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PATTERN-RECOGNIZING RECEPTORS AND THE INNATE
IMMUNE RESPONSE TO VIRAL INFECTION
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The innate immune response to viral pathogens is crucial in mobilizing defensive reactions of an organism
during the development of an acute viral infection. Cells of the innate immunity system detect viral antigens
due to genetically programmed pattern-recognition receptors (PRRs), which are located either on the cell
surface or inside the certain intracellular components. These image-recognizing receptors include Toll-like
receptors (TLRs), retinoic acid-inducible gene I-like receptors (RIG-I-like receptors), nucleotide
oligomerization domain-like receptors (NOD-like receptors), also known as NACHT, LRR and PYD domains
of the protein, and cytosolic DNA sensors. The trigger mechanisms for these receptors are viral proteins, and
nucleic acids serve as activators. The presence of PRRs that are responsible for the determination of viral
antigens in cellular components allows the cells of innate immunity to recognize a wide range of viral agents
that replicate in various cellular structures, and develop an immune response to them. This article summarizes
the disparate data presented in modern English literature on the role of PRRs and the associated signaling
pathways. Understanding the recognition of viral pathogens required triggering a cascade of cytokine and
interferon production provides insights into how viruses activate the signal paths of PRRs and the effect of the
interaction of viral antigens and these receptors on the formation of the antiviral immune response.
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HATEPH-PO3III3HABAJIBHI PEHHEIITOPU TA ITIPUPOKEHA
IMYHOJIOTTYHA BIANIOBIAb HA BIPYCHY IHOEKIIIIO

Bexnuuy K. A.
XapkiBchkuil HarfioHanbHU# yHiBepcuTeT imeni B. H. Kapasina, t. Ceo6oau, 6, m. Xapkis, 61022,
VYkpaina

BupimansHe 3HaueHHs] B MOOTi3allii 3aXHCHUX peaki(iif OpraHiaMy MpoOTAroM PO3BUTKY IOCTPOI BipycHOT
iH(ekuii Mae BpOJPKEHa IMYHOJIOTIYHA BiJNOBiAb Ha BipycHi matoreHu. KUITHHHM CHCTEMH BPOIXKEHOTO
IMYHITETY BHSBISIOTH BIPYCHI a@HTHI€HM 32 JIOIIOMOTOI0 T'€HETHYHO 3alporpaMoOBaHOr0 MaTepH-
posmizuaBanus penentopiB (PRRS), siki po3ramoBani abo Ha MOBEpPXHI KIITHHU, a00 BCEPEIUHI MEBHHUX
BHYTPIIIHBOKJIITHHHAX KOMIOHEHTiB. 1li 00pa3-po3mi3HaBaibHi perentopu BKIHOYanOTh 1 0ll-momiGHi
pererrropu (TLRS), RIG-I-nioxi6Hi perierrropu (RLRS), NOD-moni6Hi perentopu, Takok BiZoMi SIK IOMEHH
NACHT, LRR ta PYD 6inkiB, Ta uuto3oibHi JJHK-cencopu. ITyCKOBHM MEXaHI3MOM JUIs WX PEICITOPIB €
BIpYCHI IpOTEiHHU, a aKTHBATOPaMHM CIyTyIOTh HykjeiHOBi kucmoru. Hassaicte PRRs, mo BiagmoBimatoTs 3a
BU3HAUYEHHS BIPYCHUX AHTUTEHIB y KJIITHHHHUX KOMIIOHEHTaX, Ja€ KJIITHHAM MPUPOJKEHOTO IMYHITETY
MOJKJIMBICTh PO3Mi3HABATH IIMPOKHUH CIEKTP BIPYCHHX areHTiB, IO PEIUTIKYIOTBCS B PI3HHUX KIITHHHUX
CTPYKTYpax, i BUpOOJISITH iMyHOJIOTIYHY BiIMOBiAh HA HUX. B naHiit cTtaTTi y3araabHEHO po3pi3HEeHi naHi, sSKi
MpelCTaBjIeH] B Cy4acHiM aHTJIIOMOBHiH siteparypi, mono poxi PRRs Ta moB's3aHuX 3 HUMU CHUTHAIIBLHUX
nuUiaxiB. Po3ymiHHS po3mi3HaBaHHS BipyCHHX IAaTOT€HIB, HEOOXIIHMX IS 3alycKy KackKaay MpOAYKIii
IIUTOKUHIB 1 iHTepdepoHiB, 103BOIAE 30aTHYTH, SIK BipyCH aKTHUBI3yIOTh CHTHaJbHI nUAXu PRRs i sk BrtnBae
B3a€MO/IiS BIPYCHUX aHTHUT€HIB 1 ITX PEeNTOpiB Ha (hOpMyBaHHS MPOTUBIPYCHOI IMyHHOI BiATIOBiI.

