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Abstract

An innate immune response is essential to mobilize protective immunity upon the infection of respiratory epithelial cells with influenza A virus
(IAV). The response is classified as early (nonspecific effectors), local systematic (effector cells recruitment) and late (antigen to lymphoid
organ transport, naive B and T cells recognition, effector cells clonal expansion and differentiation). Virus particles are detected by the host
cells as non-self by various sensors that are present on the cell surface, endosomes and cytosol. These sensors are collectively termed as pattern
recognition receptors (PRRs). The PRRs distinguish unique molecular signatures known as pathogen-associated molecular pattern, which are
present either on the cell surface or within intracellular compartments. PRRs have been classified into five major groups: C-Type Lectin
Receptor (CLR), Toll-like receptor (TLR), Nod-like receptor (NLR), Retinoic acid-inducible gene-I-like receptor (RLR), which play a role in
innate immunity to IAV infection, and the pyrin and hematopoietic interferon-inducible nuclear (PYHIN) domain protein. Here, we discuss the
role of PRRs in cellular infectivity of IAV and highlight the recent progress.

Key words: IAV; influenza A virus; innate immunity; receptors; PRRs.

J Infect Dev Ctries 2021; 15(1):1-8.. doi:10.3855/jidc.13258

(Received 13 June 2020 — Accepted 26 November 2020)

Copyright © 2021 Almatrrouk ez al. This is an open-access article distributed under the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.

Introduction

Influenza virus of the family Orthomyxoviridae
causes the flu, which is an infection of the respiratory
tract that has been reported over two millennia ago [1].
Influenza viruses are classified into three genera based
on the antigenic differences in their nucleoprotein and
matrix protein, of which only the influenza A Virus
(IAV) is known to cause pandemics. IAV causes
influenza in birds and a few other species of mammals
like humans and pigs. Its wide host range allows it to
cause pandemics like the 1918 Spanish flu. TIAV
annually infects 3-5 million people by direct contact
with infected humans and fomites. The disease also
spreads due to inhalation of the aerosols that are
expelled by infected humans when they cough or
sneeze. It is characterized by an assortment of direct and
indirect pathological effects [2]. The decimation of the
infected respiratory cells, damage to the respiratory
epithelium, and the immunological responses that cause
pneumonia and general discomforts like body ache,
coughing, sneezing, high fever, sore throat,
rhinorrhoea, myalgia, and fatigue are considered as

direct effects [3]. While the secondary bacterial
infection due to tissue damage and the worsening of
other diseases like cardiovascular diseases and diabetes
are considered as indirect effects [4]. IAV infection
claimed an emphatically enormous number of lives
during flu seasons of the last century worldwide [5]. It
commonly affects children, adolescents, elderly people,
and immunocompromised humans. IAV has several
subtypes, labelled as per the two proteins on the surface
of the wviral envelope. These proteins are
haemagglutinin (HA), which causes red blood cells to
agglutinate, and neuraminidase (NA), which is an
enzyme that breaks the glycosidic bonds of neuraminic
acid. Both proteins are essential for the entry and exit
of virus particles at the plasma membrane of the target
cell [6]. Currently, there are 18 known variations of HA
and 11 of NA, theoretically allowing 198 different
combinations [7]. Famous combinations include HIN1
(1918 Spanish flu, 1977 Russian Flu, 2009 pandemic
flu), H3N2 (1968 Hong Kong flu) and H2N2 (1957
Asian flu) [8].
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Influenza A virus gene
pathogenesis

IAV genome consists of eight segments. The
segmented nature allows a range of variabilities in
antigens that can be associated with the antigenic shift,
which takes place when viral recombination occurs in a
cell that may be co-infected with two or more viruses.
A good example of this is the 2009 flu virus, which was
found to be a “quadruple reassortant” virus [9,10]. IAV
produced proteins, their function and their respective
RNA segments are illustrated in Table 1.

