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Abstract: Virus infected host cells serve as a central immune ecological niche during viral infection
and replication and stimulate the host immune response via molecular signaling. The viral infection
and multiplication process involves complex intracellular molecular interactions between viral
components and the host factors. Various types of host cells are also involved to modulate immune
factors in delicate and dynamic equilibrium to maintain a balanced immune ecosystem in an
infected host tissue. Antiviral host arsenals are equipped to combat or eliminate viral invasion.
However, viruses have evolved with strategies to counter against antiviral immunity or hijack
cellular machinery to survive inside host tissue for their multiplication. However, host immune
systems have also evolved to neutralize the infection; which, in turn, either clears the virus from
the infected host or causes immune-mediated host tissue injury. A complex relationship between
viral pathogenesis and host antiviral defense could define the immune ecosystem of virus-infected
host tissues. Understanding of the molecular mechanism underlying this ecosystem would uncover
strategies to modulate host immune function for antiviral therapeutics. This review presents past
and present updates of immune-ecological components of virus infected host tissue and explains
how viruses subvert the host immune surveillances.

Keywords: virus; immunity; ecosystem; virus-host interaction; virus pathogenesis; immune
subversion

1. Introduction

The immune ecosystem of a virus-infected host can be defined as the systemic interaction between
the virus and the host immune system, resulting in either viral clearance or immune-mediated host
tissue injury [1,2]. Remarkable havoc to people’s health can stem from highly mutative viruses.
Viruses are ever evolving to subvert the immune response, causing emerging, adventitious, or even
catastrophic diseases [3].

The immune system is continuously under viral assault, and to counter the invasion threat, it is
well known that mammalians have developed a strong innate immune system and an intricate and
specialized adaptive immune system to counteract the highly evolving virus infections. Immune
system evolution occurs in all hosts from unicellular to vertebrates, for example, viral infection in
protozoa leads to viral replication without apoptosis, while in multicellular organisms, apoptosis
occurs during viral infection and vertebrate’s response is more complex leading to long term immunity
against the invading virus [4–6]. With the continuous efforts to uncover complex immune ecosystem
mechanisms, scientists have innovated new tools to strengthen the immune system and neutralize
the viral infections. For example, introduction of vaccines utilizes the ability of immune systems
to produce powerful effective antibodies that can selectively neutralize immunogenic agents. Thus,
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vaccines enhance the host adaptive immunity and make the host able to counteract invasions of
viruses to which it has never been naturally exposed before [1]. Better understanding of how the
innate immune system works and how it evolves to fight the continuously mutating pathogens started
with the pattern recognition hypothesis proposed in 1989 [7]. Briefly, pathogens carry molecular
signatures called pathogen associate molecular patterns (PAMP), which can be recognized by pattern
recognition receptors (PRRs) of the host cells. Upon interaction with PAMPs, PRRs become activated
and trigger a cascade of immune responses against the viral infection. To date, a number of PPRs
have been identified. For example, the toll-like receptor (TLR) family can recognize a variety of
different PAMPs [8]. Single-stranded RNA (ssRNA) can function as ligands for TLR7/8, thus sensing
RNA virus infections. On the other hand, double-stranded RNA (dsRNA) serve as a ligand for
TLR3, thus sensing the viral replication [9–12]. In addition, host cells are able to detect viral infection
through TLR-independent signaling pathways involving other cytoplasmic RNA helicase proteins,
such as retinoic acid inducible gene (RIG-I) and melanoma differentiation-associated gene 5 (MDA5),
etc. [13]. Immune sensing through innate signaling of virus-infected cells eventually induces the
translation of interferon (IFN), these secreted IFNs bind with their cognate receptors present on the cell
membrane. This binding activates a signaling pathway leading to expression of various IFN-dependent
antiviral molecules [14]. Furthermore, adaptive immunity carries on the duty of viral clearance in the
latter stages.

In spite of the existence of several correlative host defense lines to neutralize invasive pathogens
or restrict the viral life cycle, viruses have evolved and adapted diverse counter strategies to evade the
host immunity, sustaining continuous replication and endurable infection in the host using avoidance
and escape tactics. Some viruses have developed highly complicated mechanisms such as viral growth
in immunologically privileged sites, e.g., herpes virus establishes a latency in sensory neurons to
avoid immune surveillance [15]; antigenic drift, e.g., influenza virus uses this to evade the B-cell
immunity [16,17]; induced expression of some factors against innate immunity, e.g., human immune
deficiency virus (HIV) can block the interferon induction in dendritic cell using its proteins Vpr and
Vif [18–24]; and other more diverse and intricate maneuvers.

In this review, we make a comprehensive overview of virus-host interactions, especially immune
ecosystem of virus-infected host. We also highlight the virus subversion mechanisms against host
immune responses.

2. Immune Sensing of Viral Infection

Host immune response is first activated by sensing the viral infection through PRRs [25]. The host
cells interact with the virus in several different viral states, including extracellular native virus,
intracellular viral components, and the viral replicate intermediate. Immune sensing of viral infection
is mainly achieved by specialized cells and cellular factors to detect specific viral elements in different
viral forms [26].

The immune response differs according to type of virus and route of infection [27]. For instance,
a study showed that upon infection with inactivated whole influenza virus vaccine containing viral
ssRNA, the TLR7/myeloid differentiation primary response 88 (MYD88) pathway was the only
pathway triggered without any activation of the RIG-I/IPS-1 pathway, though both of them are
parallel innate immune pathways [28]. For DNA viruses, TLR9 can recognize the unmethylated DNA
and share the downstream signaling pathway with the adapter protein MYD88 [29]. Viral DNA is also
recognized by cGAS in the cytoplasm and IFI16 in the nucleus. Both cGAS and IFI16 recruit a common
adaptor protein, Stimulator of interferon genes (STING), which signals to TBK1 for the activation of
IRF3, which ultimately induces the expression of type I IFN and other antiviral genes [30]. However,
the innate immune response against a DNA vaccine containing CpG-DNA was triggered only by the
TBK1 not the TLR9/MYD88 pathway [31].
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3. Intercellular Immune Ecosystem of Virus-Infected Tissues

In multicellular organisms, cells are actively working as a single fundamental unit countering
the viral infection. Once the virus attaches to host cells, the host cells starts a series of events to alert
the neighboring cells against the invader and trigger the effector cells and pro-inflammatory response.
This happens via the production of cytokines which help the neighbor cells to produce some inhibitory
effects on viral infection and replication, e.g., IFNs; a potent neutrophil chemoattractant, e.g., CXCL8;
other cell chemoattractants (monocytes, eosinophils, and T cells) e.g., CCL2, CCL3, CCL4, and CCL5;
or other cytokines that lead to the acute-phase viral removal, e.g., interleukin (IL)-6 [32,33]. Knowing
that the pathogen replication speed is a cornerstone in the viral pathogenesis, establishment of such
an intercellular immune ecosystem including intercellular interaction and intracellular signaling is
considered beneficial to host antiviral defense, which is able to clear the pathogen and limits its spread
in infected tissues without waiting for the classical immune response [34].

Not only viruses are undergoing modifications and development, the tissue’s microenvironment
also undergoes several modifications after a successful infection resolution. These modifications can be
in favor of the next infection or to counter it. For example, after severe lung infection, severe lung tissue
damage leads to a repair process that changes the lung matrix composition, (such as more collagen and
fibronectin deposition) providing additional binding sites for bacteria [35]. Successive lung infections
can change the lymphatic network and the frequency of inducible bronchus-associated lymphoid
tissue (iBALT) [36,37]. In addition, specific memory T cells persist at the infection site and are termed
resident memory T cells. These cells are resident within the infection tissues and can promote the
early innate immune activation for the recurrent infection. Skin resident CD49a+ cells were reported to
express perforin and granzyme B after treatment with IL-15 [38–40].

It is worth mentioning that natural killer (NK) cells are critical for early non-specific resistance
against the viral infection [41]. NK cells are specialized lymphocytes lacking antigen-specific receptors,
yet they are able to demolish tumor cells, virus-infected cells, and any cell in the state of stress [42].
NK cells are able to differentiate between normal healthy cells and abnormal cells via certain
sophisticated attributes of the cellular surface receptors. The leading receptor for NK cells is the
class I major histocompatibility complex (MHC); unstable expression of the class I MHC means an
unbalanced cellular state resulting via serial of cascades in the activation of NK cells [43]. However,
receptors such as NKG2D and NKp30 are known to help the NK cells to differentiate between healthy
and unhealthy cells [44,45]. NK cells have a higher tendency to lyse cells lacking surface class I
MHC expression. NK cells lyse the virus-infected cells with the help of cytotoxic T lymphocytes
(CTL), inducing cellular apoptosis using its cytolytic granules (containing perforin, granzyme A, and
granzyme B) [46].

In the host-virus ecosystem, the virus has evolved counter defenses to help in the continuity of
the infection cycle. Some viruses have developed strategies to delude the NK cells or disrupt the
class I MHC antigen presentation, thus curbing the NK cells. For example, poliovirus protein 3A
interacts with the endoplasmic reticulum (ER) membrane to cease protein transport from the ER to
the Golgi apparatus, hence preventing the transport of the MHC-bearing polio-specific peptide to
the cell membrane [47]. Foot and mouth disease (FMD) inhibits protein transport using its viral 2BC
protein [48]. The Tat protein of retroviruses interferes with class I MHC messenger RNA (mRNA)
transcription [49]. Relocalization of the class I MHC to the trans-Golgi network by the retrovirus Nef
protein results in the downregulation of the surface expression of MHC-I [50]. Cytomegaloviruses
(CMV) can resist the NK cells attack though the severe down-regulation of the class I MHC expression
by down-regulation of important proteins (e.g., UL18) that are required for the NK cell stimulation [51].
Primarily, the HLA-C and HLA-E molecules protect normal cells from the NK mediated cell lysis. It
was believed that retroviruses like HIV-1 can selectively disrupt the expression of HLA-A and HLA-B
but not HLA-C and HLA-E, thus, the infected cells are less likely to be killed by NK cells [52]. Yet, recent
research found that HLA-C is downregulated by most primary HIV-1 clones. The viral Vpu protein was
reported in this study to reduce the ability of HLA-C restricted CTLs to suppress viral replication in
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CD4+ cells in vitro [53]. Herpesviruses possess a special strategy to coexist with the immune system by
encoding several genes that interfere with the MHC-I antigen presentation [54–56]. Alphaherpesviruses
exploit the fact that neurons are immunologically privileged and have a lower expression of class I
MHC compared to other cells; they start a long life latent infection in neurons and express no protein
during their latency, thus escaping the CTL immune surveillance [57]. Epstein-Barr virus does express
a latency protein but with a glycine-alanine repeats domains that bind to proteasomes, making the
latency protein undetectable by class I MHC [58].

It was believed that only the B and T lymphocytes of the adaptive immune response can
possess memory that is able to recognize a repeated infection, until several studies challenged this
hypothesis [59]. Studies introduced the new term “trained immunity” that describes the enhanced
immune response following previous exposure to some immunogenic agents leading to a robust
response against related or unrelated pathogens in the recurrent infection [60,61]. Some studies
suggested that NK cells could keep a memory of the previous antigens to make them able to mediate
a more robust immune response [62–64]. Also, monocytes have been reported to possess the same
phenomena [65].

4. Intracellular Immune Ecosystem of Virus-Infected Cells

As viruses are obligate intracellular parasites, infected host tissue serves as a central immune
ecological niche during viral genome transcription, replication, and stimulation of the host immune
response via molecular signaling. The crucial step in the process of the viral invasion is the attachment,
which eventually leads to viral recognition by the immune system. Several endocytic pathways are
involved in the interaction with the infectious viral components. As a result, the endosomal sensors
are an important spot for innate immunity (Figure 1). The immune response can be activated either by
detection of the viral PAMPs or the immune and inflammatory cytokines.