KJIIOYO0BI CJIOBA: natepu-posmizHaBansHi penenrtopu, 10ll-moni6ui perentopu, RIG-I-momi6Hi
perenTopu
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MATEPH-PACIIO3HAIOIIUE PEIENTOPHI 1 BPOKJIEHHBIN
UMMYHHBII OTBET HA BUPYCHYIO HHO®EKIIUIO

Bexnuu K. A.
XapbKOBCKUil HallMOHANBHBIM yHUBepcuteT uMeHu B. H. Kapasuna, . Co6onsl, 6, r. Xapbkos, 61022,
VYkpauna

Pemaroriee 3HaueHne B MOOMJIM3ALMM 3aIIUTHBIX PEaKUUil OpraHW3Ma BO BpEMS PasBUTHA OCTPOM
BUPYCHOH WH(EKIMM MMEET BPOXKACHHBIII MMMYHHBII OTBET Ha BHPYCHBIC HaToreHbl. KIETKH CHCTEMBI
BPOXKICHHOTO ~ MMMYyHHTETa  OOHAapy)XMBAalOT  BHUPYCHBIC  aHTUTCHBl  Onarogapst  I'€HETHYECKH
3arporpaMMIpPOBAaHHBIM 00pa3-pacnosHatommM perenrropaM (PRRS), xotopeie pacmomararorcs nubo Ha
NOBEPXHOCTH KJIETKH, JIMOO BHYTPU ONpPENCICHHBIX BHYTPHKICTOYHBIX KOMIIOHEHTOB. JTH 00pas-
pacmo3Haromue perentopsl BkmodaroT B ceds Toll-momoOupie penentoper (TLRs), RIG-I-momobubre
penentopsl (RLRs), NOD-mmogo6usIe penentopsl, m3BecTHeIe Takke kak NACHT, LRR u PYD momenst
Oenka, 1 1uTo306HBIe ceHcopbl JJHK. TlyckoBEIM MEXaHHU3MOM JUISl STHX PELEHTOPOB SBIISIOTCS BUPYCHBIS
NPOTEUHEL, a aKTHBAaTOPaMH CIIy>KaT HyKJIEHHOBbIe KucIoThl. Hammune PRRS, oTBeyaomux 3a onpeaencHue
BUPYCHBIX QHTHI'CHOB B KJICTOYHBIX KOMIOHEHTAaX, aeT KJIETKaM BPOXKICHHOTO UMMYHHTETa BO3MOXKHOCTb
PAcIO3HATB IUPOKHUI CIIEKTP BUPYCHBIX areHTOB, PEINTHLUPYIOMIMXCS B Pa3IMYHBIX KIETOYHBIX CTPYKTYpaX,
U BBIpaboTaTh B OTHOLICHMH MX MMMYHHBI OTBeT. B nmaHHO# cTaTbe 0000ILICHBI pa3po3HEHHBIC TaHHBIC,
NpeICTaBJICHHEIE B COBPEMEHHOI aHINIOA3BIYHON JHTEpaType, OTHOCHTENbHO ponu PRRS W CBA3aHHBIX ¢
HHMH CUTHAIBHBIX IyTeil. [loHnMaHue pacro3HaBaHHs BHPYCHBIX MATOT€HOB, HCOOXOIMMBIX IS 3aIlycKa
KacKaja MPONYKIHH LUTOKWHOB W HMHTEP(HEPOHOB, MO3BOJICT MOJTYYHTh NMOHHMMAaHUE TOTO, KaK BHPYCHI
aKTUBHPYIOT CHUTHAJbHBIE HYTH 00pa3-paclo3HAIOIIMX pPELEeNTOPOB M KaKoe BIMSHHE B3aWMOJCHCTBHUE
BUPYCHBIX aHTUICHOB W 3THX PELENTOPOB OKa3blBaeT HA (OPMHUPOBAHHE MPOTHBOBHPYCHOTO HMMYHHOTO
OTBeTA.