Human infection by influenza virus is achieved
through oral or nasal cavities where the viral NA protein
helps the virus permeate the mucus that covers the
respiratory epithelium by cleaving the sialic acids that
are found in the respiratory tract mucous. If not for this
NA protein, the virion would be trapped in the mucous,
preventing it from reaching the host cell [11,12]. After
successfully penetrating the mucous layer, the virus
attaches to and invades the respiratory epithelial cells.
The attachment is mediated by the HA protein, which is
the primary IAV antigen to which the host’s immune
system responds by inducing a neutralizing antibody
response. The HA protein is a trimeric glycoprotein on
the virus surface, with an inherent specificity for a-2, 6-
linked sialic acid on host cell surfaces [13,14]. Once
replication in these cells becomes productive, the virus
spreads to both non-immune and immune cells in the
respiratory tract [15].

Years of co-evolution have helped the virus develop
strategies to evade the host immune system. Viral
matrix protein, M2, is known to play a role in autophagy
by blocking auto-phagosome maturation, preventing
fusion with the lysosome and significantly affecting
host cell apoptosis [16]. The virus is also known to
prevent the activation of interferon-inducible dsRNA-

products and

Table 1. Influenza proteins and their functions.
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dependent protein kinase by binding to dsSRNA using
the non-structural protein 1 (NS1) [17,18]. The NS1
protein is also known to inhibit NFkB by physically
interacting with the C-terminal effector domain of IxB
kinase (IKK) [19]. NS1 has been shown to affect the
phosphorylation function in both the cytoplasm and
nucleus of IKKo/IKKp. It stops the translocation of
NF«B into the nucleus by blocking IKKp-mediated
phosphorylation and degradation of IkBa in the
classical pathway of NF-kB activating signalling. It
suppresses [KKa-mediated processing of p100 to p52
in the alternative pathway [19]. Another viral protein,
PBI-F2, has been shown to have pleiotropic effects
[20]. The protein was reported to cause apoptosis in
immune cells, thus affecting efficient viral clearance
[21]. This is achieved by a PB1-F2 mediated bridging
of mitochondrial apoptotic mediators ANT3 and
VDACI, which mediates mitochondrial
permeabilization, followed by a cytochrome C release,
leading to apoptosis [22]. PB1-F2 increases the chances
for the development of secondary bacterial pneumonia,
which is a serious life-threatening complication,
causing severe lung damage, high inflammatory
response, hypertyrosinemia and elevated bacterial loads
[20,23,24]. This may be achieved by PBI-F2
interacting with IKKp, which is known to suppress
IFNy signalling in macrophages by inhibiting STAT1
activation [25]. It has also been shown that PB1-F2
inhibits NF«xB binding to the DNA. However, the
ability of PB1-F2 to modulate NFxB signalling
pathway does not correlate to its ability to interact with
IKKP, suggesting that it may recruit other proteins to
interact with IKKP. Hence, all cytokines expressed
under the control of NF«kB are potentially susceptible to
modulation through PB1-F2 [26].

Protein RNA Function
Segment
RNA polymerase subunit (PB2) 1 RNA-dependent RNA polymerase
RNA polhymerase subunit (PB1) or PB1- ) RNA-dependent RNA polymerase
F2 protein
RNA polymerase subunit (PA) 3 PA is 1n\{olvefi m.the assembly of functional viral RNA polymerase complexes
from their active intermediates
.. _ HAT1 mediates binding to sialic acid of target cells by the virion. HA2 mediates
Hemagglutinin (HA = HA1 and HA2) 4 entry of the viral genome into the target cell by acting as the fusion peptide.
Nucleoprotein (NP) 5 Encapsulates RNA and provides species specificity.
Neuraminidase (NA) 6 Remove ‘51a11c acid from glycqprotems. Prevents trapping in mucus on entry and
aggregation on cells during exit.
M1 mediates the encapsidation of RNA-nucleoprotein cores into the membrane
Two matrix proteins (M = M1 and M2) 7 envelope and assists in virion assembly and egress. M2 facilitates budding of
mature virions.
Non-structural proteins (NS1 and NEP) ] NS1 suppresses interferon response. NEP mediates export of VRNP complexes

from nucleus
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Viruses exhibit certain  pathogen-associated
molecular patterns (PAMPs), like double-stranded
RNA, that are usually not found in the hosts [27]. These
PAMPs are then recognized by certain receptors known
as pattern recognition receptors (PRRs) [28]. These
PRRs are subdivided according to their ligand
specificity, function, localization, and/or evolutionary
relationships. The main receptor to recognize the
single-stranded RNA and transcriptional intermediates
in the host cell is the retinoic acid-inducible gene-I
protein (RIG-I). Toll-like receptors (TLRs) are another
group of PRR that detect pathogens near the cells and
in endosomes and lysosomes. Other PRRs like
nucleotide oligomerization and binding domain
(NOD)-like receptor, have been known to activate
during an TAV infection [29]. These PRRs trigger a
rapid, nonspecific innate immune response, which
mostly culminates in the elimination of the virus from
the host. In this article, we will focus mainly on the role
of virus-sensing receptors in cellular infectivity of IAV.

