically signals through the adaptor protein TRIF, whereas all other TLRs signal via the adaptor
protein myeloid differentiation factor 88 (MyD88). TLR4 may utilize both TRIF and MyD88. The
signaling complexes associated with the adaptor molecules TRIF and MyD88 include TNF
receptor-associated factor 6 (TRAF6), TRAF3, and proteins of interleukin-1 receptor-associated kinase
(IRAK) family [2,183].

3.2. Signaling from RLRs and Cytoplasmic DNA Receptors

RNA is recognized by RIG-I and MDAS5 via their C-terminal RNA binding domain. Binding of
RNA results in conformational changes allowing interaction with MAVS via the RLR’s N-terminal
CARDs. Interaction between MAVS and the RLRs results in formation of a protein complex, that
includes TRAF6 and TRAF3, as well as stimulator of IFN genes (STING) (also known as mediator of
IRF3 activation (MITA)), subsequently inducing downstream signaling [2,183]. Downstream signaling
pathways lead to IRF3 and IRF7 activation via TRAF family member-associated NF-kB activator
binding kinase 1 (TBK1) and 1kB kinase ¢ (IKKe). NF-kB is activated via the IKKa/p complex and
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AP-1 is activated via INK/p38/ERK MAPK pathways. A number of proteins have been reported as
negative regulators of RIG-I, including the IFN-inducible protein ISG15, and the virus-inducible
NF-kB regulated ubiquitin-editing protein A20 [185,186]. Present data indicate that STING mediates
signaling after sensing of DNA in the cytoplasm, including recognition via the DNA receptors IFI16
and DAI, and the RNA/DNA receptor DDX41 [123,127,187-189].

3.3. Transcriptional Regulation of IFNs, Cytokines, and ISGs

Promoters of IFNs contain binding sites for members of the IFN regulatory factors (IRFs), in
particular IRF3 and IRF7 [2,190]. Cytokines, including proinflammatory chemokines, are diversely
regulated primarily dependent on NF-xkB and AP-1 sites within their promoters [191]. AP-1
transcription factors are composed of hetero- or homodimers of Fos and Jun or ATF2 and fos proteins
activated via MAPK signaling pathways [191,192]. A number of cytokines and IFN-stimulated genes
(ISGs), including OAS, CCL5, and CXCL10, also rely on IRF-binding sites or IFN-sensitive response
element (ISRE) sites for transcriptional regulation (Figure 3) [192-194].

4. Innate Antiviral Responses
4.1. Antiviral IFN responses

The IFN family of cytokines consists of three classes termed types I to Ill. Type I (IFN-a and
IFN-B) and type I11 IFNs (IFN-A1-3) mediate early antiviral responses, whereas type 1l IFN (IFN-y) is
an important regulator of cell activity and a classical regulator of Thl immunity. Figure 3 illustrates
the main virus-induced signaling pathways and the IFN-mediated antiviral effector functions. In the
following section, both antiviral IFNs and antiviral ISG effectors will be described.

4.1.1. Type | IFN

Type | IFN binding to the IFN receptor 1 (IFNR1)/IFNR2 complex activates STAT1 and STAT2 by
phosphorylation via receptor-associated tyrosine kinases JAK1 and Tyk2. The phosphorylated STAT1
and STAT?2 proteins dimerize and translocate to the nucleus, and activate transcription via binding to
gamma activation sites (GAS) or after association with IRF9 (p48) binding to ISRE [195] leading to
upregulation of hundreds of IFN-stimulated genes ISGs [196], including antiviral proteins
oligoadenylate synthetase (OAS), Myxovirus resistance (Mx) genes, PKR, IFN-stimulated gene 15
(1SG15), and apolipoprotein B-mRNA editing enzyme (APOBEC) [197].

4.1.2. Type Il IFN

Type 11 IFN binds to the IL-10 receptor/IFN-A receptor 1 (IFNRL1) complex Type 11 IFN (IFN-L)
display IFN type I-like biological activities [198,199] possessing direct antiviral effects similar to type
I IFN at high concentration, and IFI type 111 possesses superior effects to type I IFN in a mucosal HSV
model [200-202]. IFN-A is secreted during virus infections, including influenza virus, HSV, and
measles virus infection [203-206], and efficiently restricting replication of human pathogen viruses,
including HIV-1, HBV, HCV, HSV-1, and HSV-2 [202,204,207,208]. It should be noted that the IFN-A
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receptor, in contrast to the type I IFN receptor, is largely limited to epithelial cells and keratinocytes,
thus suggesting IFN-A’s antiviral role is restricted to sites of virus entry, such as the genital mucosal,
the skin and lung epithelia [209,210].