K/IIIOYEBBIE CJIIOBA: obpa3-pacnosHawoniie penentopsl, 10ll-momo6usie penentopsr, RIG-I-
HOIOOHBIE PELENITOPHI

identify components of the viral envelope
INTRODUCTION located on the cell surface, such as components

Cells of the innate immune system use of the fusion mechanism, and nucleic acids
pattern-recognition receptors (PRRs) that located in the endosomes. Entering the
identify pathogen-associated molecular patterns  cytoplasm viral components enter the area
(PAMPs) located on the surface of viral cells  monitored by RIG-I-like receptors, NOD-like
and differ from those of the host cell to identify  receptors and cytosolic DNA sensors, such as
viral pathogens. The ability to identify nucleic  members of the AIM2 family. Similar to TLRs,
acids has become a major component of the  RIG-I-like receptors and cytosolic DNA sensors
antimicrobial link of the immune system. A  regulate the expression of transcription factors
wide range of pathogens are identified by  necessary for the production of interferons and
recognizing their genome or nucleic acids that  cytokines. And NOD-like receptors and
accumulate during the replication of viruses. members of the AIM2 family, by contrast,
PRRs are activated in response to viral activate the process of maturation of IL-1p and

molecules such as 5'-triphosphate RNA, as well ~ 1L-18 by activating caspase 1. Induction of
as viral DNA, which is determined by sensory  immature forms of IL-18 and IL-18 occurs
elements located in the cytoplasm. through the activation of TLRs signaling

The main PRRs are Toll-like receptors pathways, and NOD-like receptors serve as a
(TLRs). They are type 1 transmembrane  kind of «control mechanismy that regulates and
proteins providing communication between the  activates the release of these powerful effectors.
plasma membrane and endosomal vesicles. The  Many PRRs are involved in the activation of
main function of TLRs is the detection of the adaptive immune system by enhancing
PAMPs in the extracellular space. Receptors expression of the major histocompatibility
located on the plasma membrane are involved  complex class Il and stimulating the expression
in the detection of hydrophobic lipids and  of co-stimulating molecules CD40, CD80 and
proteins, and receptors located in endosomes CD86 in addition to the release of pro-
are able to detect nucleic acids. Such a division  inflammatory components.
allows cells of the innate immune system to
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TOLL-LIKE RECEPTORS

10 types of TLRs have been identified in
humans, and 13 types — in mice, 9 of them
(TLRs of types 1-9) are identical. TLRs of 1, 2,
4,5 and 6 types (TPRs 1, 2, 4, 5, 6) are located
on the cytoplasmic membrane, and TLRs 3, 7, 8
and 9 are endosomal. All TLRs have a common
structure and consist of extracellular repeats
rich in leucine and the Toll/Interleukin-1
Receptor (TIR) cytoplasmic domain [1]. These
receptors transmit a signal differentiating the
adapter proteins Mal (MyD88 adapter-like),
also known as TIR domain-containing adapter
proteins (TIRAPs) and Myeloid differentiation
primary response gene 88 (MyD88), gene for
primary myeloid differentiation 88, and/or TIR-
domain-containing adapter inducing interferon-
B (TRIF) and Trif-related adaptor molecule
(TRAM) [1]. Adapters initiate the launch of
signaling cascades, culminating in activation of
the nuclear factor kB (NF-xB), mitogen-
activated protein kinase (MAPK) and interferon
regulatory factors 1, 3, 5 and 7 (INF-1, -3, -5
and -7) [2]. The combination of these
transcription factors promotes not only the
expression of interferons, cytokines and
chemokines, but also affects the maturation and
survival of cells.

Toll-like receptor signaling pathways

All TLRs, apart from TLR 3, require the
presence of MyD88 for their activation [3—4].