Virus sensing receptors

Five major groups of PRR have currently been
identified, namely retinoic acid-inducible gene-I (RIG-
I)-like receptors (RLRs), C-type lectin receptors
(CLRs), Toll-like receptors (TLRs), NOD-like
receptors (NLRs) and the PYHIN domain containing
family, including AIM2 [30]. The first four group are
discussed below.

RIG-I-like receptors (RLRs)

RLRs consist of three members that have been
identified in humans and mice, the retinoic acid-
inducible gene-1 (RIG-I), melanoma differentiation-
associated gene 5 (MDAS), and laboratory of genetics
and physiology 2 (LGP2) [31]. RLRs are exclusively
cytosolic PRRs. They play an important role as RNA-
sensing PRRs belonging to the RNA helicase family
[32]. Studies have demonstrated that RIG-I enters
antiviral stress granules where viral RNA and
interferon-stimulated gene (ISG) products like
serine/threonine-specific protein kinase co-localize
[33]. RIG-I recognizes virus-associated RNA species,
like 5'-triphosphate single-stranded RNA and its
transcriptional intermediates, with its helicase domain
[34]. It is expressed in a variety of cells like
macrophages, fibroblasts, myeloid dendritic cells, and
epithelial cells [15,35]. In addition to the RNA helicase
domain, RIG-I contains two N-terminal caspase
activation and recruitment domains (CARDs) [36]. On
recognition of viral RNA, RIG-I exposes its CARDs,
which are controlled by dephosphorylation or
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ubiquitination by E3 ligases. On activation, RIG-I
interacts with the adaptor molecule mitochondrial
antiviral signalling (MAVS) on the outer membrane of
the mitochondria (Figure 1). This promoter leads to
phosphorylation of interferon regulatory factor IRF3
and activates nuclear factor kappa-light-chain-enhancer
of activated B cells NF-kB; thus, helps in inducing type
I interferons, pro-inflammatory cytokines, and
chemokines [37]. RIG-I has also been proposed as a
molecular adjuvant for the flu vaccine as it was shown
to reduce the antigen requirement by 10- to 100-fold
[38]. Studies have also established that the individual
deletion of either RIG-I or MAVS coding genes did not
change survival or innate responses in vivo after [AV
infection in mice, but caused an increased risk of
infection [39,40].

C-Type Lectin Receptors (CLRs)

Dendritic  cell-specific  intercellular adhesion
molecule-3-grabbing nonintegrin (DC-SIGN) is a C-
type lectin, mainly present at the surface of dendritic
cells (DC) [41]. Studies have shown that the lectin-
mediated recognition of mannose-rich glycans on IAV

Figure 1. RLR signalling overview.
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Virus infection is recognized by the cytoplasmic sensor Retinoic acid
inducible gene like receptors (RIG1) which binds to viral double-
stranded RNA and triggers two signaling branches via mitochondrial
adaptor IPS1. Retinoic acid inducible gene like receptors (RIGI)
recognizes viral RNA and signals IFN promoter stimulator-1 (IPS-1),
which leads to phosphorylation of IRF7/3 and NF-kB, and thus helps in
inducing type 1 IFNs, proinflammatory cytokines and chemokines. This
contributes to the overall antiviral responses of the host.
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facilitated the infection of the cells by endocytosis in a
sialic acid-independent manner [42]. DC-SIGN also
acts as an alternative receptor for IAV in addition to
sialic acid and the extent of glycosylation of HA
mediates the efficiency of DC-SIGN recognition [43].
Besides, DC-SIGN blocking antibodies helps in
reducing cellular infectivity [44]. DC-SIGN has a
human homologous protein in mouse which is known
as SIGN-R1 and is expressed in macrophages of spleen
and lymph nodes. This SIGN-R1 is also reported to
interact with IAV strain A/PR/8/34(PR8) by DCs of
lymph node both in vitro and in vivo, thus making this
receptor essential for humoral immunity [45].
Additional CLRs, such as MGL and MMR, also interact
with IAV and are salicylic acid (SA)-independent but
correlate with the different HA glycosylation levels of
a few [AV strains [46]. Figure 2 sheds light on some of
these interactions.