4.1.3. OAS Proteins

OAS proteins 1-3 are characterized by their ability to synthesize 2’-5 phosphodiester bonds
polymerizing ATP into 2’-5’ adenosine oligomers, which subsequently activates RNAseL that
degrades ssSRNA [211-213]. Expression of OAS is induced by type | and type 111 IFNs, as well as virus
infections [194,214]. OASs are activated by EBV-encoded RNA (EBER-1) from EBV, adenoviral
virus-associated type | (VAI) RNA from adenoviruses, and TAR RNA from HIV-1 [215-217]. Human
genetic studies have revealed that OASs are particularly important for controlling flavivirus infections,
such as WNV and HCV [218-222]. Further suggesting a role for OAS in viral immune defense, a SNP
in OAS has been linked to affecting the immune response generated from a live-attenuated rubella
vaccine [223]. Alternative functions have also been ascribed to both OAS and RNAseL. OAS released
from cells has recently been shown to possess RNAseL-independent antiviral activity [224] and
RNAseL has been identified as a modulator of IFN induction via cleavege of self-RNAs, which
subsequently induce IFN expression via MDAS and RIG-I [225].

4.1.4.1SG15

The IFN-inducible, ubiquitin-like protein ISG15 mediates resistance to influenza A and B virus and
HSV infection in mice and inhibition of retrovirus release from cells via interference with the protein
budding complex [226-228]. ISG15 interferes with influenza virus at several places by inhibiting viral
NS1 protein thus relieving the NS1-mediated inhibition of IFN induction via RLRs [229]. In addition,
ISG15 mediates antiviral responses against dengue virus, WNV, and HIV-1 [230,231]. Data suggest
that 1ISG15 inhibits late stages of HIV infection targeting assembly and release [231]. ISG15 may
possibly support antiviral responses through the stabilization of the transcription factor IRF3 [232]
important for IFN, 1SG, and cytokine responses. Although ISG15 is an important antiviral protein with
antiviral effect against both DNA and RNA viruses, others are not affected. For example, VSV or the
arenavirus lymphocytic choriomeningitis virus (LMCV) are not inhibited by 1SG15 [233].

4.1.5. Mx Proteins

The IFN-inducible Mx family consists of Mx1 and Mx2 in mice and MxA and MxB in humans. Of
the human Mx proteins, only MxA has been shown to possess antiviral activity. The antiviral activity
is rather broad targeting diverse types of RNA viruses, including coxsackie virus, influenza virus, and
HBV [234-236], probably by targeting viral nucleocapsid structures to sequester them for
degradation [237,238]. In humans, SNPs in the MxA promoter is correlated with the IFN response
against HCV, suggesting MxA to facilitate a major part of the anti-HCV response during IFN
therapy [239,240]. Finally, a single report has linked MxA with antiviral effect against HBV [235].
The authors surprisingly found that the MxA protein did not interfere with HBV nucleocapsid
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assembly, but rather inhibited export of viral mRNA from the nucleus to the cytoplasm, thus
suggesting a new antiviral effect of MxA.

4.1.6. Viperin

Viperin (Cig5) is an IFN-inducible protein that restricts a broad range of DNA and RNA viruses,
including human CMV, influenza virus, HCV, and WNV [241-245]. However, viperin does not seem
to be a major restriction factor for HIV-1 infection [246]. Viperin is thought to inhibit virus release by
budding though modification of the lipid environment within the cell or at the cell surface [242,243].
In addition to direct antiviral effects, viperin augments TLR7 and TLR9-signaling in pDCs resulting in
increased IFN production [247]. Thus, viperin both directly restricts virus infections and augments
antiviral IFN secretion.

4.1.7. IFITLand IFIT2

The IFN-inducible IFIT1 (ISG56) proteins restrict virus with 5’triphosphated RNAs, such as VSV,
providing both in vitro and in vivo protection [133]. Very recently, Festerl et al. found that IFIT2
(ISG54), but not IFIT1, protects mice from lethal neuropathology during VSV infection [248]. The
finding is in contrast to results from Pichlmaier et al. showing a protective effect of IFIT1 against VSV
infection [133]. However, IFIT1 and 2 do not protect against all neurotropic viruses, since the
neurotropic RNA virus EMCV was not affected by the lack of IFIT proteins, despite being highly
sensitive to IFN [248]. In conclusion, IFIT1 may be a limiting factor for some neurotrophic viruses.

4.1.8. APOBEC3

APOBEC3 proteins are capable of editing nucleic acids in ssDNAs of viral, mitochondrial, or
nuclear origin [249]. The IFN-inducible APOBECS3G inhibits HIV-1 and other retroviruses through the
introduction G to A hypermutations in retroviral DNA accumulating during reverse transcription [250].
APOBEC proteins may also inhibit HIV-1 via impeding reverse transcription in target cells [251,252].
The antiviral effect against HIV-1 has been shown in numerous systems, including Hela cells, pDCs,
and brain endothelial cells [250,253,254]. In addition, APOBEC3C-mediated hyperediting of viral
DNA has been observed for HSV-1 and EBV [255]. Moreover, APOBEC proteins are antiviral against
human papilloma virus (HPV) and HBV [256-258]. APOBEC3G has also been shown to inhibit a
number of RNA viruses, such as measles virus, mumps virus, and RSV [259] probably through
interactions with viral RNAs. Collectively, the present data suggest that APOBEC proteins are broad
regulators of DNA viruses and reverse transcripts from HIV-1 and other retroviruses, as well as
interfering with some RNA viruses.