Based on the nature of nucleic acid, viruses are classified into DNA and RNA viruses. The majority
of viruses infecting animals are RNA viruses. All RNA virus replication proceeds through a RNA
strand complimentary intermediate, except for in retroviruses where the intermediate is DNA [66].
Despite differences in genomic features and replication strategies, immediately after virus infection,
all RNA viruses trigger evolutionarily conserved innate immune responses that serve as a first line
of defense against infection. Immune receptor PRRs, comprised of the key families TLRs, RIG-I like
receptors, nucleotide-binding oligomerization (NOD) like receptor, and others, recognize specific
PAMPs and thereby stimulate multiple signaling molecular cascades and induce transcription of
nonspecific immune effector genes [67]. It is important to know that sensing of the DNA viruses
needs a different set of receptors and immune signaling pathways that have already been reviewed
in detail (see review in [68]). The difference between the immune sensing and response between the
RNA and DNA viruses was also reported and reviewed in detail (see review in [68,69]). Additionally,
non-coding RNAs (ncRNAs) have recently gained wide research interest. In addition, the key roles of
ncRNAs in the immune response against viral infections has been established and reviewed already
(see review in [12,13,70–72]).

Importantly, sensing of PAMPs by PPRs remarkably up-regulates the genes involved in the
inflammatory response encoding pro-inflammatory cytokines/chemokines and interferons (IFNs)
that induce antiviral gene products (Figure 1) [73]. Production of type I IFNs plays an important
role in the induction of antiviral responses, which triggers transcription of IFN-inducible antiviral
genes (ISGs) (Figure 1). On the other hand, viruses have evolved several strategies to hijack the
host cellular machinery and, then, shut off the host cell gene expression at both the transcriptional
and translational level. For example, the influenza A virus (IAV) has been reported to induce the
degradation of eukaryotic translation initiation factor 4B [74]. Some viruses encode proteins to protect
viral nucleic acid from being detected by cytoplasmic sensors. PRR cGAS can sense the HIV viral
complementary DNA (cDNA) in the cytoplasm; HIV-1 but not HIV-2 cDNA is protected within the
viral capsid until it is translocated to the nucleus for replication. That is due to the affinity of the HIV-1
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capsid for stabilization by the host protein cycophilin A (CypA), preventing its exposure to the cGAS
in the cytoplasm [75]. Moreover, viruses use a variety of strategies to subvert the interferon response,
and these are discussed later in this review [76].
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Figure 1. Intracellular immune ecosystem in a virus infected cell. Shown are systemic interactions
between virus and host intracellular components involved in the general signaling pathways to induce
interferons (IFNs) and IFN-inducible antiviral genes (ISGs). Briefly, upon detection of pathogen
associate molecular patterns (PAMPs) by pattern recognition receptors (PRRs), PRR-dependent
signaling activates intracellular transcriptional factors such as nuclear factor κB (NF-κB), interferon
regulatory factors (IRFs), and others. Activated transcriptional factors translocate into the nucleus
and induce type I IFN production. IFN binds to their respective receptors (the interferon-α/β
receptor (IFNAR)/IFN-γ-R) to induce activation of the janus kinase-signal transducer and activator
of transcription (JAK-STAT) pathway, which in turn activates the transcription complex. Activated
transcriptional factors (interferon-stimulated gene factor 3 (ISGF3)/gamma interferon activation factor
(GAF)) mediate in the induction of antiviral ISGs. However, viruses have evolved various strategies to
counter against antiviral immunity or hijack cellular machinery to survive inside a host cell for their
multiplication. Interacting viruses are shown in the yellow triangles. (Ap-1: Activator protein 1; GAF:
Gamma interferon activation factor; HBV: Hepatitis B virus; HCV: Hepatitis C virus; IAV: Influenza
A virus; IFNAR: The interferon-α/β receptor; IFNGR: Interferon-gamma receptor; IRF: Interferon
regulatory factors; ISGF3: Interferon-stimulated gene factor 3; ISGs: interferon-stimulated genes; IκBα:
nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha; JAK: Janus kinase;
MAVS: Mitochondrial antiviral-signaling protein; NF-κB: nuclear factor kappa-light-chain-enhancer of
activated B cells; ORFV: Orf Virus; PRRSV: Porcine reproductive and respiratory syndrome virus; Pesti:
Pestivirus; RIG-I; retinoic acid-inducible gene I; Reo: Reovirus; STAT: Signal transducer and activator
of transcription; TLR: Toll-like receptors; TRIF: TIR-domain-containing adapter-inducing interferon-β;
TYK: Tyrosine kinase; WNV: West Nile virus).
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4.1. Pattern Recognition Receptors

4.1.1. Toll Like Receptors

TLRs are innate immune recognition receptors acting as the primary sensors of various
pathogens [69]. RNA viruses are recognized by TLR 2/3/4/7/8 [10,11,77,78] while DNA viruses
are recognized mainly via TLR9 [79,80]. All TLRs activate major cytosolic signaling pathways,
mitogen-activated protein kinases (MAPKs), one or more interferon regulatory factors (IRFs), and
nuclear factor κB (NF-κB). For instance, intracellular TLRs such as TLR3, TLR7, TLR8, and TLR9
sense pathogen-derived nucleic acids produced inside the host cell upon endocytosis or autophagy.
Except TLR3, TLRs are MYD88 dependent for signaling. MYD88-dependent TLR signaling activates
transcription factor activation protein1 (AP1), NF-κB, interferon regulatory factor 1 (IRF1) and IRF5.
This results in the expression of subsequent pro-inflammatory cytokines [81]. TLR3 signaling is
unique, i.e., TIR-domain-containing adapter-inducing interferon-β (TRIF)-dependent. Upon sensing
virus-derived dsRNA, TLR3 activates the TRIF-dependent pathway to induce type I IFNs and
cytokines [81]. This signaling activates IRF3. Cell type specific network of MYD88 signaling following
TLRs activation may lead to the expression of IFN7-dependent large amounts of type I IFNs [82].

Although TLRs are the primary host defense sensors to combat viral invasion, viruses have
evolved to subvert TLR-medicated antiviral immunity. Xagorari and Chlichlia [9] reviewed the
perturbation of TLR-medicated immunity by numerous viruses [9]. For example, the P protein of the
measles virus suppresses TLR signaling through up-regulation of the ubiquitin modifying enzyme
A20 [83]. Hepatitis C virus (HCV) inhibits activation of NF-κB and IRF3 by proteolysis of TRIF (the
adaptor protein, which links TLR3 and kinase). HCV utilizes the viral NS3/4A to cleave TRIF, which
is an intermediate in TLR3, mitochondrial antiviral-signaling protein (MAVS), and RIG-I signaling
pathways, therefore, dsRNA cannot induce the IFN production through these pathways [84–86].
Recently, an Orf virus (ORFV) virion-associated protein, ORFV119, was identified that inhibits the
NF-κB signaling very early in infection [87].

As described above, TLR are mostly endocytic viral nucleic acid sensors [88]. Yet, TLR2 and TLR4
are classical microbial PRRs that recognize microbial moieties and are examples of the surface receptors
involved in the recognition of the viral proteins and trigger the pro-inflammatory responses [89].
For example, TLR4 was reported to be triggered by infection with retrovirus, respiratory syncytial virus,
and mouse mammary tumor virus [78,90]. TLR2 can detect the hepatitis C virus (HCV), herpes simplex
virus (HSV), human cytomegalovirus, and measles particles [91–93]. PRRs-dependent activation of
signaling pathways is critical for the intracellular immune ecosystem of virus-infected cells.

4.1.2. RIG-I Like Receptors

RIG-I like receptors (RLRs) are cytosolic intracellular key receptors, classically responsible for
sensing non-self RNA signatures. Yet, several studies suggested that RIG-I is required to sense the
DNA viruses for the induction of type I IFN [94–96]. The RLR family, comprised of RIG-I, MDA5,
laboratory of genetics and physiology 2, and a homolog of mouse D11lgp2 (Laboratory of Genetics
and Physiology 2 (LGP2)), expressed in most of the tissue types (see review in [84]). RLRs contain a
central DExD/H-box helicase domain and a C-terminal domain responsible for binding viral RNA.
RIG-I and MDA5 share structural similarities. They have two N-terminal caspase activation and
recruitment domains (CARDs) for downstream signaling. LGP2 lacks the CARDs and is thought to
play a regulatory role in RLR signaling [97].

RIG-I plays an important role in the detection of orthomyxoviruses, rhabdoviruses, and
arenaviruses, and MDA5 preferentially detects picornaviruses. Additionally, many other viruses
such as flaviviruses, paramyxoviruses, reoviruses, and others are sensed by both RIG-I and MDA5 [98].
Upon detecting the viral RNA ligands in the cytoplasm, RLRs trigger innate immunity and
inflammation. The role of RLRs mediated immune signaling in influenza virus infection has been
already reviewed with highlights of the important downstream key immune components involved in
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the activation of IRFs and NF-κ-B [13,99]. An important feature of RIG-I and MDA5 mediated non-self
RNA sensing is the activation of the transcriptional factors such as IRF3/7, NF-κB, and Activating
transcription factor-2 (ATF2)/c-Jun to induce the transcription of IFNs and pro-inflammatory cytokines.
Activation of these transcriptional factors eventually induces the expression of hundreds of ISGs [99].

Viruses show a variety of strategies to evade RLR-mediated immune responses. Importantly, the
NS1 protein of the influenza A virus inhibits the functional RIG-I and RIG-I dependent activation
of NF-κB [100]. Z proteins of pathogenic arenaviruses showed the ability to interact with RIG-I and
MDA5, causing the inhibition of the latter two and leading to a significant inhibition of type I interferon
(IFN) responses [101]. The non virion (NV) protein of fish Novirhabdovirus showed the ability to
counteract RIG-I and TBK1-dependent interferon and IFN-stimulated gene promoter induction in fish
cells resulting in the suppression of the anti-viral state induction [102]. V proteins of paramyxoviruses
interact or inhibit MDA5 and LGP2 [103,104]. HCV protease NS3/4A cleaves MAVS at Cys-508
resulting in the dislocation of the N-terminal fragment of MAVS [105]. Some positive-sense RNA
viruses like porcine reproductive and respiratory syndrome virus (PRRSV) can cleave the MAVS during
infection using their nsp4 cysteine protease [106,107]. Recently, the MDA5-Mediated innate immune
response has been reported to be disrupted by different proteins encoded by some picornaviridae
viruses, resulting in the inhibition of the viruses interaction with MAVS, which was followed by
inhibition of the MDA5-dependent translation of type I IFN [108].

4.1.3. NOD-Like Receptors (NLRs)

NLRs are cytosolic PRRs. They detect diverse PAMPs or damage associated molecular
patters (DAMPs) produced by viral infection. The human genome encodes 22 NLRs. Of them,
nucleotide-binding oligomerization 2 (NOD2) and multi-protein inflammasome complex (i.e., NOD-,
LRR-and pyrine domain-containing 3 (NLRP3)) are well studied for sensing the viral infections. NOD2
was reported to induce IFNs production following ssRNA transfection and respiratory syncytial and
influenza A virus infection, whereas NLRP3 inflammasome activation was reported in viral infections
such as IAV, encephalomyocarditis virus, and HCV [109,110]. Regulation and activation NLRP3
inflammasomes by viroporins of animal viruses have been already reviewed (see review in [111]).
NLRP3 inflammasomes are activated by damage, inflammation, or stress, and this activation leads to
the production of active IL-1β and IL-18 by activating caspase I in IAV infection, while NLRP3 can
activate the production of cytokines by triggering signal 1 and signal 2 during infection with IAV [13].
The V protein of measles and the NS1 protein in influenza A virus are representative examples of
inhibition of the NLRP3 inflammasome [112,113].