Toll-Like Receptors (TLRs)

Among the PRRs, the Toll receptor in drosophila
was first shown to be necessary for protection against
fungal infection [47]. Subsequently, the ten mammalian
homologues of the TLRs were described for humans
[48]. TLRs are important key sensors belonging to
PAMPs. TLR3, TLR7, TLRS8, and TLR9Y recognize
nucleic acid of intracellular or endosomal origin and
TLR1, TLR2, TLR4 and TLR6 which are present on

Figure 3. TLR signalling overview.
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Figure 2. CLR signalling overview.
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receptor (MMR) and dendritic cell specific intercellular adhesion
molecule 3 grabbing non integrin (DC-SIGN) augment activation of NF-
kB with P50 and P65 subunits. The activation of NF-«B plays a critical
role in the induction of innate immune and inflammatory responses as it
leads to subsequent secretion of proinflammatory cytokines.

cell surface detect the envelope glycoproteins and
lipoproteins. These intracellular TLRs appear to be
sensors of foreign nucleic acids and trigger an antiviral
innate immune response by producing type 1 interferon
and inflammatory cytokines [49]. TLRs, in cooperation
with other PRRs such as NLRs and RLRs, induce innate
immunity against IAV [50]. Figure 3 shows that the
binding of TLRs activates the transcription factor,
interferon regulatory factor (IRF3), followed by
activation of type | interferon. Studies have shown that
most TLRs recognize the double-stranded RNA
(dsRNA) while TLR7 and TLRS bind to single-
stranded RNA (ssRNA) in the endosomes, thus helping
to recognize IAV [51,52]. The TLRs which are
activated by IAV infection are briefly discussed below.

TLR3

TLR3 recognizes RNA viruses through surface
receptors. They are expressed in low levels in
macrophages and primary respiratory cells but at the
same time remained absent in dendritic cells,
monocytes, and neutrophils. They detect RNA that is
associated with infected cells [15]. During the
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replication of [AV, dsRNA is not generated due to the
action of RNA helicase DDX39B. Consequently, it is
important to identify the ligand for TLR3 within the
influenza-infected cells [15]. Intranasal treatment of
mice with poly I:C, a TLR3 agonist, provided a high
level of protection against lethal challenge with a highly
pathogenic avian influenza virus (HSN1) and showed
enhancement of inflammatory reaction and CD8+ T cell
response in viral clearance. This suggests that TLR3-
triggered innate response inhibits viral spread [53,54].

TLR7 and TLRS

Both TLR7 and TLRS recognize the viral genome
of wvarious viruses such as influenza viruses,
flaviviruses, coxsackie B virus, HIV-1, and vesicular
stomatitis virus. TLR8 is mostly expressed in
monocytes, macrophages, and myeloid DCs whereas
TLR7 is primarily expressed in DCs and, to some
extent, in B cells, monocytes, and macrophages. TLRS
and, to a lesser extent, TLR7 recognizes the GU-rich
and AU-rich ssRNA sequences of influenza viruses
[55]. Once the replication begins, the viral RNA is
released into endosomes where TLR7 and TLRS reside.
Interaction of ssRNA and TLR7/TLR8 triggers the
recruitment of a protein involved in signaling within
immune cells called myeloid differentiation primary
response 88 protein (MyD88), which leads to the
activation of NF-kB and other transcription factors and
the production of proinflammatory cytokines and
chemokines [56].