4.1.9. SAMHD1

SAM domain and HD domain-containing protein 1 (SAMHDL1) is an endogenous protein inhibiting
HIV-1. SAMHDL1 has recently been identified as a HIV-1 restriction factor in cells of myeloid
origin [260,261]. Activated SAMHD1 restricts HIV-1 replication by depleting the intracellular pool of
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deoxynucleotide triphosphates through degradation of dNTPs into the composite deoxynucleoside and
inorganic triphosphate [262,263].

4.1.10. TRIM5a

Tripartite motif 5a (TRIM5a) is an endogenous protein known for its inhibition of retroviruses.
TRIMS5a is a host factor inhibiting HIV-1 at an early time point after virus entry but before reverse
transcription steps, possibly via accelerated uncoating of the virus [264,265]. A clinical role of
TRIM5a has been suggested based on the findings that polymorphisms in TRIM5a are associated with
decreased susceptibility towards some strains of HIV-1 [266-268]. As described earlier TRIM5a.
recognizes HIV-1 capsids and mediates signaling via TAK1 to NF-«xB and AP-1 regulating innate
responses [132]. In summary, TRIM5a is an antiviral protein regulating HIV-1 infection both directly
as well as indirectly via innate activation.

4.1.11. Tetherin

Tetherin (also known as BST-2) is a virus- and IFN-induced glycosylated protein mainly located at
the surface plasma membrane and associated with lipid rafts at the cell surface [269-271]. Tetherin
restricts a large number of enveloped viruses, including HIV-1, HCV, KSHV, ebola virus, influenza A
virus, and VSV [272-280]. Tetherin inhibits virus from budding from the cells and inhibits HIV-1
cell—cell spread [274,281]. However, tetherin may also promote virus infection by certain viruses,
evidenced by the finding that sSiRNA knockdown of tetherin results in reduced CMV infection [279].

4.1.12. TRIM22

TRIM22 (also known as Staf50) is an IFN-inducible protein restricting HIV in monocyte-derived
macrophages and various cell lines [282-285]. TRIM22 inhibits HIV-1 particle production, trafficking
within the host cells, or restricts HIV transcription by LTR repression [282—-285]. Evidence suggests
that TRIM22 also restricts other virus types, such as inhibition of HBV and EMCV gene expression
and replication [286,287]. Collectively, TRIM22 is a key inhibitor of HIV-1 infection after IFN
treatment, but TRIM22 may also inhibit other viruses, including the enveloped DNA virus HBV and
the nonenveloped picornavirus EMCV.

4.1.13. ADAR1 and ADAR2

The IFN-inducible adenosine deaminase acting on RNA 1 (ADAR1) and ADAR?2 catalyzes the C-6
deamination of adenosine (A) to inosine (1) in double-stranded RNA substrates leading to destabilized
RNA structures due to the mismatch of base pairs. The mismatch in base pairs may result in changes in
genetic coding during viral replication, because | pairs with G and C, instead of A and U [288]. The
function of ADARs is ambiguous. In some settings ADARS are inhibitory to virus infections whereas
in other settings the presence of ADAR may promote virus infection. In several cell lines, ADAR1
induces mutations in HIV-1 RNA and reduces virus infectivity [289]. ADAR1 may be important for
inhibition of HCV infection during IFN treatments, since IFN-o-upregulated ADAR1 limits the
accumulation of self-replicating HCV RNAs in a replicon system [290]. Hepatitis delta virus (HDV)
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RNA is also edited by ADAR1, but not ADAR2 [291-293]. However, the consequence for HDV
infection, which needs HBV as its helper, is not yet clear. Data suggest that ADAR1 and ADAR2 may
enhance replication of a number of RNA viruses. ADAR1 and ADAR2 have both been shown to
increase HIV-1 replication mainly by interaction with PKR function [294—-296]. Similarly, ADARL has
been shown to promote VSV infection through inhibition of PKR [297,298]. Moreover, ADAR1
inhibits measles virus-induced IFN-B and apoptosis via interference with PKR function [299,300].
Thus, ADARL evidently functions as a major suppressor of measles virus-induced antiviral responses
and virus-induced apoptosis. Collectively, ADARs may both promote and inhibit viral replication and
ADARSs have an antagonistic relationship with PKR.

5. Therapeutic Implications of Innate Stimulation

TLR3, TLR7/8, and TLR9 have all been tested for direct antiviral properties. In addition,
stimulation of other innate sensors, such as NLRs and intracellular RNA and DNA receptors, has
shown promising results. It should be emphasized that many of the results described in the following
section were generated using in vitro system and animal models. Therefore some caution should be
taken when extrapolate results gained. Nevertheless, the results do provide an important foundation for
future in clinical studies addressing innate activation, antipathogen responses and immune-modulation
by PAMPs and by specific drugs presently used. The current knowledge on therapeutic use of PRR
stimulation will be presented in the following section.