4.2. Interferons Function as Critical Components in the Immune Ecosystem of a Virus Infected Tissue

Interferons (type I to III) are critical immune-ecological components produced by virus-infected
cells; they function as antiviral molecules and immune-modulators. Roles of type I IFNs (IFN-α and
IFN-β) are well characterized and intensively explored. IFNs bind to their respective receptors to
activate the Janus kinase-signal transducer and activator of transcription (JAK-STAT) pathway that
governs antiviral defense [114]. IFNs-activated immunity determines the extent of host susceptibility
towards viral infection. Recently, mice lacking interferon α receptor (IFNAR) (type I IFN receptor)
were reported to be highly susceptible to pseudorabies virus infection [115]. Remarkably, binding
of type I and type III IFNs to their respective receptors activates tyrosine kinase 2 (TYK2) and Janus
kinase 1 (JAK1). This activation leads to the recruitment and phosphorylation of signal transducers
and activators of transcription, signal transducer and activator of transcription 1 (STAT1) and STAT2.
Phosphorylated STAT 1 and STAT 2 hetero-dimerize and are assembled with IFN-regulatory factor
9 (IRF9) to form a tri-molecular complex called IFN-stimulated gene factor 3 (ISGF3). The complex,
then, translocates into the nucleus. Inside the nucleus, ISGF3 binds to its cognate DNA sequences,
which are known as IFN-stimulated response elements (ISREs; consensus sequence TTTCNNTTTC),
thereby, directly activating the transcription of ISGs (see review in [116,117]). On other hand, type
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II IFN binds to its receptor (IFN-γ receptors 1 and 2 heterodimers) and leads to the formation of
phosphorylated STAT1 (pSTAT1) homo-dimers. Phosphorylated STAT1 homo-dimers form the IFN-γ
activation factor (GAF). Following GAF nuclear translocation, GAF binds to the gamma-activated
sequence (GAS, TTCNNNGAA) in the promoter region of the ISGs, and this results in the expression
of antiviral ISGs [116,117]. Furthermore, IFN-γ plays a pivotal role in regulating the immune function
and bridging the innate and adaptive immune responses [118]. Importantly, non-canonical/alternative
pathways have been emerging to uncover hidden components of the immune-ecosystem. For example,
an alternative STAT signaling pathway acts in antiviral immunity in Caenorhabditis elegans [119].

Activated JAK1 also activates other members of the STAT family (STAT1-6) [120] and induces
several alternative signaling pathways [13,76,104,109,121]. Activation of all pathways, eventually,
further amplifies the amplitude of IFN production and signaling. Networks of cellular pathways
that regard IFNs as critical immune components in virus infection have been extensively reviewed
elsewhere (see review in [72,122]). IFN-mediated pathways obviously stimulate expression of hundreds
of ISGs by activating the specific transcriptional regulator factors. Representative ISGs are MxA, protein
kinase R (PKR), 2′-5′ Oligoadenylate Synthetase (OAS), ISG15, viperin, tetherin, IFTIMs, RIPK2, IFI16,
and so on [14,32,70,123–125]. Recently, many more functional ISGs have been identified through
protein-wise or genome-wise screening. Nevertheless, arguably, intensive studies are required to
define the roles of these ISGs in the immune ecosystem of a virus infected host.

Although IFNs act as critical immune components, still, viruses can perturb the IFN-mediated
immune barriers. The balance of immune ecosystems is always unsteady. Supportive and virtual host
immunity is always perturbed by certain types of viruses [76]. Recently, tetherin has been shown to
inhibit type I IFN via targeting MAVS [18]. A viral-hijacked E3 ubiquitin ligase is also shown to shut
off IFN signaling [33,126]. A variety of IFNs subversion strategies by viruses have been extensively
reported over the past 10 years [76]. Importantly, numerous viruses exploit suppressors of cytokine
signaling (SOCSs) to inhibit IFN signaling [34,127]. The suppression of type III IFN signaling by
virus-induced SOCS-1 was reported to cause an adaptive increase in type III IFN expression by the
host to protect cells against the viral infection, as a consequence, it lead to excessive production of
the IFNs with impaired antiviral response [118]. Some viruses can encode antagonists for type I IFN,
such as the vaccinia virus that embraces the C9 ankyrin repeat/F-Box protein that has been recently
considered as an antagonist of the Type I IFN-induced antiviral state [128]. Kaposi’s sarcoma-associated
herpesvirus (KSHV) can selectively interact with IRF7, inhibiting the IRF7 dimerization and leading to
the suppression of IRF7-mediated activation of type I IFN [129]. The pestiviral protein N (Npro) was
reported to interact with the IFN regulatory factor 3 (IRF3) via binding to the active form of IRF3 in
the presence of its transcriptional coactivator, CREB-binding protein (CBP), resulting in the inhibition
of the activation of type I alpha/beta IFN [130]. DNA viruses such as adenovirus, human papilloma
virus, and Kaposi’s sarcoma virus utilize their viral proteins to bind with the DNA adaptor STING
to prevent induction of type I IFN [131,132]. Viruses have also evolved to inhibit the action of ISGs.
For example, protein kinase R (PKR) is one of the antiviral effector ISGs; human cytomegalovirus
virus encodes pTRS1 and pIRS1 proteins that antagonize PKR, preventing its autophosphorylation
of eukaryotic initiation factor 2 alpha (eIF2α) and facilitating the viral replication [133]. Vault RNAs
(vtRNAs) have been reported to promote IAV replication via the inhibition of PKR activation and the
subsequent IFN response [125]. Taken all together, virus-induced IFNs production and suppression of
their signaling seem to be in the state of delicate and dynamic equilibrium by modulating host factors
to maintain a balanced immune ecosystem [12]. Destruction of such a balanced immune ecosystem is
a primary cause of viral pathogenesis.

5. Adaptive Immune Response to Viral Infection

The primary adaptive immune response usually takes several days and starts with the binding
of an antigen with its specific receptor on the T cells or B cells. Migration of the pathogen stimulates
dendritic cells of the draining lymph nodes. This is followed by several steps that ends with the release
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of lymphocytes embracing the antigen-specific receptors and the production of effector and memory
cells. The adaptive immune response to viral infection has two-main arms: humoral immunity and
cellular immunity. Humoral immunity consists of the antibodies secreted by plasma cells that can
neutralize the native extracellular viruses. The cellular immunity is driven by α-β T cell receptors
expressed by T lymphocytes that recognize the antigen processed peptide bound to MHC molecules
on the surface of infected cells [134,135]. After the primary exposure to a certain pathogen, adaptive
immune response confers long-term, often lifelong, protection against the exposed pathogen. This is
due to the fact that adaptive immune response exhibits memory T cells or B cells to provide anearly
response against the recurrent infection. In case of reinfection, memory B cells are responsible for the
generation of an accelerated and more robust antibody-mediated immune response [136]. Memory T
cells are the T lymphocytes that were previously exposed to the antigen, either via natural or artificial
exposure, so at the second encounter, the memory T cells can reproduce quickly to mount a faster
and stronger immune response than was seen during the first infection [137]. Memory T cells are
sub-classified into two important types: central memory T cells (TCM) and effector memory T cells
(TEM). TCM is capable of the production of interleukin (IL)-2 and reproduces extensively, while TEM

is capable for the production of effector cytokines like IFN-γ [137]. This mechanism allowed great
progress in the production of vaccines to deleterious viral infections that impact the economy and
public health. Exploiting the adaptive immune response and the memory cells produced by the
immune system, we are now able to protect humans, animals, and plants from diseases that they have
never been exposed to, via exposing them to an artificial compound containing either conventionally
inactivated, live-attenuated virus vaccines, recombinant viruses that express protective proteins of
heterologous viruses, virus-like particles (VLPs), or DNA vaccines [134,138].

Various viruses have evolved to invade the effector cells to evade the adaptive immunity.
For example, HIV can infect the CD4+ TH cells, resulting in a serious immune suppression due
to cellular lysis [139]. Measles virus infects B cells, CD4+, and CD8+ memory T cells and monocytes,
resulting in immune suppression that lasts for several weeks after the virus invasion [140]. Epstein-Barr
virus infects the B cells, causing impairment of the antigen recognition and antibody release [141].
In addition, some viruses can infect the thymus in the early animal life, leading to its identification
as a non-immunogenic antigen and, therefore giving immune tolerance as the virus is no longer
recognized as a foreign antigen. This results in a long-life infection of the animal. Examples of these
viruses are lymphocytic choriomeningitis virus [142] and murine leukemia virus [143]. On the other
hand, hepatitis B virus (HBV) infection has a unique infection style in infants or young children
via causing an asymptomatic disease phase (immune tolerant phase) characterized by high HBV
titers and a low incidence of liver inflammation and immune response to the virus [144,145]. The
mechanisms underlying the immune tolerance is still unclear, however, they might be due to ineffective
antigen processing and transport to major histocompatibility complex class I molecules [146] leading to
HBV-specific T-cell hyporesponsiveness [147]. HBV can also harness the young children’s developing
immune system and make the fetal immunity facilitate its persistence in patients after the prenatal
exposure, causing a persistent long-life infection [148]. Many other viruses have developed persistence
mechanisms to cause permanent infection and to persist indefinitely within the host [149]. Herpes
virus can cause nonproductive infection by developing the herpes virus latency in immune privileged
sites [150]; retreoviruses cause their persistent infection via integration of their provirus into the host
genome [151]; and some other viruses cause a persist infection through continuous viral replication,
e.g., filoviruses [152], arenaviruses [153], and polyomaviruses [154,155].

6. Conclusions

Dynamic interaction between the virus and host immune system results in the formation of
a complex immune ecosystem involving intermolecular signaling webs for their synergistic or
antagonistic fitness and survival. The host cell modulates intracellular components to clear the virus
away, but viruses hijack host cell components, simultaneously. To guarantee successful and durable



Int. J. Mol. Sci. 2018, 19, 1379 10 of 18

defense mechanisms against virus infection, hosts have evolved a highly intricate, sophisticated, and
adaptable immune system to protect against continuously emerging threats and mutated viruses.
Antiviral immune responses comprise complex networks of innate and acquired defenders, some of
them are specific to certain pathogens and some of them are nonspecific to counteract any state of
stress or immunogenic particle. It is well known that innate immunity provides the rapid nonspecific
response, while adaptive immunity is only developed after the initial virus exposure. The interplay
between the innate and adaptive immunity will provide the desirable immune ecosystem that can
challenge the virus infection and demolish the infected cells.

On the other hand, viruses also evolve. Viruses have co-evolved with their hosts to produce
remarkable strategies to counteract the host defenses. These strategies include the rapid shutdown
of host molecular synthesis, evasive strategies of viral antigen production, interference with MHC
class I and class II antigen presentation, impairing NK cell function, suppression of antiviral cytokine
signaling, and blocking apoptosis. It is recognized that health can be compromised in are remarkable
way by highly mutative viruses. Viruses are ever evolving and being transmitted to susceptible hosts
from animal or environmental sources to cause diseases, such as often catastrophic emerging and
adventitious diseases. Virus fitness inside a host is critically reliant on the host immune ecosystem and
its strategies to counter the immune ecosystem. Approaches in the understanding and management of
host immune ecosystem and virus-host community would further develop novel antiviral therapeutics.
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TLR Toll Like Receptors
TYK2 Tyrosine Kinase 2
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References

1. Doherty, P.C.; Turner, S.J. The virus-immunity ecosystem. In Infectious Diseases from Nature: Mechanisms of
Viral Emergence and Persistence; Springer: Vienna, Austria, 2005; pp. 17–32.

2. Labuda, M.; Nuttall, P.A.; Kozuch, O.; Eleckova, E.; Williams, T.; Zuffova, E.; Sabo, A. Non-viraemic
transmission of tick-borne encephalitis virus: A mechanism for arbovirus survival in nature. Experientia
1993, 49, 802–805. [CrossRef] [PubMed]

3. Morse, S.S. The public health threat of emerging viral disease. J. Nutr. 1997, 127, S951–S957.
4. Buttner, S.; Eisenberg, T.; Herker, E.; Carmona-Gutierrez, D.; Kroemer, G.; Madeo, F. Why yeast cells can

undergo apoptosis: Death in times of peace, love, and war. J. Cell Biol. 2006, 175, 521–525. [CrossRef]
[PubMed]

5. Kepp, O.; Senovilla, L.; Galluzzi, L.; Panaretakis, T.; Tesniere, A.; Schlemmer, F.; Madeo, F.; Zitvogel, L.;
Kroemer, G. Viral subversion of immunogenic cell death. Cell Cycle 2009, 8, 860–869. [CrossRef] [PubMed]

6. Janeway, C. Immunobiology: The Immune System in Health and Disease, 6th ed.; Garland Science: New York, NY,
USA, 2005; p. xxiii. 823p.