TLR 3 is not capable of MyD88 capturing
and interacts with the TRIF through the adapter
protein. TRIF has the ability to directly bind
TRAF6 and induce NF-kB along a path similar
to MyD88. TRIF is also capable of involving
the receptor-interacting protein-1 (RIP-1) in the
process in contrast to MyD88. RIP-1 interacts
with TRAF®6 that leads to powerful activation of
NF-kB. TRAF3 is the third protein attracted to
TRIF. It binds with TANK-binding kinase-1
(TBK1) and IKKi and is a necessary component
of the production process of interferon type 1.
This allows them to undergo a dimerization
procedure and penetrate the nucleus, where they
interact with NF-kB and activator protein 1
(AP-1), that in turn leads to the transcription of
the target gene. The study, which included
children with non-functioning MyD88 proteins,
showed that patients with this pathology are
predisposed to develop recurrent pyogenic
bacterial infections [5]. Patients with IRAK-4
deficiency and with a defect of UNC-93B1, a
protein that is involved in the transport of TLRs
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3, 7, 8, and 9 into endosomes, had an increased
susceptibility to the herpes simplex virus type 1
with  predominant brain damage [6-7].
Peripheral blood mononuclear cells and
fibroblasts obtained from these patients
demonstrated a decrease in type 1 interferon
activity in response to the introduction of HSV-
1, accompanied by enhancement of viral
replication [7].
Expression
receptors

The severity of the inflammatory reaction
caused by viral PAMPs depends on the
following factors.

1. Cellular expression of TLRs varies
depending on cell type. It is known that
macrophages express a large number of TLRs 2
and 4, while plasmacytoid dendritic cells
(pDCs) mainly produce TLRs 7 and 9 [1];

2. The expression level also varies
between species; for example, TLR 9,
expressed in the human body by just a few cell
types, is well represented in mice;

3. The reaction to identical viral PAMPs
can vary between cell types, both in the nature
of the produced effector molecules and in the
response kinetics.

INTRACELLULAR
SENSORS

TLRs play an important role in the detection
of viral PAMPs that present both on the surface
of cells and in endosomes. The identification of
additional mechanisms of antiviral protection
has revealed many classes of innate sensors that
play an important role in the purification of
viruses that replicate and locate in the cytosol.
Specialized classes of cytosolic nucleic acid
sensors, called RIG-I like receptors (RLRs), are
capable of recognizing intracellular RNA that
penetrates into the cytosol during virus
introduction or accumulates during viral
replication, as well as DNA that is inside
cytosol.

The RLRs family includes three DEXD/H
box RNA helicases: retinoic acid-inducible
gene (RIG-I), melanoma differentiation-
associated gene 5 (MDA-5), and LGP-2 [8-11].

RIG-1 and MDA-5 consist of N-terminal
caspase activation and recruitment domains
(CARDs), the following helicase RNA
DExXD/H box domain, which has ATP-ase
activity, and the C-terminal repressor domain.
RIG-I controlled by its regulatory domains is

and activity of Toll-like
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inactive in the cytoplasm in the absence of
pathogenic activation. Conformational changes
occur in RIG-1, when viruses enter the body,
RIG-1 dimerizes as a result [12]. The activated
multimeric form of RIG-1 or MDAGS interacts

with the mitochondrial antiviral-signaling
protein (MAVS) located on the outer
mitochondrial membrane. MAVS activates

IKK-related kinase after capturing RIG-I or
MDAD5, resulting in the transcription of
interferons type 1. Also, MAVS also activates
NF-kB by recruiting a tumor necrosis factor
receptor type 1-associated death domain protein
(TRADD), the FAS-associated protein with the
death domain (FADD), caspase-8 and caspase-
10 [13-16]. LGP-2 does not contain N-terminal
DARK domains, but consists only of the
helicase RNA domains. It is assumed that it acts
as a negative regulator of other RLRs [9, 12].

Recognition of RNA RIG-like receptors

RLRs are important components of antiviral
protection for many types of cells, including
fibroblasts, epithelial cells and normal dendritic
cells. Studies have shown that only MDA-5 is
responsible for the production of interferon
through the stimulating of polyl: C [17-18].
RIG-I does not have the ability to recognize the
5'PPP-ssRNA of the host cell; they use the
5 'end of the transcript to recognize the virus
RNA and the host cell. In contrast, MDA-5 uses
not the 5 'end of the transcript, but the length of
the RNA sequence for recognition of the virus
RNA and the host cell; long dsRNAs are
usually absent in the host cell, and, thus, act as
a ligand for MDA-5. RIG-I is also able to
recognize short dsRNA, which is a by-product
of viral replication, in addition to recognizing
5'-triphosphate RNA.