5.1. TLR and NLR Agonists
5.1.1. TLR2 Agonists

The bacterial-derived TLR2/6 agonist FSL-1 confers in vivo resistance to genital infection with
HSV-2 when FSL-1 is applied in the vagina [301]. The authors also found that FSL-1 attenuates
HSV-2 replication in human vaginal epithelial cell cultures, suggesting that the TLR2 agonist could be
used for antiviral treatment [301]. However, other studies have shown that the TLR2 agonist
peptidoglycan does not enhance resistance to vaginal HSV infection [302]. As described earlier, TLR2
responses in human and murine system do not always correlate making extrapolation of results to
human settings very difficult. In addition, TLR2 signaling has been shown to activate T cells to be
more susceptible to productive infection with HIV-1 [303] and TLR2 agonists may increase the
susceptibility to HIV transmission to T cells by DCs, a target for HIV-1 infection in genital
tissues [304,305]. Thus, the application of TLR2 agonist in humans to restrict sexually transmitted
diseases like HSV would possibly increase the risk of HIV infection.

5.1.2. TLR3 Agonists

TLR3 agonists have proven efficient against a number of viruses primarily via induced IFN and
ISGs. Moreover TLR3 may both increases antigen uptake and cross-presentation from DCs [306].
TLR3 stimulation may, however, also reduce antigen uptake and cross presentation [307]. Engagement
of TLR3 induces an antiviral state in human microglial cells and astrocytes inhibiting HIV-1
infection [308,309]. Similarly, TLR3 stimulation inhibits HIV in ex vivo lymphoid tissues cultures [310].
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In the astrocytes, the antiviral effect of TLR3 was found to be via produced IFN-B and subsequent
expression of viperin evidenced by the finding that antibodies against IFN or specific siRNA
knockdown of viperin abrogated the observed inhibition of HIV-1 replication [309]. Similar findings
have been gained in human genital epithelial cells infected with HSV-2 [311-313] and targeted
stimulation of TLR3 protects mice from genital HSV-2 infection in a mouse model [311,314].
Vaginally administered TLR3 agonists induce a range of cytokines in the vagina, including type I IFN,
IL-1a, IL-1B, IL-6, CCL3, and CCLD5, but the antiviral effects has been directly linked to IFN-$
production [302,311]. TLR3 stimulation may also provide protection against CNS infection with a
neurovirulent strain of HSV, since intranasal or interperitoneal pretreatment with a TLR3 agonist
reduces virus load and survival of infected mice [315]. Several compounds may improve TLR3
responses, including mixture of dSRNA with the antimicrobial peptide LL37, several cationic and cell
permeable peptides, or dsSRNA-binding proteins [316,317]. Finally, it is worth noting that choice of
vector for delivery of either an antigen or the specific TLR3 agonist could be important for design of
gene therapy, vaccines, or prophylactic treatments. One example is that lentiviral vectors trigger TLR3
and TLR7 in mice resulting in improved CD8+ T-cell antigen-specific responses [26]. TLR3 triggering
via dsRNA directly activates CD4+ and CD8+ effector and memory cells [318]. Thus, TLR3 agonists
could possibly be included in drug combinations for activation of HIV reservoirs during eradications
studies. However, such studies should be carefully monitored for the possible activation latent virus
infections, such as resting herpes virus infections and endogenous retroviruses. As will be mentioned
later, TLR3 synergistically activates DCs and induces augmented CTL responses in presence of
TLR7/8 ligands [319]. Mechanistically, the effect may partly rely on high IL-12 production from DCs
after stimulation of TLR3 and TLR7/8 [320].

5.1.3. TLR4 Agonists

TLR4 agonists are efficient inducers of Th1l responses and thus may be utilized as adjuvants for
virus vaccines and treatment of allergic reactions [321]. In line with the data gained for TLR3 agonists,
TLR4 synergistically acts with TLR7/8 agonists, inducing a broad range of cytokines, including IL-12,
resulting in DC activation [320]. In DCs, TLR4 agonists may provide increased antigen uptake and a
transient increase in cross presentation, but antigen uptake and cross-presentation may also be
inhibited by TLR4 stimulation [307,322,323]. It should be noted that some TLR4 agonists seem more
efficient and safe than others. The TLR4 agonist monophosphoryl lipid A (MPL) derived from
Salmonella minnesota has successfully been added to several virus vaccines, including HBV and HPV
vaccines [321]. In a murine model, pretreatment with Escherichia coli-derived LPS was not found
protective against vaginal HSV-2 infection [302]. In contrast, another study has shown a protective
effect of the Escherichia coli-derived TLR4 agonist Fim-H [324]. The most likely explanation for the
divergent results is the IFN-f inducing capacity of Fim-H, but not LPS, in the used experimental
settings [302,324].

TLR4 stimulation may have negative influence on HIV-1 infection and transmission. Engagement
of TLR4 reduces HIV-1 transmission from DCs to CD4+ T cells via secreted type | IFN [305].
Similarly, LPS stimulation of macrophages and microglia cells may inhibit HIV replication [308,325].
The mechanism may be via induced IFN, since the TLR4 stimulation of the microglial cells results in
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IRF3 activation [308]. However, in vitro studies using reporter cell lines have shown that LPS may
also activate HIV replication via activation of NF-«xB that subsequently binds to HIV LTR promoter
regions [326,327]. Ex vivo studies in human lymphoid tissues show that replication of macrophage
trophic HIV is enhanced by the presence of LPS derived from E. coli [310]. The results are in line with
the theory that leakage of bacteria from the gut in HIV patients induces a systemic inflammation via
TLR4 activation escalating HIV-1 pathogenesis [328]. Nevertheless, TLR4 agonists do have great
potential as vaccine adjuvants and as direct treatments bearing in mind the possible negative
consequences of TLR4 activation. Moreover, TLR4 agonist should be carefully chosen after
preevaluating the use and patient group.