7. Janeway, C.A., Jr. Approaching the asymptote? Evolution and revolution in immunology. Cold Spring Harb.
Symp. Quant. Biol. 1989, 54, 1–13. [CrossRef] [PubMed]

8. Uematsu, S.; Akira, S. Toll-like receptors and innate immunity. J. Mol. Med. 2006, 84, 712–725. [CrossRef]
[PubMed]

9. Xagorari, A.; Chlichlia, K. Toll-like receptors and viruses: Induction of innate antiviral immune responses.
Open Microbiol. J. 2008, 2, 49–59. [CrossRef] [PubMed]

10. Diebold, S.S.; Kaisho, T.; Hemmi, H.; Akira, S.; Reis e Sousa, C. Innate antiviral responses by means of
TLR7-mediated recognition of single-stranded RNA. Science 2004, 303, 1529–1531. [CrossRef] [PubMed]

11. Kawai, T.; Akira, S. Toll-like receptor and RIG-I-like receptor signaling. Ann. N. Y. Acad. Sci. 2008, 1143, 1–20.
[CrossRef] [PubMed]

12. Chen, X.; Liu, S.; Goraya, M.U.; Maarouf, M.; Huang, S.; Chen, J.L. Host Immune Response to Influenza A
Virus Infection. Front. Immunol. 2018, 9, 320. [CrossRef] [PubMed]

13. Goraya, M.U.; Wang, S.; Munir, M.; Chen, J.L. Induction of innate immunity and its perturbation by influenza
viruses. Protein Cell 2015, 6, 712–721. [CrossRef] [PubMed]

14. Wong, M.T.; Chen, S.S. Emerging roles of interferon-stimulated genes in the innate immune response to
hepatitis C virus infection. Cell. Mol. Immunol. 2016, 13, 11–35. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/BF01923553
http://www.ncbi.nlm.nih.gov/pubmed/8405306
http://dx.doi.org/10.1083/jcb.200608098
http://www.ncbi.nlm.nih.gov/pubmed/17101700
http://dx.doi.org/10.4161/cc.8.6.7939
http://www.ncbi.nlm.nih.gov/pubmed/19221507
http://dx.doi.org/10.1101/SQB.1989.054.01.003
http://www.ncbi.nlm.nih.gov/pubmed/2700931
http://dx.doi.org/10.1007/s00109-006-0084-y
http://www.ncbi.nlm.nih.gov/pubmed/16924467
http://dx.doi.org/10.2174/1874285800802010049
http://www.ncbi.nlm.nih.gov/pubmed/19088911
http://dx.doi.org/10.1126/science.1093616
http://www.ncbi.nlm.nih.gov/pubmed/14976261
http://dx.doi.org/10.1196/annals.1443.020
http://www.ncbi.nlm.nih.gov/pubmed/19076341
http://dx.doi.org/10.3389/fimmu.2018.00320
http://www.ncbi.nlm.nih.gov/pubmed/29556226
http://dx.doi.org/10.1007/s13238-015-0191-z
http://www.ncbi.nlm.nih.gov/pubmed/26206138
http://dx.doi.org/10.1038/cmi.2014.127
http://www.ncbi.nlm.nih.gov/pubmed/25544499


Int. J. Mol. Sci. 2018, 19, 1379 12 of 18

15. Grinde, B. Herpesviruses: Latency and reactivation–viral strategies and host response. J. Oral Microbiol. 2013,
5, 22766. [CrossRef] [PubMed]

16. Schotsaert, M.; Garcia-Sastre, A. A High-Resolution Look at Influenza Virus Antigenic Drift. J. Infect. Dis.
2016, 214, 982. [CrossRef] [PubMed]

17. Voronin, Y.; Holte, S.; Overbaugh, J.; Emerman, M. Genetic drift of HIV populations in culture. PLoS Genet.
2009, 5, e1000431. [CrossRef] [PubMed]

18. Jin, S.; Tian, S.; Luo, M.; Xie, W.; Liu, T.; Duan, T.; Wu, Y.; Cui, J. Tetherin Suppresses Type I Interferon
Signaling by Targeting MAVS for NDP52-Mediated Selective Autophagic Degradation in Human Cells. Mol.
Cell 2017, 68, 308–322. [CrossRef] [PubMed]

19. Prins, K.C.; Cardenas, W.B.; Basler, C.F. Ebola virus protein VP35 impairs the function of interferon regulatory
factor-activating kinases IKKepsilon and TBK-1. J. Virol. 2009, 83, 3069–3077. [CrossRef] [PubMed]

20. Xiang, Z.; Liu, L.; Lei, X.; Zhou, Z.; He, B.; Wang, J. 3C Protease of Enterovirus D68 Inhibits Cellular Defense
Mediated by Interferon Regulatory Factor 7. J. Virol. 2016, 90, 1613–1621. [CrossRef] [PubMed]

21. Brady, G.; Haas, D.A.; Farrell, P.J.; Pichlmair, A.; Bowie, A.G. Poxvirus Protein MC132 from Molluscum
Contagiosum Virus Inhibits NF-B Activation by Targeting p65 for Degradation. J. Virol. 2015, 89, 8406–8415.
[CrossRef] [PubMed]

22. Morrison, J.; Laurent-Rolle, M.; Maestre, A.M.; Rajsbaum, R.; Pisanelli, G.; Simon, V.; Mulder, L.C.;
Fernandez-Sesma, A.; Garcia-Sastre, A. Dengue virus co-opts UBR4 to degrade STAT2 and antagonize
type I interferon signaling. PLoS Pathog. 2013, 9, e1003265. [CrossRef] [PubMed]

23. Stone, A.E.; Mitchell, A.; Brownell, J.; Miklin, D.J.; Golden-Mason, L.; Polyak, S.J.; Gale, M.J., Jr.; Rosen, H.R.
Hepatitis C virus core protein inhibits interferon production by a human plasmacytoid dendritic cell line
and dysregulates interferon regulatory factor-7 and signal transducer and activator of transcription (STAT) 1
protein expression. PLoS ONE 2014, 9, e95627. [CrossRef] [PubMed]

24. Harman, A.N.; Nasr, N.; Feetham, A.; Galoyan, A.; Alshehri, A.A.; Rambukwelle, D.; Botting, R.A.;
Hiener, B.M.; Diefenbach, E.; Diefenbach, R.J.; et al. HIV Blocks Interferon Induction in Human Dendritic
Cells and Macrophages by Dysregulation of TBK1. J. Virol. 2015, 89, 6575–6584. [CrossRef] [PubMed]

25. Saez-Cirion, A.; Manel, N. Immune Responses to Retroviruses. Annu. Rev. Immunol. 2018, 36, 193–220.
[CrossRef] [PubMed]

26. Lahaye, X.; Manel, N. Viral and cellular mechanisms of the innate immune sensing of HIV. Curr. Opin. Virol.
2015, 11, 55–62. [CrossRef] [PubMed]

27. Finberg, R.W.; Kurt-Jones, E.A. Viruses and Toll-like receptors. Microbes Infect. 2004, 6, 1356–1360. [CrossRef]
[PubMed]

28. Koyama, S.; Ishii, K.J.; Kumar, H.; Tanimoto, T.; Coban, C.; Uematsu, S.; Kawai, T.; Akira, S. Differential
role of TLR- and RLR-signaling in the immune responses to influenza A virus infection and vaccination. J.
Immunol. 2007, 179, 4711–4720. [CrossRef] [PubMed]

29. Schmitz, F.; Heit, A.; Guggemoos, S.; Krug, A.; Mages, J.; Schiemann, M.; Adler, H.; Drexler, I.; Haas, T.;
Lang, R.; et al. Interferon-regulatory-factor 1 controls Toll-like receptor 9-mediated IFN-beta production in
myeloid dendritic cells. Eur. J. Immunol. 2007, 37, 315–327. [CrossRef] [PubMed]

30. Beachboard, D.C.; Horner, S.M. Innate immune evasion strategies of DNA and RNA viruses. Curr. Opin.
Microbiol. 2016, 32, 113–119. [CrossRef] [PubMed]

31. Ishii, K.J.; Kawagoe, T.; Koyama, S.; Matsui, K.; Kumar, H.; Kawai, T.; Uematsu, S.; Takeuchi, O.; Takeshita, F.;
Coban, C.; et al. TANK-binding kinase-1 delineates innate and adaptive immune responses to DNA vaccines.
Nature 2008, 451, 725–729. [CrossRef] [PubMed]

32. Murphy, K.; Travers, P.; Walport, M.; Janeway, C. Janeway’s Immunobiology, 8th ed.; Garland Science: London,
UK; Taylor & Francis: London, UK, 2012.

33. Watanabe, Y. Fifty years of interference. Nat. Immunol. 2004, 5, 1193. [CrossRef] [PubMed]
34. Tam, J.C.; Jacques, D.A. Intracellular immunity: Finding the enemy within—How cells recognize and

respond to intracellular pathogens. J. Leukocyte Biol. 2014, 96, 233–244. [CrossRef] [PubMed]
35. De Bentzmann, S.; Plotkowski, C.; Puchelle, E. Receptors in the Pseudomonas aeruginosa adherence to injured

and repairing airway epithelium. Am. J. Respir. Crit. Care Med. 1996, 154, S155. [CrossRef] [PubMed]
36. Didierlaurent, A.; Goulding, J.; Hussell, T. The impact of successive infections on the lung microenvironment.

Immunology 2007, 122, 457–465. [CrossRef] [PubMed]

http://dx.doi.org/10.3402/jom.v5i0.22766
http://www.ncbi.nlm.nih.gov/pubmed/24167660
http://dx.doi.org/10.1093/infdis/jiw183
http://www.ncbi.nlm.nih.gov/pubmed/27190189
http://dx.doi.org/10.1371/journal.pgen.1000431
http://www.ncbi.nlm.nih.gov/pubmed/19300501
http://dx.doi.org/10.1016/j.molcel.2017.09.005
http://www.ncbi.nlm.nih.gov/pubmed/28965816
http://dx.doi.org/10.1128/JVI.01875-08
http://www.ncbi.nlm.nih.gov/pubmed/19153231
http://dx.doi.org/10.1128/JVI.02395-15
http://www.ncbi.nlm.nih.gov/pubmed/26608321
http://dx.doi.org/10.1128/JVI.00799-15
http://www.ncbi.nlm.nih.gov/pubmed/26041281
http://dx.doi.org/10.1371/journal.ppat.1003265
http://www.ncbi.nlm.nih.gov/pubmed/23555265
http://dx.doi.org/10.1371/journal.pone.0095627
http://www.ncbi.nlm.nih.gov/pubmed/24788809
http://dx.doi.org/10.1128/JVI.00889-15
http://www.ncbi.nlm.nih.gov/pubmed/25855743
http://dx.doi.org/10.1146/annurev-immunol-051116-052155
http://www.ncbi.nlm.nih.gov/pubmed/29328787
http://dx.doi.org/10.1016/j.coviro.2015.01.013
http://www.ncbi.nlm.nih.gov/pubmed/25697108
http://dx.doi.org/10.1016/j.micinf.2004.08.013
http://www.ncbi.nlm.nih.gov/pubmed/15596120
http://dx.doi.org/10.4049/jimmunol.179.7.4711
http://www.ncbi.nlm.nih.gov/pubmed/17878370
http://dx.doi.org/10.1002/eji.200636767
http://www.ncbi.nlm.nih.gov/pubmed/17273999
http://dx.doi.org/10.1016/j.mib.2016.05.015
http://www.ncbi.nlm.nih.gov/pubmed/27288760
http://dx.doi.org/10.1038/nature06537
http://www.ncbi.nlm.nih.gov/pubmed/18256672
http://dx.doi.org/10.1038/ni1204-1193
http://www.ncbi.nlm.nih.gov/pubmed/15549114
http://dx.doi.org/10.1189/jlb.4RI0214-090R
http://www.ncbi.nlm.nih.gov/pubmed/24899588
http://dx.doi.org/10.1164/ajrccm/154.4_Pt_2.S155
http://www.ncbi.nlm.nih.gov/pubmed/8876535
http://dx.doi.org/10.1111/j.1365-2567.2007.02729.x
http://www.ncbi.nlm.nih.gov/pubmed/17991012


Int. J. Mol. Sci. 2018, 19, 1379 13 of 18

37. Foo, S.Y.; Phipps, S. Regulation of inducible BALT formation and contribution to immunity and pathology.
Mucosal Immunol. 2010, 3, 537–544. [CrossRef] [PubMed]

38. Sckisel, G.D.; Tietze, J.K.; Zamora, A.E.; Hsiao, H.H.; Priest, S.O.; Wilkins, D.E.; Lanier, L.L.; Blazar, B.R.;
Baumgarth, N.; Murphy, W.J. Influenza infection results in local expansion of memory CD8+ T cells with
antigen non-specific phenotype and function. Clin. Exp. Immunol. 2014, 175, 79–91. [CrossRef] [PubMed]