RIG-I is involved in the recognition of
vesicular stomatitis virus (VSV), rabies virus,
Newcastle disease virus, respiratory syncytial
virus, measles virus, influenza A and B viruses,
hepatitis C virus (HCV), Japanese encephalitis
virus and Ebola virus [18-19]. MDA-5 is
involved in the recognition of CMV, Theiler's
encephalomyelitis virus and Mengo virus [20].
All of these viruses do not contain 5'-
triphosphate RNA, but are capable of producing
long dsRNA, that provides additional evidence
that MDA-5 distinguishes RNA based on
sequence length, rather than 5'-triphosphate. It
is proven that Dengue virus, West Nile virus
and reovirus transmit signals through the use of
a combination of RIG-I1 and MDA-5.
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DDX3

A recent study described the participation of
another representative of the DEXD/H box
family of RNA helicase, DDX3, in the antiviral
response. It was found that the K7 protein of
the measles virus inhibits the induction of INFf
through the binding to DDX3, which in turn led
to the discovery of the positive role of DDX3 in
activating the RLR signaling pathway. DDX3
binds to polyl: C and viral RNA penetrating
into the cytosol and binds to MAVS/IPS-1,
whereby it takes part in activating the
production of INFP, enhances RNA
recognition, forming a complex with RIG-I and
MAVS that induces interferon production.

DNA cytosolic sensors

Scientists knew that pathogen DNA is
capable of activating fibroblasts and stimulating
the production of IFN type 1 even before the
discovery of TLR 9.

Cytosolic recognition of DNA and RNA
leads to activation of TBK1, IRF-3 and
production of IFN type 1. However, signaling
pathways connecting upstream DNA and TBK1
sensors are currently poorly understood. TBK1
interacts with DDX3, a DEAD box RNA
helicase, which regulates the transcription of
IFNP through the IRF-3.

DAI

DNA-dependent activator of IFN-regulatory
factors (DAI) was one of the first cytosolic
DNA sensors detected. It consists of two related
domains capable of recognizing the left-twisted
Z-forms of DNA and its B-forms. DAI
increased the dose-dependent production of IFN
type 1lin the L929 cell culture during the
exogenous expression after stimulation of the B
and Z forms of DNA. Similarly, turning off
DAI by means of ssRNA disrupts the
production of type 1 IFN in response to DNA,
45 bp interferon-stimulating DNA (ISD) of
Listeria and herpes viruses, as well as HSV-1. It
was also found that the production of IFN type
1 also depends on DAI during the CMV
introducing. These results suggest that the role
of DAI may be specific for each individual cell
type, it plays an excessive role in probing of
cytoplasmic DNA, and that other sensors must
be needed to induce these responses.

Pol 111 RNA and LRRFIP1

Viral RNAs trigger the production of IFN
type 1 by activating RIG-I. It has been proven
that the B-form of dsDNA in human cells can
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also induce the production of INFfB in a way
that depends on the adapter molecule RIG-I
MAVS [21-22]. DNA with a high content of
antibodies is transcribed into 5'-pp RNA using
RNA polymerase Il, which in turn activates
RIG-I [21].

Another regulator of DNA-controlled innate
immune signal transmission, a leucine-rich
repeat  flightless-interacting  protein 1
(LRRFIP1) has recently been described in
addition to DAI and Pol 111 RNA. It inhibits the
production of IFN 1 type induced by bacteria.
Turning LRRFIP1 off inhibits the production of
IFN in response to polyl: C stimulation,
synthetic DNA, poly (dG:dC) and poly (dA:dT)
stimulation, involving LRRFIP1 in the
recognition of dsRNA, as well as B-and Z-
forms of dsDNA.