5.1.4. TLR7/8 Agonists

TLR7/8 agonists trigger a broad innate response, including secretion of IFN-a, TNF-a, IL-12, and
IFN-y [329,330]. TLR7/8 agonists are activators of DCs, enhancing DC survival, DC trafficking to the
draining lymph nodes after vaccination, and enabling DC cross-presentation of extracellular material to
CD8+ T cells [331-333]. Moreover, TLR7/8 stimulation triggers NK activation and IFN-y
secretion [334]. Tailored innate responses could be generated via choice of RNA structures and
through combination of RNAs with liposomes for delivery to the cytoplasm [335]. Delivery of PAMPs
to the cytoplasm is also discussed later. Agonists for TLR7/8 have been used for experimental
treatments of HSV and HPV. In a randomized, controlled trail 0.01% resiquimod (R848) decreased
genital HSV-2 shedding [336]. However, resiquimod does not efficiently inhibit acquisition of HSV-2
infection, since intravaginally administered resiquimod does not protect against genital infection in
mice [337]. In contrast to the HSV-2 studies, TLR7/8 agonists administered intranasally protect against
respiratory influenza virus infection in rats [338]. Finally, the TLR7 agonist loxoribine has been shown
to inhibit HIV replication in ex vivo lymphoid tissues cultures [310]. Currently, a 5% imiquimod
cream targeting TLR7 is approved for treatment of HPV-induced genital warts, whereas treatment of
genital HSV infection with a resiquimod cream targeting TLR7/8 has been discontinued [321].

TLR7/8 agonists have successfully been included in some vaccine formulations. Experiments
emulsifying or conjugating a TLR7/8 ligand to HIV-gag resulted in improved Thl and CD8+ T cell
responses [339,340]. Similarly, codelivery of TLR7/8 agonists with a Norwark virus-like particle
vaccine resulted in improved systemic and mucosal immune responses [341]. Coadministration of
TLR7/8 agonists with HBsAg improves humoral and cellular responses [342]. In addition, TLR7/8
activation of DCs may improve generation of virus-specific T cell responses in hosts with latent
infections, such as HIV-1- and CMV-infected individuals [331]. The vehicle for vaccine antigen
delivery or delivery of short interfering RNAs (siRNAs) may also trigger TLR7 and augment immune
responses. One example is lentiviral vectors triggering TLR7 and activating DCs important for
efficient CD8+ T-cell responses [26]. Several attempts have been made to target viral genes to restrict
infections using SiRNA approaches [343]. In that regard, it is interesting that some SiRNAs may
activate TLR7 and promote antipathogen or antitumor responses via produced IFN [344]. Bifunctional
SiRNAs, triggering both innate responses via TLR7 and targeting viral genes may therefore have a
better therapeutic index than highly efficient gene-targeting siRNAs with no TLR7 stimulatory
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capability. Future studies will have to delineate whether stimulation of the immune system via TLR7
can be incorporated into successful vaccines vectors and siRNAs targeting viral genes.

It should also be noted that in vivo TLR crosstalk challenge the design of immune-modulators. One
example is TLR7/8 triggered by HIV-1-encoded ssSRNAs augments TLR4 and TLR2 responses [345,346].
Moreover, TLR ligands may synergistically activate innate responses. dsSRNA and resiquimod, for
example, synergistically activate DCs and increase the CTL responses generated after vaccination with
DCs pulsed with peptides [319]. Thus, the stimulation of one TLR receptor may affect the immune
response generated through other receptors, combinations of TLR agonists may provide synergistic
effects, and targeted stimulation of one or several TLRs may be utilized to enhance antigen-specific
responses or antiviral immune-stimulation.

5.1.5. TLR9 Agonists

TLR agonists are potent inducers of Thl-orientated immune responses and TLR9 ligands may
promote antigen uptake and cross presentation [306,347]. Studies have shown that choice of CpG
oligodeoxynucleotides (ODNSs) affects the innate response triggered. Accordingly, CpG ODNSs have
been classified based on their response. Class A CpG ODNs are more potent inducer of IFN-a,
whereas class B CpG ODNSs are stronger inducer of proinflammatory IL-8 and enhanced expression of
activation molecules CD80 and CD86, as well as antigen-presenting MHC 11 [347,348]. Importantly, a
report suggests that CpG B ODNs may also inhibit TLR-dependent and TLR-independent IFN
responses via an unknown mechanism [26]. CpG DNA has been proposed as therapy for several
infections, including HSV-2 and HIV-1 [337,349-351]. Vaginally administrated CpG DNA provides
protection against genital HSV-2 infection in a mouse model [337,352]. TLR9 agonists are included in
vaccines to provide an adjuvant effect. A positive adjuvant effect of CpG DNA has been identified for
several vaccines, including hepatitis B surface antigen (HBsAg), HSV-2 antigens, and influenza virus
antigens [321,342,350].