39. Misiak, A.; Wilk, M.M.; Raverdeau, M.; Mills, K.H. IL-17-Producing Innate and Pathogen-Specific Tissue
Resident Memory gammadelta T Cells Expand in the Lungs of Bordetella pertussis-Infected Mice. J. Immunol.
2017, 198, 363–374. [CrossRef] [PubMed]

40. Cheuk, S.; Schlums, H.; Gallais Serezal, I.; Martini, E.; Chiang, S.C.; Marquardt, N.; Gibbs, A.; Detlofsson, E.;
Introini, A.; Forkel, M.; et al. CD49a Expression Defines Tissue-Resident CD8+ T Cells Poised for Cytotoxic
Function in Human Skin. Immunity 2017, 46, 287–300. [CrossRef] [PubMed]

41. Hamerman, J.A.; Ogasawara, K.; Lanier, L.L. NK cells in innate immunity. Curr. Opin. Immunol. 2005, 17,
29–35. [CrossRef] [PubMed]

42. Becknell, B.; Caligiuri, M.A. Natural killer cells in innate immunity and cancer. J. Immunother. 2008, 31,
685–692. [CrossRef] [PubMed]

43. Vivier, E.; Raulet, D.H.; Moretta, A.; Caligiuri, M.A.; Zitvogel, L.; Lanier, L.L.; Yokoyama, W.M.; Ugolini, S.
Innate or adaptive immunity? The example of natural killer cells. Science 2011, 331, 44–49. [CrossRef]
[PubMed]

44. Raulet, D.H.; Guerra, N. Oncogenic stress sensed by the immune system: Role of natural killer cell receptors.
Nat. Rev. Immunol. 2009, 9, 568–580. [CrossRef] [PubMed]

45. Brandt, C.S.; Baratin, M.; Yi, E.C.; Kennedy, J.; Gao, Z.; Fox, B.; Haldeman, B.; Ostrander, C.D.; Kaifu, T.;
Chabannon, C.; et al. The B7 family member B7-H6 is a tumor cell ligand for the activating natural killer cell
receptor NKp30 in humans. J. Exp. Med. 2009, 206, 1495–1503. [CrossRef] [PubMed]

46. Schuster, I.S.; Coudert, J.D.; Andoniou, C.E.; Degli-Esposti, M.A. “Natural Regulators”: NK Cells as
Modulators of T Cell Immunity. Front. Immunol. 2016, 7, 235. [CrossRef] [PubMed]

47. Deitz, S.B.; Dodd, D.A.; Cooper, S.; Parham, P.; Kirkegaard, K. MHC I-dependent antigen presentation is
inhibited by poliovirus protein 3A. Proc. Natl. Acad. Sci. USA 2000, 97, 13790–13795. [CrossRef] [PubMed]

48. Moffat, K.; Knox, C.; Howell, G.; Clark, S.J.; Yang, H.; Belsham, G.J.; Ryan, M.; Wileman, T. Inhibition of the
secretory pathway by foot-and-mouth disease virus 2BC protein is reproduced by coexpression of 2B with
2C, and the site of inhibition is determined by the subcellular location of 2C. J. Virol. 2007, 81, 1129–1139.
[CrossRef] [PubMed]

49. Petersen, J.L.; Morris, C.R.; Solheim, J.C. Virus evasion of MHC class I molecule presentation. J. Immunol.
2003, 171, 4473–4478. [CrossRef] [PubMed]

50. Swann, S.A.; Williams, M.; Story, C.M.; Bobbitt, K.R.; Fleis, R.; Collins, K.L. HIV-1 Nef blocks transport of
MHC class I molecules to the cell surface via a PI 3-kinase-dependent pathway. Virology 2001, 282, 267–277.
[CrossRef] [PubMed]

51. Halenius, A.; Gerke, C.; Hengel, H. Classical and non-classical MHC I molecule manipulation by human
cytomegalovirus: So many targets-but how many arrows in the quiver? Cell. Mol. Immunol. 2015, 12, 139–153.
[CrossRef] [PubMed]

52. Goulder, P.J.; Walker, B.D. HIV and HLA class I: An evolving relationship. Immunity 2012, 37, 426–440.
[CrossRef] [PubMed]

53. Apps, R.; Del Prete, G.Q.; Chatterjee, P.; Lara, A.; Brumme, Z.L.; Brockman, M.A.; Neil, S.; Pickering, S.;
Schneider, D.K.; Piechocka-Trocha, A.; et al. HIV-1 Vpu Mediates HLA-C Downregulation. Cell Host Microbe
2016, 19, 686–695. [CrossRef] [PubMed]

54. Chen, Y.; Cheng, M.; Tian, Z. Hepatitis B virus down-regulates expressions of MHC class I molecules on
hepatoplastoma cell line. Cell. Mol. Immunol. 2006, 3, 373–378. [PubMed]

55. Noriega, V.M.; Hesse, J.; Gardner, T.J.; Besold, K.; Plachter, B.; Tortorella, D. Human cytomegalovirus US3
modulates destruction of MHC class I molecules. Mol. Immunol. 2012, 51, 245–253. [CrossRef] [PubMed]

56. Roder, G.; Geironson, L.; Bressendorff, I.; Paulsson, K. Viral proteins interfering with antigen presentation
target the major histocompatibility complex class I peptide-loading complex. J. Virol. 2008, 82, 8246–8252.
[CrossRef] [PubMed]

57. Rosato, P.C.; Leib, D.A. Neurons versus herpes simplex virus: The innate immune interactions that contribute
to a host-pathogen standoff. Future Virol. 2015, 10, 699–714. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/mi.2010.52
http://www.ncbi.nlm.nih.gov/pubmed/20811344
http://dx.doi.org/10.1111/cei.12186
http://www.ncbi.nlm.nih.gov/pubmed/23937663
http://dx.doi.org/10.4049/jimmunol.1601024
http://www.ncbi.nlm.nih.gov/pubmed/27864475
http://dx.doi.org/10.1016/j.immuni.2017.01.009
http://www.ncbi.nlm.nih.gov/pubmed/28214226
http://dx.doi.org/10.1016/j.coi.2004.11.001
http://www.ncbi.nlm.nih.gov/pubmed/15653307
http://dx.doi.org/10.1097/CJI.0b013e318182de23
http://www.ncbi.nlm.nih.gov/pubmed/18779751
http://dx.doi.org/10.1126/science.1198687
http://www.ncbi.nlm.nih.gov/pubmed/21212348
http://dx.doi.org/10.1038/nri2604
http://www.ncbi.nlm.nih.gov/pubmed/19629084
http://dx.doi.org/10.1084/jem.20090681
http://www.ncbi.nlm.nih.gov/pubmed/19528259
http://dx.doi.org/10.3389/fimmu.2016.00235
http://www.ncbi.nlm.nih.gov/pubmed/27379097
http://dx.doi.org/10.1073/pnas.250483097
http://www.ncbi.nlm.nih.gov/pubmed/11095746
http://dx.doi.org/10.1128/JVI.00393-06
http://www.ncbi.nlm.nih.gov/pubmed/17121791
http://dx.doi.org/10.4049/jimmunol.171.9.4473
http://www.ncbi.nlm.nih.gov/pubmed/14568919
http://dx.doi.org/10.1006/viro.2000.0816
http://www.ncbi.nlm.nih.gov/pubmed/11289809
http://dx.doi.org/10.1038/cmi.2014.105
http://www.ncbi.nlm.nih.gov/pubmed/25418469
http://dx.doi.org/10.1016/j.immuni.2012.09.005
http://www.ncbi.nlm.nih.gov/pubmed/22999948
http://dx.doi.org/10.1016/j.chom.2016.04.005
http://www.ncbi.nlm.nih.gov/pubmed/27173934
http://www.ncbi.nlm.nih.gov/pubmed/17092435
http://dx.doi.org/10.1016/j.molimm.2012.03.024
http://www.ncbi.nlm.nih.gov/pubmed/22497807
http://dx.doi.org/10.1128/JVI.00207-08
http://www.ncbi.nlm.nih.gov/pubmed/18448533
http://dx.doi.org/10.2217/fvl.15.45
http://www.ncbi.nlm.nih.gov/pubmed/26213562


Int. J. Mol. Sci. 2018, 19, 1379 14 of 18

58. Kang, M.S.; Kieff, E. Epstein-Barr virus latent genes. Exp. Mol. Med. 2015, 47, e131. [CrossRef] [PubMed]
59. Netea, M.G.; Joosten, L.A.; Latz, E.; Mills, K.H.; Natoli, G.; Stunnenberg, H.G.; O’Neill, L.A.; Xavier, R.J.

Trained immunity: A program of innate immune memory in health and disease. Science 2016, 352. [CrossRef]
[PubMed]

60. Arts, R.J.; Novakovic, B.; Ter Horst, R.; Carvalho, A.; Bekkering, S.; Lachmandas, E.; Rodrigues, F.;
Silvestre, R.; Cheng, S.C.; Wang, S.Y.; et al. Glutaminolysis and Fumarate Accumulation Integrate
Immunometabolic and Epigenetic Programs in Trained Immunity. Cell Metab. 2016, 24, 807–819. [CrossRef]
[PubMed]

61. Arts, R.J.W.; Carvalho, A.; La Rocca, C.; Palma, C.; Rodrigues, F.; Silvestre, R.; Kleinnijenhuis, J.;
Lachmandas, E.; Goncalves, L.G.; Belinha, A.; et al. Immunometabolic Pathways in BCG-Induced Trained
Immunity. Cell Rep. 2016, 17, 2562–2571. [CrossRef] [PubMed]

62. Cooper, M.A.; Elliott, J.M.; Keyel, P.A.; Yang, L.; Carrero, J.A.; Yokoyama, W.M. Cytokine-induced
memory-like natural killer cells. Proc. Natl. Acad. Sci. USA 2009, 106, 1915–1919. [CrossRef] [PubMed]

63. Romee, R.; Rosario, M.; Berrien-Elliott, M.M.; Wagner, J.A.; Jewell, B.A.; Schappe, T.; Leong, J.W.;
Abdel-Latif, S.; Schneider, S.E.; Willey, S.; et al. Cytokine-induced memory-like natural killer cells exhibit
enhanced responses against myeloid leukemia. Sci. Transl. Med. 2016, 8. [CrossRef] [PubMed]

64. Askenase, M.H.; Han, S.J.; Byrd, A.L.; Morais da Fonseca, D.; Bouladoux, N.; Wilhelm, C.; Konkel, J.E.;
Hand, T.W.; Lacerda-Queiroz, N.; Su, X.Z.; et al. Bone-Marrow-Resident NK Cells Prime Monocytes for
Regulatory Function during Infection. Immunity 2015, 42, 1130–1142. [CrossRef] [PubMed]

65. Quintin, J.; Saeed, S.; Martens, J.H.A.; Giamarellos-Bourboulis, E.J.; Ifrim, D.C.; Logie, C.; Jacobs, L.; Jansen, T.;
Kullberg, B.J.; Wijmenga, C.; et al. Candida albicans infection affords protection against reinfection via
functional reprogramming of monocytes. Cell Host Microbe 2012, 12, 223–232. [CrossRef] [PubMed]

66. White, K.A.; Enjuanes, L.; Berkhout, B.; Enjuanes, L.; Berkhout, B.; Andrew, K. RNA virus replication,
transcription and recombination. RNA Biol. 2011, 8, 182–183. [CrossRef] [PubMed]

67. Yoneyama, M.; Fujita, T. RNA recognition and signal transduction by RIG-I-like receptors. Immunol. Rev.
2009, 227, 54–65. [CrossRef] [PubMed]

68. Nie, Y.; Wang, Y.Y. Innate immune responses to DNA viruses. Protein Cell 2013, 4, 1–7. [CrossRef] [PubMed]
69. Jensen, S.; Thomsen, A.R. Sensing of RNA Viruses: A Review of Innate Immune Receptors Involved in

Recognizing RNA Virus Invasion. J. Virol. 2012, 86, 2900–2910. [CrossRef] [PubMed]
70. Ouyang, J.; Hu, J.; Chen, J.L. lncRNAs regulate the innate immune response to viral infection. Wiley Interdiscip.