IFI16

IF116 was identified as a DNA-binding protein
that interacts with dsDNA through the process
of analyzing the immune responses to these
dsDNA regions obtained from the HSV-1
genome. IFI16 is a member of the PyHIN
protein family (containing the pyrin and
HIN200 domains). The PHYIN family includes
4 representatives: IFIX, IFI16, MNDA and
AIM2. They all contain one or more HIN200
domains that recognize DNA, as well as the
pyrin domain. Turning IFI16 or p204 (a
member of the PYHIN family of mice) off leads
to a decrease in the intensity of the IFNp
response to these dsDNA. IFI 16 is localized in
the nucleus, and in the cytosolic cellules of
macrophages. IFI16 pooling is required for
IFNP production in response to DNA. Turning
IFI16 and its homologue of p204 in mice off in
mMRNA leads to a decrease in the activation of
IRF3 and NF-xB, and also leads to the IFNf
gene induction in cells once infected with
HSV-1.

DDX9 and 36

DExD/H box RNA helicase — DHX9 and
DHX36 are found in plasmacytoid dendritic
cells. Activation of DHX9 leads to activation of
IRF-7 and increased production of IFNa, and
activation of DHX36 leads to activation of NF-
kB and increased production of IL-6 and TNFa.
Turning DHX9 and DHX36 off in mRNA
inhibits cytokine production in response to
DNA-containing HSV-1, while the response to
an RNA-containing influenza A virus remains
unchanged.
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Inflammasomes, their types

The recognition of viral DNA is associated
with the transcriptional induction of IFN type 1
and other pro-inflammatory cytokines, as well
as with the launch of caspase-1-dependent
maturation of pro-inflammatory cytokines IL-
I and IL-18. IL-1B is involved in the
recruitment of innate immunity cells, T-
lymphocyte activation and fever induction, and
IL-18 increases the cytolytic activity and
production of IFNy by natural killer cells (NK
cells), and also affects the recruitment and
activation of neutrophils.

The production of IL-1p is controlled at the
level of transcription, translation, maturation
and secretion. Many cellular stimuli, including
TLRs ligands, activate the transcription of pro-
forms of IL-1f and IL-18. Maturation (i.e.
cleavage) of pro-IL-1p and pro-IL-18 is
catalyzed by cysteine protease of caspase-1.
The activity of inflammatory caspase-1 is
controlled by a large complex called
«inflammasomes protein complex». Then active
caspase-1 cleaves pro-IL-1f and pro-1L-18.

Inflammasomes AIM2 recognize their own
and foreign cytosolic dsDNA, including viral
DNA, through the HIN 200 domain. DNA
recognition  provokes the assembly of
inflammasomes  complexes. Upon DNA
binding, AIM2 undergoes oligomerization and
binds apoptosis-associated speck-like protein
(ASC) through the interaction of pyrin-pyrin
homotypic domains, which in turn recruits pro-
caspase 1. Inflammasomes and AIM2 are an
integral component of the innate recognition of
DNA-containing viruses, CMV, as well as
Francisella tularensis and Listeria
monocytogenes.

NLRP 3 inflammasomes play an important
role in the formation of a response to RNA-
containing viruses, adenoviruses, and DNA-
containing viruses. NLRP3 deficiency weakens
the normal response of IL-1p and IL-18 to the
influenza virus and is associated with a
decrease in cell recruitment of the innate
immune system [23].

CONCLUSIONS AND PROSPECTS FOR
FUTURE STUDIES

The understanding of how the innate
immune system detects viruses and triggers a
cascade of antiviral reactions has increased
significantly over the past decade. The
discovery of Toll-like receptors and nucleic



acids led to the discovery of various cytosolic
RNA and DNA receptors and their downstream
signaling pathways. However, many cytosolic
sensors play an excess role in the detection of
viruses. Such excessive protection strategies
have evolved to deal with the evasion
mechanisms of detection inherent in viruses.
Determining the function of newly identified
pattern-recognizing receptors in the immune
defense against viral infection is an important

Series «Mediciney. Issue 36

step in understanding of their unique or
auxiliary contribution to the pathogenesis of
viral protection.

The mechanisms of nucleic acid sensors
operation, the aim of which is to distinguish
their own nucleic acids from the nucleic acids
of viruses, require clarification, as well as the
process of recognition of viral RNA and DNA,
which are becoming available for pattern-
recognition receptors.
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