Figure 4. NLR signalling overview.
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Nod like receptor-P3 (NLRP3) induces influenza virus in two steps,
namely enhancing the transcription of genes encoding pro-IL-Ib and pro-
IL-18 and NLRP3 (signal 1) and activating NLRP3 inflammasomes
(signal 2). This activates NF-kB and MAPK signaling via the indicated
proteins leading to the transcriptional upregulation of a variety of
proinflammatory cytokines and antimicrobial peptides.
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TLR4

TLR4 is usually expressed by myeloid cells and
weakly expressed on the surface of epithelial cells.
Although the ligand for TLR4 is not known in the case
of TIAV, the DDX2I1-TRIF-S100A9-TLR4-MyD88
signalling network is triggered by the DAMP molecule,
S100A9, regulating inflammation during infection [57].
This molecule is released in [AV-infected lungs and
helps in inducing exaggerating proinflammatory
response, cell-death, and virus pathogenesis following
lethal infection [54]. Additional studies showed that the
treatment of mice with the TLR4 antagonist, Eritoran,
was found to protect from lethal IAV infection by
alleviating lung pathology, clinical symptoms,
cytokine, and oxidized phospholipid expression, as well
as by controlling viral loads [58].
Nucleotide-binding domain-like
receptors (NLRs)

NLRs are intracellular sensors of PAMPs that form
a multiprotein inflammasome complex consisting of
NLRP, the adaptor ASC, and procaspase. They also
help in triggering several signalling pathways including
MAPK, NF-kB, and MAVS-IRF3, which help in the
production of IL-6, TNF-a, pro- IL-1B/IL-18, and also
type I interferons [59]. NACHT, LRR and PYD
domains-containing protein 3 (NLRP3) are known to be
activated by membrane damage, inflammation or stress
such as infection with pathogens [60]. These receptors
are known to cooperate with TLRs to regulate
inflammatory and apoptotic responses. Studies have
shown that NLRP3, induces IAV in two steps, namely
enhancing the transcription of genes encoding pro-IL-
1B and pro-IL-18 and NLRP3 (signal 1) and activating
NLRP3 inflammasome (signal 2) as seen in Figure 4
[61]. The ssSRNA of the virus, the proton flux by viral
M2 in the trans-Golgi network and the aggregation of
PB1-F2 in the lysosome of lipopolysaccharide primed
macrophages are known activators of NLRP3
inflammasome [58,62,63]. The NLRP3 inflammasomes
complex was found essential for reducing the viral load
in the later stages of infection, suggesting that NLRP3-
inflammasome induced inflammatory response and
mediates the protective immunity to [AV infection,
possibly via adaptive immune responses [64]. NLRC2
(or NOD?2) is believed to recognize the viral genomic
ssRNA which assists the recruitment of MAVS adaptor
protein in activating IRF3-mediated type I interferon
production in DCs in response to IAV. NOD2 and
NLRX1 are also found to negatively regulate the
NLRP3 and RIG-induced inflammatory response to
lethal doses of 1AV, respectively, and to control the

oligomerization
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immunopathology of IAV [61,64]. These findings
suggest that NLRs execute a differential role in
response to [AV infection.

Conclusions

Our knowledge of innate immune response and the
possibly damaging role of innate immunity in the
pathogenesis of influenza remain preliminary. The past
ten years have expanded our understanding of innate
sensing and response to IAV infection. The innate
immunity plays an important role upon infection with
IAV in rapid control, particularly natural killer cells
(NK) which possess potent antiviral activity [65]. This
also helps in initiation of adaptive immunity,
particularly the production of HA and NA specific
antibodies [66].

The role of PRRs in the recognition and activation
of signalling pathways, which ultimately results in a
pro-inflammatory innate immune response has been
discussed in various studies [30,48,58]. PRRs
recognize unique molecular signatures which are non-
self and possess evolutionarily conserved structures and
trigger innate immune response, including the
production of pro-inflammatory cytokines and type 1
interferons. Identification of immunological receptors
has helped in the development of the concept of pattern
recognition and thus has significantly changed the
perception of the innate immune system. PRRs play an
important part in cellular injury and in recognizing
immunological stress. Perception of various
endogenous danger signals has put PRRs in a central
position in the regulation of immunity and other aspects
of cellular physiology and is regarded as sensors of both
microbe-associated molecular pattern and danger
associated molecular pattern. In this review, we
examined available data on the inflammatory response
of PRRs which coordinates proinflammatory cytokines
(TNF, IL-1, IL-6), regulates cell death, helps in
modifying vascular permeability, and induces the
production of acute phase proteins as useful markers of
inflammation.
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