Rev. RNA 2016, 7, 129–143. [CrossRef] [PubMed]
71. Ma, Y.; Ouyang, J.; Wei, J.; Maarouf, M.; Chen, J.L. Involvement of Host Non-Coding RNAs in the

Pathogenesis of the Influenza Virus. Int. J. Mol. Sci. 2016, 18, 39. [CrossRef] [PubMed]
72. Ouyang, J.; Zhu, X.; Chen, Y.; Wei, H.; Chen, Q.; Chi, X.; Qi, B.; Zhang, L.; Zhao, Y.; Gao, G.F.; et al. NRAV, a

long noncoding RNA, modulates antiviral responses through suppression of interferon-stimulated gene
transcription. Cell Host Microbe 2014, 16, 616–626. [CrossRef] [PubMed]

73. Durbin, R.K.; Kotenko, S.V.; Durbin, J.E. Interferon induction and function at the mucosal surface.
Immunol. Rev. 2013, 255, 25–39. [CrossRef] [PubMed]

74. Wang, S.; Chi, X.; Wei, H.; Chen, Y.; Chen, Z.; Huang, S.; Chen, J.L. Influenza A virus-induced degradation
of eukaryotic translation initiation factor 4B contributes to viral replication by suppressing IFITM3 protein
expression. J. Virol. 2014, 88, 8375–8385. [CrossRef] [PubMed]

75. Lahaye, X.; Satoh, T.; Gentili, M.; Cerboni, S.; Conrad, C.; Hurbain, I.; El Marjou, A.; Lacabaratz, C.;
Lelievre, J.D.; Manel, N. The capsids of HIV-1 and HIV-2 determine immune detection of the viral cDNA by
the innate sensor cGAS in dendritic cells. Immunity 2013, 39, 1132–1142. [CrossRef] [PubMed]

76. García-Sastre, A. Ten Strategies of Interferon Evasion by Viruses. Cell Host Microbe 2017, 22, 176–184.
[CrossRef] [PubMed]

77. Dolganiuc, A.; Oak, S.; Kodys, K.; Golenbock, D.T.; Finberg, R.W.; Kurt-Jones, E.; Szabo, G. Hepatitis C core
and nonstructural 3 proteins trigger toll-like receptor 2-mediated pathways and inflammatory activation.
Gastroenterology 2004, 127, 1513–1524. [CrossRef] [PubMed]

78. Kurt-Jones, E.A.; Popova, L.; Kwinn, L.; Haynes, L.M.; Jones, L.P.; Tripp, R.A.; Walsh, E.E.; Freeman, M.W.;
Golenbock, D.T.; Anderson, L.J.; et al. Pattern recognition receptors TLR4 and CD14 mediate response to
respiratory syncytial virus. Nat. Immunol. 2000, 1, 398–401. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/emm.2014.84
http://www.ncbi.nlm.nih.gov/pubmed/25613728
http://dx.doi.org/10.1126/science.aaf1098
http://www.ncbi.nlm.nih.gov/pubmed/27102489
http://dx.doi.org/10.1016/j.cmet.2016.10.008
http://www.ncbi.nlm.nih.gov/pubmed/27866838
http://dx.doi.org/10.1016/j.celrep.2016.11.011
http://www.ncbi.nlm.nih.gov/pubmed/27926861
http://dx.doi.org/10.1073/pnas.0813192106
http://www.ncbi.nlm.nih.gov/pubmed/19181844
http://dx.doi.org/10.1126/scitranslmed.aaf2341
http://www.ncbi.nlm.nih.gov/pubmed/27655849
http://dx.doi.org/10.1016/j.immuni.2015.05.011
http://www.ncbi.nlm.nih.gov/pubmed/26070484
http://dx.doi.org/10.1016/j.chom.2012.06.006
http://www.ncbi.nlm.nih.gov/pubmed/22901542
http://dx.doi.org/10.4161/rna.8.2.15663
http://www.ncbi.nlm.nih.gov/pubmed/21593586
http://dx.doi.org/10.1111/j.1600-065X.2008.00727.x
http://www.ncbi.nlm.nih.gov/pubmed/19120475
http://dx.doi.org/10.1007/s13238-012-2122-6
http://www.ncbi.nlm.nih.gov/pubmed/23307778
http://dx.doi.org/10.1128/JVI.05738-11
http://www.ncbi.nlm.nih.gov/pubmed/22258243
http://dx.doi.org/10.1002/wrna.1321
http://www.ncbi.nlm.nih.gov/pubmed/26667656
http://dx.doi.org/10.3390/ijms18010039
http://www.ncbi.nlm.nih.gov/pubmed/28035991
http://dx.doi.org/10.1016/j.chom.2014.10.001
http://www.ncbi.nlm.nih.gov/pubmed/25525793
http://dx.doi.org/10.1111/imr.12101
http://www.ncbi.nlm.nih.gov/pubmed/23947345
http://dx.doi.org/10.1128/JVI.00126-14
http://www.ncbi.nlm.nih.gov/pubmed/24829357
http://dx.doi.org/10.1016/j.immuni.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24269171
http://dx.doi.org/10.1016/j.chom.2017.07.012
http://www.ncbi.nlm.nih.gov/pubmed/28799903
http://dx.doi.org/10.1053/j.gastro.2004.08.067
http://www.ncbi.nlm.nih.gov/pubmed/15521019
http://dx.doi.org/10.1038/80833
http://www.ncbi.nlm.nih.gov/pubmed/11062499


Int. J. Mol. Sci. 2018, 19, 1379 15 of 18

79. Fiola, S.; Gosselin, D.; Takada, K.; Gosselin, J. TLR9 contributes to the recognition of EBV by primary
monocytes and plasmacytoid dendritic cells. J. Immunol. 2010, 185, 3620–3631. [CrossRef] [PubMed]

80. Crow, M.S.; Lum, K.K.; Sheng, X.; Song, B.; Cristea, I.M. Diverse mechanisms evolved by DNA viruses to
inhibit early host defenses. Crit. Rev. Biochem. Mol. Biol. 2016, 51, 452–481. [CrossRef] [PubMed]

81. Kawai, T.; Akira, S. The role of pattern-recognition receptors in innate immunity: Update on toll-like
receptors. Nat. Immunol. 2010, 11, 373–384. [CrossRef] [PubMed]

82. Desmet, C.J.; Ishii, K.J. Nucleic acid sensing at the interface between innate and adaptive immunity in
vaccination. Nat. Rev. Immunol. 2012, 12, 479–491. [CrossRef] [PubMed]

83. Yokota, S.-I.; Okabayashi, T.; Yokosawa, N.; Fujii, N. Measles virus P protein suppresses Toll-like receptor
signal through up-regulation of ubiquitin-modifying enzyme A20. FASEB J. 2008, 22, 74–83. [CrossRef]
[PubMed]

84. Li, K.; Foy, E.; Ferreon, J.C.; Nakamura, M.; Ferreon, A.C.; Ikeda, M.; Ray, S.C.; Gale, M., Jr.; Lemon, S.M.
Immune evasion by hepatitis C virus NS3/4A protease-mediated cleavage of the Toll-like receptor 3 adaptor
protein TRIF. Proc. Natl. Acad. Sci. USA 2005, 102, 2992–2997. [CrossRef] [PubMed]

85. Breiman, A.; Grandvaux, N.; Lin, R.; Ottone, C.; Akira, S.; Yoneyama, M.; Fujita, T.; Hiscott, J.; Meurs, E.F.
Inhibition of RIG-I-dependent signaling to the interferon pathway during hepatitis C virus expression and
restoration of signaling by IKKepsilon. J. Virol. 2005, 79, 3969–3978. [CrossRef] [PubMed]

86. Kar, P.; Kumar, D.; Gumma, P.K.; Chowdhury, S.J.; Karra, V.K. Down regulation of TRIF, TLR3, and MAVS in
HCV infected liver correlates with the outcome of infection. J. Med. Virol. 2017, 89, 2165–2172. [CrossRef]
[PubMed]

87. Nagendraprabhu, P.; Khatiwada, S.; Chaulagain, S.; Delhon, G.; Rock, D.L. A parapoxviral virion protein
targets the retinoblastoma protein to inhibit NF-kappaB signaling. PLoS Pathog. 2017, 13, e1006779.
[CrossRef] [PubMed]

88. Koyama, S.; Ishii, K.J.; Coban, C.; Akira, S. Innate immune response to viral infection. Cytokine 2008, 43,
336–341. [CrossRef] [PubMed]

89. Finberg, R.W.; Wang, J.P.; Kurt-Jones, E.A. Toll like receptors and viruses. Rev. Med. Virol. 2007, 17, 35–43.
[CrossRef] [PubMed]

90. Rassa, J.C.; Meyers, J.L.; Zhang, Y.; Kudaravalli, R.; Ross, S.R. Murine retroviruses activate B cells via
interaction with toll-like receptor 4. Proc. Natl. Acad. Sci. USA 2002, 99, 2281–2286. [CrossRef] [PubMed]

91. Bieback, K.; Lien, E.; Klagge, I.M.; Avota, E.; Schneider-Schaulies, J.; Duprex, W.P.; Wagner, H.;
Kirschning, C.J.; Ter Meulen, V.; Schneider-Schaulies, S. Hemagglutinin protein of wild-type measles virus
activates toll-like receptor 2 signaling. J. Virol. 2002, 76, 8729–8736. [CrossRef] [PubMed]

92. Kurt-Jones, E.A.; Chan, M.; Zhou, S.; Wang, J.; Reed, G.; Bronson, R.; Arnold, M.M.; Knipe, D.M.; Finberg, R.W.
Herpes simplex virus 1 interaction with Toll-like receptor 2 contributes to lethal encephalitis. Proc. Natl.
Acad. Sci. USA 2004, 101, 1315–1320. [CrossRef] [PubMed]

93. Duesberg, U.; von dem Bussche, A.; Kirschning, C.; Miyake, K.; Sauerbruch, T.; Spengler, U. Cell activation
by synthetic lipopeptides of the hepatitis C virus (HCV)—Core protein is mediated by toll like receptors
(TLRs) 2 and 4. Immunol. Lett. 2002, 84, 89–95. [CrossRef]

94. Cheng, G.; Zhong, J.; Chung, J.; Chisari, F.V. Double-stranded DNA and double-stranded RNA induce
a common antiviral signaling pathway in human cells. Proc. Natl. Acad. Sci. USA 2007, 104, 9035–9040.
[CrossRef] [PubMed]

95. Chiu, Y.H.; Macmillan, J.B.; Chen, Z.J. RNA polymerase III detects cytosolic DNA and induces type I
interferons through the RIG-I pathway. Cell 2009, 138, 576–591. [CrossRef] [PubMed]

96. Valentine, R.; Smith, G.L. Inhibition of the RNA polymerase III-mediated dsDNA-sensing pathway of innate
immunity by vaccinia virus protein E3. J. Gen. Virol. 2010, 91, 2221–2229. [CrossRef] [PubMed]

97. Rodriguez, K.R.; Bruns, A.M.; Horvath, C.M. MDA5 and LGP2: Accomplices and Antagonists of Antiviral
Signal Transduction. J. Virol. 2014, 88, 8194–8200. [CrossRef] [PubMed]

98. Goubau, D.; Deddouche, S.; Reis e Sousa, C. Cytosolic Sensing of Viruses. Immunity 2013, 38, 855–869.
[CrossRef] [PubMed]