Although stimulation of PRRs may reduce virus burden via enhanced production of IFNs, cytokines
and intrinsic antiviral factors, triggering of cell PRRs may also enhance virus replication. For example,
triggering of TLR4 and TLR9 or intracellular DNA receptor DAI may activate NF-xB and enhance
HIV replication [152,353]. Moreover, CpG DNA may activate CD4+ cells [318], and thus enhance the
number of target cells for HIV. However, the data is not unambiguous, since TLR9 stimulation may
also inhibit HIV replication in lymphoid tissue [310]. Data from our group show that time of
administration of a TLR9 adjuvant during vaccination may strongly affect the generated immune
response [354]. Therefore, a timely and controlled stimulation of innate receptors is required to elicit
effective antipathogen responses and avoid detrimental immune reactions. TLR9-mediated activation
of HIV and activation of T cells may, however, also be utilized to activate HIV from resting T cells in
eradication studies. Moreover, TLR9 stimulation may possibly increase antigen-specific T cell
responses in HIV-1- and CMV-infected individuals [331]. TLR9 agonist may be incorporated into the
vector used, since lentiviruses pseudotyped with VSV-G protein containing tubulovesicular structures
derived from the host cell may trigger an antiviral response via TLR9 [355]. In addition, TLR9
mediates recognition of adenoviral vector DNA in pDCs resulting in innate immune responses,
including type | IFN production [356]. Collectively, more research is needed to understand the
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functional interplay between innate responses, virus replication, and interactions with adaptive
response, but TLR agonists and combinations thereof are promising candidates for novel therapies.

5.1.6. NLR Agonists

As previously described, NOD2 and NLRP3 recognize RNA viruses, including influenza A virus
and RSV [111,112]. Stimulation of NOD2 results in an efficient antiviral response against influenza A
virus in mice [357]. Postinfection intravenous treatment with bacterial-derived muramyl dipeptide
(MDP) targeting NOD2 protects mice from influenza A virus infection via induced IFN-$ and CCL2
and recruitment of inflammatory monocytes to the lungs [357]. In addition, NOD2 and TLR9 agonists
administered together with inactivated RSV improve the mucosal and systemic immunity when
compared to inactivated RSV alone [358]. Overall, the data suggest NOD2 stimulation may positively
be utilized alone or in combination with other PRR agonists to generate or improve antiviral responses.

5.2. Targeting Cytoplasmic DNA Receptors

As described previously, activation of DNA and RNA sensors in the cell’s cytoplasm result in IFN
responses, as well as secretion of proinflammatory cytokines important for efficient control of virus
infections. Targeting one or several DNA or RNA receptors may therefore be an attainable way to
reduce virus infection and to elicit efficient vaccine responses. One example hereof is that targeted
delivery of dsRNA and DNA-using liposomes results in strong immune activation, including DC
maturation, and improved T cells responses in mice [359]. In mouse and guinea pig models, a potent
adjuvant effect has been observed using DNA-liposome complexes together with a HSV
vaccine [360,361]. Moreover, adenoviral vector DNA is sensed by a cytoplasmic DNA sensor in
non-pDC cells, resulting in innate responses, including type I IFN expression [356]. Finally, modified
VV Ankara, often used as a vaccine vector, may activate MDA5 and the NLRP3 inflammasome,
resulting in IFN responses and IL-1 processing, respectively [362].

Targeting of the DNA receptor DAI has been shown to promote an adjuvant effect to DNA
vaccines [363]. However, other studies suggest no role of DAI for recognition of DNA vaccines [364].

Very recent data suggest that lipid—lipid interactions may trigger innate responses, including
CXCL10 expression [73,74]. Therefore, DNA-liposome adjuvant effects may derive from two signals:
one via lipid interaction with cell surfaces, and one signal from the recognized DNA in the cytoplasm.
In addition to lipid administration of DNA, nanoparticles may be used to target DNA to cells possibly
targeting DNA selectively to TLRs or cytoplasmic DNA receptors. Initial studies have shown that
DNA/polyethylenimine nanoparticles generate robust proinflammatory responses via both
TLR9-dependent and TLR9-independent mechanisms [365]. Future research should delineate how
DNA receptors may selectively be activated and which responses they induce in vivo.

6. Immunomodulatory Effect of Antimicrobial Drugs

Currently used antivirus treatments may modulate innate and adaptive immune responses. The
choice and timing of drug regiments could significantly influence the direct antiviral response raised
against invading virus. General antimicrobial chemotherapy may for instance negatively influence
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general antiviral responses via change of the normal flora. Furthermore, the outcome of secondary
infections in, for instance, HIV patients could be affected by choice of treatments. Several drug
regiments affect cytokine networks and thereby mediate changes in generated immune responses. The
following section will briefly discuss and exemplify how some antimicrobial drugs affect antiviral
immune responses.