99. Chan, Y.K.; Gack, M.U. RIG-I-like receptor regulation in virus infection and immunity. Curr. Opin. Virol.
2015, 12, 7–14. [CrossRef] [PubMed]

http://dx.doi.org/10.4049/jimmunol.0903736
http://www.ncbi.nlm.nih.gov/pubmed/20713890
http://dx.doi.org/10.1080/10409238.2016.1226250
http://www.ncbi.nlm.nih.gov/pubmed/27650455
http://dx.doi.org/10.1038/ni.1863
http://www.ncbi.nlm.nih.gov/pubmed/20404851
http://dx.doi.org/10.1038/nri3247
http://www.ncbi.nlm.nih.gov/pubmed/22728526
http://dx.doi.org/10.1096/fj.07-8976com
http://www.ncbi.nlm.nih.gov/pubmed/17720800
http://dx.doi.org/10.1073/pnas.0408824102
http://www.ncbi.nlm.nih.gov/pubmed/15710891
http://dx.doi.org/10.1128/JVI.79.7.3969-3978.2005
http://www.ncbi.nlm.nih.gov/pubmed/15767399
http://dx.doi.org/10.1002/jmv.24849
http://www.ncbi.nlm.nih.gov/pubmed/28480979
http://dx.doi.org/10.1371/journal.ppat.1006779
http://www.ncbi.nlm.nih.gov/pubmed/29244863
http://dx.doi.org/10.1016/j.cyto.2008.07.009
http://www.ncbi.nlm.nih.gov/pubmed/18694646
http://dx.doi.org/10.1002/rmv.525
http://www.ncbi.nlm.nih.gov/pubmed/17146842
http://dx.doi.org/10.1073/pnas.042355399
http://www.ncbi.nlm.nih.gov/pubmed/11854525
http://dx.doi.org/10.1128/JVI.76.17.8729-8736.2002
http://www.ncbi.nlm.nih.gov/pubmed/12163593
http://dx.doi.org/10.1073/pnas.0308057100
http://www.ncbi.nlm.nih.gov/pubmed/14739339
http://dx.doi.org/10.1016/S0165-2478(02)00178-5
http://dx.doi.org/10.1073/pnas.0703285104
http://www.ncbi.nlm.nih.gov/pubmed/17517627
http://dx.doi.org/10.1016/j.cell.2009.06.015
http://www.ncbi.nlm.nih.gov/pubmed/19631370
http://dx.doi.org/10.1099/vir.0.021998-0
http://www.ncbi.nlm.nih.gov/pubmed/20519457
http://dx.doi.org/10.1128/JVI.00640-14
http://www.ncbi.nlm.nih.gov/pubmed/24850739
http://dx.doi.org/10.1016/j.immuni.2013.05.007
http://www.ncbi.nlm.nih.gov/pubmed/23706667
http://dx.doi.org/10.1016/j.coviro.2015.01.004
http://www.ncbi.nlm.nih.gov/pubmed/25644461


Int. J. Mol. Sci. 2018, 19, 1379 16 of 18

100. Guo, Z.; Chen, L.M.; Zeng, H.; Gomez, J.A.; Plowden, J.; Fujita, T.; Katz, J.M.; Donis, R.O.; Sambhara, S. NS1
protein of influenza A virus inhibits the function of intracytoplasmic pathogen sensor, RIG-I. Am. J. Respir.
Cell Mol. Biol. 2007, 36, 263–269. [CrossRef] [PubMed]

101. Xing, J.; Ly, H.; Liang, Y. The Z proteins of pathogenic but not nonpathogenic arenaviruses inhibit RIG-I-like
receptor-dependent interferon production. J. Virol. 2015, 89, 2944–2955. [CrossRef] [PubMed]

102. Biacchesi, S.; Merour, E.; Chevret, D.; Lamoureux, A.; Bernard, J.; Bremont, M. NV Proteins of Fish
Novirhabdovirus Recruit Cellular PPM1Bb Protein Phosphatase and Antagonize RIG-I-Mediated IFN
Induction. Sci. Rep. 2017, 7, 44025. [CrossRef] [PubMed]

103. Childs, K.S.; Andrejeva, J.; Randall, R.E.; Goodbourn, S. Mechanism of mda-5 Inhibition by Paramyxovirus
V Proteins. J. Virol. 2009, 83, 1465–1473. [CrossRef] [PubMed]

104. Childs, K.; Randall, R.; Goodbourn, S. Paramyxovirus V Proteins Interact with the RNA Helicase LGP2 to
Inhibit RIG-I-Dependent Interferon Induction. J. Virol. 2012, 86, 3411–3421. [CrossRef] [PubMed]

105. Li, X.D.; Sun, L.; Seth, R.B.; Pineda, G.; Chen, Z.J. Hepatitis C virus protease NS3/4A cleaves mitochondrial
antiviral signaling protein off the mitochondria to evade innate immunity. Proc. Natl. Acad. Sci. USA 2005,
102, 17717–17722. [CrossRef] [PubMed]

106. Dong, J.; Xu, S.; Wang, J.; Luo, R.; Wang, D.; Xiao, S.; Fang, L.; Chen, H.; Jiang, Y. Porcine reproductive and
respiratory syndrome virus 3C protease cleaves the mitochondrial antiviral signalling complex to antagonize
IFN-beta expression. J. Gen. Virol. 2015, 96, 3049–3058. [CrossRef] [PubMed]

107. Wang, L.C.; Chen, S.O.; Chang, S.P.; Lee, Y.P.; Yu, C.K.; Chen, C.L.; Tseng, P.C.; Hsieh, C.Y.; Chen, S.H.;
Lin, C.F. Enterovirus 71 Proteins 2A and 3D Antagonize the Antiviral Activity of Gamma Interferon via
Signaling Attenuation. J. Virol. 2015, 89, 7028–7037. [CrossRef] [PubMed]

108. Rui, Y.; Su, J.; Wang, H.; Chang, J.; Wang, S.; Zheng, W.; Cai, Y.; Wei, W.; Gordy, J.T.; Markham, R.;
et al. Disruption of MDA5-Mediated Innate Immune Responses by the 3C Proteins of Coxsackievirus A16,
Coxsackievirus A6, and Enterovirus D68. J. Virol. 2017, 91, e00546-17. [CrossRef] [PubMed]

109. Negash, A.A.; Ramos, H.J.; Crochet, N.; Lau, D.T.Y.; Doehle, B.; Papic, N.; Delker, D.A.; Jo, J.; Bertoletti, A.;
Hagedorn, C.H.; et al. IL-1β Production through the NLRP3 Inflammasome by Hepatic Macrophages Links
Hepatitis C Virus Infection with Liver Inflammation and Disease. PLoS Pathog. 2013, 9, 1–13. [CrossRef]
[PubMed]

110. Chan, Y.K.; Gack, M.U. Viral evasion of intracellular DNA and RNA sensing. Nat. Rev. Microbiol. 2016, 14,
360–373. [CrossRef] [PubMed]

111. Guo, H.-C.; Jin, Y.; Zhi, X.-Y.; Yan, D.; Sun, S.-Q. NLRP3 Inflammasome Activation by Viroporins of Animal
Viruses. Viruses 2015, 7, 3380–3391. [CrossRef] [PubMed]

112. Cheong, W.-C.; Kang, H.-R.; Yoon, H.; Kang, S.-J.; Ting, J.P.-Y.; Song, M.J. Influenza A Virus NS1 Protein
Inhibits the NLRP3 Inflammasome. PLoS ONE 2015, 10, e0126456. [CrossRef] [PubMed]

113. Komune, N.; Ichinohe, T.; Ito, M.; Yanagi, Y. Measles Virus V Protein Inhibits NLRP3
Inflammasome-Mediated Interleukin-1 Secretion. J. Virol. 2011, 85, 13019–13026. [CrossRef] [PubMed]

114. Pestka, S.; Krause, C.D.; Walter, M.R. Interferons, interferon-like cytokines, and their receptors. Immunol. Rev.
2004, 202, 8–32. [CrossRef] [PubMed]

115. Wei, J.; Ma, Y.; Wang, L.; Chi, X.; Yan, R.; Wang, S.; Li, X.; Chen, X.; Shao, W.; Chen, J.L. Alpha/beta
interferon receptor deficiency in mice significantly enhances susceptibility of the animals to pseudorabies
virus infection. Vet. Microbiol. 2017, 203, 234–244. [CrossRef] [PubMed]

116. Lin, F.C.; Young, H.A. Interferons: Success in anti-viral immunotherapy. Cytokine Growth Factor Rev. 2014, 25,
369–376. [CrossRef] [PubMed]

117. Schneider, W.M.; Chevillotte, M.D.; Rice, C.M. Interferon-Stimulated Genes: A Complex Web of Host
Defenses. Annu. Rev. Immunol. 2014, 32, 513–545. [CrossRef] [PubMed]

118. Wei, H.; Wang, S.; Chen, Q.; Chen, Y.; Chi, X.; Zhang, L.; Huang, S.; Gao, G.F.; Chen, J.L. Correction:
Suppression of Interferon Lambda Signaling by SOCS-1 Results in Their Excessive Production during
Influenza Virus Infection. PLoS Pathog. 2016, 12, e1005402. [CrossRef] [PubMed]

119. Tanguy, M.; Veron, L.; Stempor, P.; Ahringer, J.; Sarkies, P.; Miska, E.A. An Alternative STAT Signaling
Pathway Acts in Viral Immunity in Caenorhabditis elegans. mBio 2017, 8, e00924-17. [CrossRef] [PubMed]

120. Villarino, A.V.; Kanno, Y.; Ferdinand, J.R.; O’Shea, J.J. Mechanisms of Jak/STAT Signaling in Immunity and
Disease. J. Immunol. 2015, 194, 21–27. [CrossRef] [PubMed]

http://dx.doi.org/10.1165/rcmb.2006-0283RC
http://www.ncbi.nlm.nih.gov/pubmed/17053203
http://dx.doi.org/10.1128/JVI.03349-14
http://www.ncbi.nlm.nih.gov/pubmed/25552708
http://dx.doi.org/10.1038/srep44025
http://www.ncbi.nlm.nih.gov/pubmed/28276468
http://dx.doi.org/10.1128/JVI.01768-08
http://www.ncbi.nlm.nih.gov/pubmed/19019954
http://dx.doi.org/10.1128/JVI.06405-11
http://www.ncbi.nlm.nih.gov/pubmed/22301134
http://dx.doi.org/10.1073/pnas.0508531102
http://www.ncbi.nlm.nih.gov/pubmed/16301520
http://dx.doi.org/10.1099/jgv.0.000257
http://www.ncbi.nlm.nih.gov/pubmed/26253126
http://dx.doi.org/10.1128/JVI.00205-15
http://www.ncbi.nlm.nih.gov/pubmed/25926657
http://dx.doi.org/10.1128/JVI.00546-17
http://www.ncbi.nlm.nih.gov/pubmed/28424289
http://dx.doi.org/10.1371/journal.ppat.1003330
http://www.ncbi.nlm.nih.gov/pubmed/23633957
http://dx.doi.org/10.1038/nrmicro.2016.45
http://www.ncbi.nlm.nih.gov/pubmed/27174148
http://dx.doi.org/10.3390/v7072777
http://www.ncbi.nlm.nih.gov/pubmed/26114475
http://dx.doi.org/10.1371/journal.pone.0126456
http://www.ncbi.nlm.nih.gov/pubmed/25978411
http://dx.doi.org/10.1128/JVI.05942-11
http://www.ncbi.nlm.nih.gov/pubmed/21994456
http://dx.doi.org/10.1111/j.0105-2896.2004.00204.x
http://www.ncbi.nlm.nih.gov/pubmed/15546383
http://dx.doi.org/10.1016/j.vetmic.2017.03.022
http://www.ncbi.nlm.nih.gov/pubmed/28619150
http://dx.doi.org/10.1016/j.cytogfr.2014.07.015
http://www.ncbi.nlm.nih.gov/pubmed/25156421
http://dx.doi.org/10.1146/annurev-immunol-032713-120231
http://www.ncbi.nlm.nih.gov/pubmed/24555472
http://dx.doi.org/10.1371/journal.ppat.1005402
http://www.ncbi.nlm.nih.gov/pubmed/26765537
http://dx.doi.org/10.1128/mBio.00924-17
http://www.ncbi.nlm.nih.gov/pubmed/28874466
http://dx.doi.org/10.4049/jimmunol.1401867
http://www.ncbi.nlm.nih.gov/pubmed/25527793


Int. J. Mol. Sci. 2018, 19, 1379 17 of 18

121. Honda, K.; Taniguchi, T. IRFs: Master regulators of signalling by Toll-like receptors and cytosolic
pattern-recognition receptors. Nat. Rev. Immunol. 2006, 6, 644–658. [CrossRef] [PubMed]

122. Chi, B.; Dickensheets, H.L.; Spann, K.M.; Alston, M.A.; Luongo, C.; Dumoutier, L.; Huang, J.; Renauld, J.C.;
Kotenko, S.V.; Roederer, M.; et al. Alpha and lambda interferon together mediate suppression of CD4 T cells
induced by respiratory syncytial virus. J. Virol. 2006, 80, 5032–5040. [CrossRef] [PubMed]

123. Schoggins, J.W. Interferon-stimulated genes: Roles in viral pathogenesis. Curr. Opin. Virol. 2014, 6, 40–46.
[CrossRef] [PubMed]

124. Kane, M.; Zang, T.M.; Rihn, S.J.; Zhang, F.; Kueck, T.; Alim, M.; Schoggins, J.; Rice, C.M.; Wilson, S.J.;
Bieniasz, P.D. Identification of Interferon-Stimulated Genes with Antiretroviral Activity. Cell Host Microbe
2016, 20, 392–405. [CrossRef] [PubMed]

125. Li, F.; Chen, Y.; Zhang, Z.; Ouyang, J.; Wang, Y.; Yan, R.; Huang, S.; Gao, G.F.; Guo, G.; Chen, J.L. Robust
expression of vault RNAs induced by influenza A virus plays a critical role in suppression of PKR-mediated
innate immunity. Nucleic Acids Res. 2015, 43, 10321–10337. [CrossRef] [PubMed]

126. Davis, K.A.; Patton, J.T. Shutdown of interferon signaling by a viral-hijacked E3 ubiquitin ligase. Microb. Cell
2017, 4, 387–389. [CrossRef] [PubMed]

127. Akhtar, L.N.; Benveniste, E.N. Viral Exploitation of Host SOCS Protein Functions. J. Virol. 2011, 85, 1912–1921.
[CrossRef] [PubMed]

128. Liu, R.; Moss, B. Vaccinia Virus C9 Ankyrin Repeat/F-Box Protein Is a Newly Identified Antagonist of the
Type I Interferon-Induced Antiviral State. J. Virol. 2018, 92, e00053-18. [CrossRef] [PubMed]

129. Hwang, S.W.; Kim, D.; Jung, J.U.; Lee, H.R. KSHV-encoded viral interferon regulatory factor 4 (vIRF4)
interacts with IRF7 and inhibits interferon alpha production. Biochem. Biophys. Res. Commun. 2017, 486,
700–705. [CrossRef] [PubMed]

130. Gottipati, K.; Holthauzen, L.M.; Ruggli, N.; Choi, K.H. Pestivirus Npro Directly Interacts with Interferon
Regulatory Factor 3 Monomer and Dimer. J. Virol. 2016, 90, 7740–7747. [CrossRef] [PubMed]

131. Lau, L.; Gray, E.E.; Brunette, R.L.; Stetson, D.B. DNA tumor virus oncogenes antagonize the cGAS-STING
DNA-sensing pathway. Science 2015, 350, 568–571. [CrossRef] [PubMed]

132. Ma, Z.; Jacobs, S.R.; West, J.A.; Stopford, C.; Zhang, Z.; Davis, Z.; Barber, G.N.; Glaunsinger, B.A.;
Dittmer, D.P.; Damania, B. Modulation of the cGAS-STING DNA sensing pathway by gammaherpesviruses.
Proc. Natl. Acad. Sci. USA 2015, 112, E4306–E4315. [CrossRef] [PubMed]

133. Ziehr, B.; Vincent, H.A.; Moorman, N.J. Human Cytomegalovirus pTRS1 and pIRS1 Antagonize Protein
Kinase R to Facilitate Virus Replication. J. Virol. 2016, 90, 3839–3848. [CrossRef] [PubMed]

134. Dempsey, P.W.; Vaidya, S.A.; Cheng, G. The art of war: Innate and adaptive immune responses. Cell. Mol.
Life Sci. 2003, 60, 2604–2621. [CrossRef] [PubMed]

135. Iwasaki, A.; Medzhitov, R. Control of adaptive immunity by the innate immune system. Nat. Immunol. 2015,
16, 343–353. [CrossRef] [PubMed]

136. Lang, M.L. How do natural killer T cells help B cells? Expert Rev. Vaccines 2009, 8, 1109–1121. [CrossRef]
[PubMed]

137. Mueller, S.N.; Gebhardt, T.; Carbone, F.R.; Heath, W.R. Memory T cell subsets, migration patterns, and tissue
residence. Annu. Rev. Immunol. 2013, 31, 137–161. [CrossRef] [PubMed]

138. Clem, A.S. Fundamentals of vaccine immunology. J. Glob. Infect. Dis. 2011, 3, 73–78. [CrossRef] [PubMed]
139. Okoye, A.A.; Picker, L.J. CD4+ T-cell depletion in HIV infection: Mechanisms of immunological failure.

Immunol. Rev. 2013, 254, 54–64. [CrossRef] [PubMed]
140. Griffin, D.E. The Immune Response in Measles: Virus Control, Clearance and Protective Immunity. Viruses

2016, 8, 282. [CrossRef] [PubMed]
141. Hatton, O.L.; Harris-Arnold, A.; Schaffert, S.; Krams, S.M.; Martinez, O.M. The interplay between

Epstein-Barr virus and B lymphocytes: Implications for infection, immunity, and disease. Immunol. Res.
2014, 58, 268–276. [CrossRef] [PubMed]

142. Gossmann, J.; Lohler, J.; Lehmann-Grube, F. Entry of antivirally active T lymphocytes into the thymus of
virus-infected mice. J. Immunol. 1991, 146, 293–297. [PubMed]

143. Yoshimura, F.K.; Wang, T.; Cankovic, M. Sequences between the enhancer and promoter in the long terminal
repeat affect murine leukemia virus pathogenicity and replication in the thymus. J. Virol. 1999, 73, 4890–4898.
[PubMed]

http://dx.doi.org/10.1038/nri1900
http://www.ncbi.nlm.nih.gov/pubmed/16932750
http://dx.doi.org/10.1128/JVI.80.10.5032-5040.2006
http://www.ncbi.nlm.nih.gov/pubmed/16641294
http://dx.doi.org/10.1016/j.coviro.2014.03.006
http://www.ncbi.nlm.nih.gov/pubmed/24713352
http://dx.doi.org/10.1016/j.chom.2016.08.005
http://www.ncbi.nlm.nih.gov/pubmed/27631702
http://dx.doi.org/10.1093/nar/gkv1078
http://www.ncbi.nlm.nih.gov/pubmed/26490959
http://dx.doi.org/10.15698/mic2017.11.600
http://www.ncbi.nlm.nih.gov/pubmed/29167802
http://dx.doi.org/10.1128/JVI.01857-10
http://www.ncbi.nlm.nih.gov/pubmed/21084484
http://dx.doi.org/10.1128/JVI.00053-18
http://www.ncbi.nlm.nih.gov/pubmed/29444943
http://dx.doi.org/10.1016/j.bbrc.2017.03.101
http://www.ncbi.nlm.nih.gov/pubmed/28342865
http://dx.doi.org/10.1128/JVI.00318-16
http://www.ncbi.nlm.nih.gov/pubmed/27334592
http://dx.doi.org/10.1126/science.aab3291
http://www.ncbi.nlm.nih.gov/pubmed/26405230
http://dx.doi.org/10.1073/pnas.1503831112
http://www.ncbi.nlm.nih.gov/pubmed/26199418
http://dx.doi.org/10.1128/JVI.02714-15
http://www.ncbi.nlm.nih.gov/pubmed/26819306
http://dx.doi.org/10.1007/s00018-003-3180-y
http://www.ncbi.nlm.nih.gov/pubmed/14685686
http://dx.doi.org/10.1038/ni.3123
http://www.ncbi.nlm.nih.gov/pubmed/25789684
http://dx.doi.org/10.1586/erv.09.56
http://www.ncbi.nlm.nih.gov/pubmed/19627191
http://dx.doi.org/10.1146/annurev-immunol-032712-095954
http://www.ncbi.nlm.nih.gov/pubmed/23215646
http://dx.doi.org/10.4103/0974-777X.77299
http://www.ncbi.nlm.nih.gov/pubmed/21572612
http://dx.doi.org/10.1111/imr.12066
http://www.ncbi.nlm.nih.gov/pubmed/23772614
http://dx.doi.org/10.3390/v8100282
http://www.ncbi.nlm.nih.gov/pubmed/27754341
http://dx.doi.org/10.1007/s12026-014-8496-1
http://www.ncbi.nlm.nih.gov/pubmed/24619311
http://www.ncbi.nlm.nih.gov/pubmed/1898603
http://www.ncbi.nlm.nih.gov/pubmed/10233950


Int. J. Mol. Sci. 2018, 19, 1379 18 of 18

144. Kennedy, P.T.F.; Litwin, S.; Dolman, G.E.; Bertoletti, A.; Mason, W.S. Immune Tolerant Chronic Hepatitis B:
The Unrecognized Risks. Viruses 2017, 9, 96. [CrossRef] [PubMed]

145. Tran, T.T. Immune Tolerant Hepatitis B: A Clinical Dilemma. Gastroenterol. Hepatol. 2011, 7, 511–516.
146. Sukriti, S.; Pati, N.T.; Bose, S.; Hissar, S.S.; Sarin, S.K. Impaired antigen processing and presentation machinery

is associated with immunotolerant state in chronic hepatitis B virus infection. J. Clin. Immunol. 2010, 30,
419–425. [CrossRef] [PubMed]

147. Carey, I.; D’Antiga, L.; Bansal, S.; Longhi, M.S.; Ma, Y.; Mesa, I.R.; Mieli-Vergani, G.; Vergani, D. Immune
and viral profile from tolerance to hepatitis B surface antigen clearance: A longitudinal study of vertically
hepatitis B virus-infected children on combined therapy. J. Virol. 2011, 85, 2416–2428. [CrossRef] [PubMed]

148. Tsai, K.N.; Kuo, C.F.; Ou, J.J. Mechanisms of Hepatitis B Virus Persistence. Trends Microbiol. 2018, 26, 33–42.
[CrossRef] [PubMed]

149. Kane, M.; Golovkina, T. Common threads in persistent viral infections. J. Virol. 2010, 84, 4116–4123.
[CrossRef] [PubMed]

150. Nicoll, M.P.; Proenca, J.T.; Efstathiou, S. The molecular basis of herpes simplex virus latency.
FEMS Microbiol. Rev. 2012, 36, 684–705. [CrossRef] [PubMed]

151. Ali, I.; Conrad, R.J.; Ott, M. Retrovirus Integration: Some Assembly Required? Cell Host Microbe 2016, 20,
702–704. [CrossRef] [PubMed]

152. Grebely, J.; Prins, M.; Hellard, M.; Cox, A.L.; Osburn, W.O.; Lauer, G.; Page, K.; Lloyd, A.R.; Dore, G.J.
Hepatitis C virus clearance, reinfection, and persistence, with insights from studies of injecting drug users:
Towards a vaccine. Lancet Infect. Dis. 2012, 12, 408–414. [CrossRef]

153. Knipe, D.M.; Howley, P.M. Fields Virology, 6th ed.; Wolters Kluwer Health/Lippincott Williams & Wilkins:
Philadelphia, PA, USA, 2013.

154. Fields, B.N.; Knipe, D.M.; Howley, P.M. Fields Virology, 5th ed.; Wolters Kluwer Health/Lippincott Williams
& Wilkins: Philadelphia, PA, USA, 2007.

155. Moser, J.M.; Lukacher, A.E. Immunity to polyoma virus infection and tumorigenesis. Viral Immunol. 2001, 14,
199–216. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/v9050096
http://www.ncbi.nlm.nih.gov/pubmed/28468285
http://dx.doi.org/10.1007/s10875-010-9379-4
http://www.ncbi.nlm.nih.gov/pubmed/20300807
http://dx.doi.org/10.1128/JVI.01449-10
http://www.ncbi.nlm.nih.gov/pubmed/21147914
http://dx.doi.org/10.1016/j.tim.2017.07.006
http://www.ncbi.nlm.nih.gov/pubmed/28823759
http://dx.doi.org/10.1128/JVI.01905-09
http://www.ncbi.nlm.nih.gov/pubmed/19955304
http://dx.doi.org/10.1111/j.1574-6976.2011.00320.x
http://www.ncbi.nlm.nih.gov/pubmed/22150699
http://dx.doi.org/10.1016/j.chom.2016.11.003
http://www.ncbi.nlm.nih.gov/pubmed/27978432
http://dx.doi.org/10.1016/S1473-3099(12)70010-5
http://dx.doi.org/10.1089/088282401753266738
http://www.ncbi.nlm.nih.gov/pubmed/11572632
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Immune Sensing of Viral Infection 
	Intercellular Immune Ecosystem of Virus-Infected Tissues 
	Intracellular Immune Ecosystem of Virus-Infected Cells 
	Pattern Recognition Receptors 
	Toll Like Receptors 
	RIG-I Like Receptors 
	NOD-Like Receptors (NLRs) 

	Interferons Function as Critical Components in the Immune Ecosystem of a Virus Infected Tissue 

	Adaptive Immune Response to Viral Infection 
	Conclusions 
	References