6.1. Antiviral Treatment/HAART
6.1.1. Proteases Inhibitors

Protease inhibitors used in HIV and HCV therapy interferes with NF-kB activation and thus inhibits
production of proinflammatory cytokines during stimulation via TLR2 and TLR4 [366]. The proteases
inhibitor nelfinavir may also inhibit MAPK signaling and thus AP-1 activation [367]. Protease
inhibitors may, however, also enhance expression of certain proinflammatory cytokines during virus
infection, evidenced by the finding that IL-8 mMRNA accumulation is synergistically increased in oral
keratinocytes by synthetic dSRNA and presence of the HIV-1 protease inhibitor lopinavir [368]. The
mechanism of action for NF-xB inhibition may be via interaction with the proteasome [369], important
for degradation of inhibitor kB restricting NF-xB translocation to the nucleus and thus NF-«xB
activation. Overall, the majority of data suggest that protease inhibitors may dampen inflammation and
thus could provide some additional benefits dampening detrimental inflammation during HIV infection
or HCV infection.

6.1.2. RT Inhibitors

The HIV reverse-transcriptase (RT) inhibitor azidothymidine (AZT) reportedly affects cells
differently. AZT enhances NF-xB activation in a promyeloide leukemia cell line, the monocyte-like
U937 cell line, and the T lymphoblast cell line MOLT [370]. AZT also enhance IL-8 and CCL3
secretion from U937 cells after TLR-stimulation or infection with bacteria [371]. In contrast, AZT
inhibits NF-kB activation and induces EBV expression in Burkitt’s lymphoma B cells [372]. Another
RT inhibitor abacavir induces early changes in cells, including redistribution of heat-shock protein
70 [373]. The RT inhibitor tenofovir, used in HIV and HCV treatments also affects innate responses
in vitro [371,374]. The oral prodrug of tenofovir, tenofovir disproxyl fumerate (TDF) inhibits
TLR-mediated and CMV- and bacteria-mediated activation production of proinflammatory IL-8 and
CCL3 in human monocytes and PBMC cultures [371]. Importantly, TDF also enhances the ability to
produce IL-12 after TLR or bacterial challenge in human and macaque PBMCs, thus possibly promoting
generation of CTL responses important for virus control [371,374]. Tenofovir has been shown to
induce accumulation of IL-1f3, TNF-o,, CCL3, CCL5 and IL-10, but not 1L-12 and IFN-y, in murine
peritoneal cell culture [375] and CCL3 and CCL5 in human PBMCs [376]. Tenofovir has drawn attention,
since the drug formulated in a microbicide for vaginal application was the very first to reduce HIV-1
acquisition in a clinical setting [377] and surprisingly also reduced HSV-2 acquisition [377,378].
Recently, tenofovir and the prodrug TDF were found to be directly antiviral against HSV-2 [379-381],
which could explain the success of tenofovir in the clinical microbicide trail. In conclusion, antiviral
drugs may both inhibit and activate secretion of cytokines and interfere with cell signaling.
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6.1.3. Antibiotics
6.1.4. Macrolides—Activators and Inhibitors of Innate Responses

Macrolides are used to treat infection with bacterial infections, such as respiratory infection with
Streptococcus pneumoniae and Haemophilus influenzae. The macrolide clarithromycin has been
shown to suppress IL-8 production from human monocyte-like THP-1 cells [382]. Similarly,
erythromycin inhibits IL-6 and IL-8 secretion from human bronchial epithelial cells during
Haemophilus influenza infection [383]. Similarly, erythromycin inhibits TNF-o and IL-8 secretion
from Streptococcus pneumonia-treated whole blood and TNF-a from pseudomonas aeruginos-treated
whole blood [384,384]. The presence of azithromycin is also suppressive measured by decreased
expression of IL-13 and TNF-o after TLR2-stimulation of human corneal epithelial cells [385].
Similarly, azithromycin treatment of primary bronchial epithelial cells attenuates the cells ability to
produce IL-8 and granulocyte macrophage colony-stimulating factor (GM-CSF) after LPS
stimulation [386]. Since elevated expression of several cytokines, including IL-8, IL-6, GM-CSF, is
seen during pulmonary infections the macrolides could provide additional protection from immune-
pathogenesis via their anti-inflammatory properties.

Several macrolides may also shift the balance of Thl and Th2 cytokines, evidenced by the finding
that clarithomycin, midecamycin acetate, and josamycin potently inhibit TNF-a and IL-2 release from
mitogen-stimulated T cells, whereas IFN-a, IL-4, IL-5, IL-6, and IL-10 are only slightly
suppressed [387]. Macrolides may also suppress IL-12 and increase IL-10, since azithromycin
treatment results in increased amount of IL-10 and decreased amount of IL-12 and TNF-o after LPS
and IFN-y stimulation of murine macrophage-like J774 cells [388]. In conclusion, the data suggest that
macrolides affects cells differently dependent on concentration, cell type, and the specific macrolide used.

Antimicrobial treatment may also activate innate response. The macrolides nystatin, and natamycin
and the antifungal drug amphotericin B may directly activate the NLRP3 inflammasome in murine
bone marrow-derived DCs via intracellular release of potassium leading to IL-1p secretion and
increased inflammation [389]. Similarly, IL-1p secretion from human THP-1 cells has been observed
after stimulation with nystatin and amphotericin [390,391]. In addition to NLRP3 activation, nystatin
and amphotericin B mediate production of proinflammatory cytokines IL-8, IL-6, and TNF-a via
direct recognition via TLR2 in human monocytic THP-1 cells and HEK293 cells [390,391]. Thus,
some antibacterial and antifungal drugs are efficient activators of innate immunity, but may also inhibit
innate responses. It remains to be determined whether the difference in responses may be due to
timing, concentration, and cells used.

6.1.5. Other Antibiotics and Effects on Virus Diseases

Metronidazole (MTZ) is used to treat anaerobic bacteria and protozoa also possess
immune-stimulatory effects. MZT has been shown to inhibit production of IL-1p, IL-6, IL-8, IL-12,
and TNF-o in human oral cavity cells treated with either LPS or Porphyromonas gingivalis a
gram-negative bacteria associated with periodontal diseases characterized by a detrimental
inflammatory process [392]. Clindamycin is a lincosamide antibiotic for treatment of anaerobic
bacteria and some protozoan diseases. Clindamycin inhibits expression of TNF-a, IL-6, and IL-18 in
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murine peritoneal macrophages after LPS stimulation [393]. The findings translate to in vivo studies
showing that the presence of clindamycin renders mice less susceptible to endotoxic shock [394].
Telithromycin is a semisynthetic, ketolide for treatment of bacterial, respiratory infections.
Telithromycin also inhibits the secretion of the inflammatory mediators IL-1c. and TNF-a, but not
IL-1pB, IL-6, and IL-10, after LPS stimulation of human peripheral blood monocytes [395]. Polymyxin
B is an antibiotic primarily used for treatment of gram-negative infections. Polymyxin B induces
hepatocyte growth factor (HGF) production in human dermal fibroblast via a MAPK-dependent
mechanism [396]. The finding is interesting because HGF is a growth factor for keratinocytes and
polymyxin is commonly used as a topical antibiotic for wound care. The induction of a HFG may
possibly promote tissue repair and simultaneously reduce the risk of infection.

A direct effect of antibiotics on viral diseases has been observed to be mediated through disruption
of the natural microbiota in the body. Studies in mice have revealed that antibiotic-mediated disruption
of the microbiota severely impairs antiviral response against influenza A virus infections [397]. The
aminoglycoside neomycin, but not ampicillin, vancomycin, or metronidazole, impaired the antiviral
response against the virus. The mechanism is thought to be decreased expression of pro-IL-1p and
pro-1L-18 due to decreased levels of commensal bacteria and thus impaired IL-13 and I1L-18 secretion
via the NLRP3 inflammasome ultimately leading to reduced DC activity and attenuated T cells
priming and CTL response [397]. Interestingly, the authors found that rectal or nasal TLR stimulation
could restore immune response to influenza virus in the antibiotic-treated mice emphasizing that
commensal bacteria provide important signals for PRRs.

The inflammatory response generated during bacterial and fungal infections is both important for a
strong antipathogen response the inflammatory response may also be harmful. Timed and targeted use
of antibiotics with high or low or non-immuno-modulatory effect with could be beneficial in some
patients during infections. However, use of antibiotics with immuno-modulatory effects should be
carefully monitored, and further investigations should delineate the optimal use of the individual drugs
and how they work in concert. The use of antimicrobial agents with additional anti-inflammatory
effects may be beneficial for development of topical treatments, including development of
microbicides against sexually transmitted infections (STIs). However, it should be noted that results
gained in cell cultures and animal studies are very preliminary and not easily extrapolated into humans.

7. Concluding Remarks

Innate immune activation, including IFN responses, seems to be a double-edged sword positively
affecting virus control, but at the same time contributing to virus pathogenesis. Detailed knowledge of
the innate sensing pathways and generated cytokine and antiviral responses may provide targets for
intervention. Knowledge of innate immunity is important to fill in gaps in understanding of viral
pathogenesis and why some vaccines work and other do not. Improved knowledge is especially
important for development of vaccines for viruses where no vaccine is currently available.

Modulation of innate responses has proven important for new efficient vaccine strategies, and
traditional vaccine adjuvants have shown to modulate innate responses and subsequent adaptive
responses. However, major challenges lie ahead of us in deciphering the innate sensing mechanism and
figuring out how we can regulate the antiviral responses. Moreover, when developing intervention
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strategies, we have to take into account that viruses employ multiple evading mechanisms employed
by viruses. Carefully designed drugs triggering innate responses may indeed give rise to new
therapeutics, such as prophylaxis, topical treatments, inhalation of drugs, or microbicides. Moreover,
the use of drugs in carefully chosen combinations may provide improved treatments. The combination
of drugs or PAMPS in nanoparticles or lipid combinations provide new ways of triggering innate
responses together with targeted delivery of the drug or PAMP.

The present data suggest that drugs and innate vaccine adjuvant should be carefully dosed and
timed during vaccination programs. Moreover, the use of known antimicrobial treatments should be
carefully chosen. Many central questions remain to be answered to integrate the knowledge on innate
virus—host interactions into development of new vaccination strategies and novel treatment regimens
beneficial to patients.

Finally, data has emerged that current antiviral and antibacterial therapies may affect control of
innate and adaptive immune-response. It should be noted that most data has been gained in cell
cultures and mouse studies and thus the effects might not be of clinical significance in humans.
However, in order to improve treatments, the present data do warrant need for further studies in the
field of immune-modulatory effects in humans.
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