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Abstract

Since Toll-like receptors (TLRs) recognize the earliest signs of infection or cell damage, they play fundamental roles in innate immunity.

This review summarizes the numerous studies on the expression of TLRs in patients with Coronavirus disease 2019 (COVID-19). We
show that infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) can stimulate at least six of the ten TLRs in
humans and that this can shape the severity of COVID-19. Specifically, TLR2, TLR4, and TLR9 appear to play pathogenic roles while
TLR3, TLR7, and TLR8 may be protective. Most have mutations that could partly explain the susceptibility phenotypes of COVID-
19. Further understanding the roles of TLRs in COVID-19 immunopathogenesis could reveal prognostic biomarkers and help drive the

development of novel and effective therapeutics for COVID-19.
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1. Introduction

Toll-like receptors (TLRs) are key regulators of the
innate immune system. They belong to the pathogen-
recognition receptor (PRR) family and sense host infec-
tion by a variety of pathogens by recognizing structurally-
conserved molecules called pathogen-associated molecu-
lar patterns (PAMPs) and damage-associated molecular
patterns (DAMPs) [1]. PAMPs include genomic mate-
rials such as viral RNA and microbial membrane com-
ponents while DAMPs include host-derived nucleic acids
from damaged cells and products from stressed cells. In
humans, there are ten known TLRs (designated TLR1 to
TLR10). TLRs are expressed by immune cells and in
some cases by non-immune cells such as epithelial cells.
As shown by Fig. 1, they are localized on the cell sur-
face or in intracellular compartments such as the endo-
plasmic reticulum, endosome, lysosome, or endolysosome.
In one case (TLR4), the TLR localizes to both the cell
surface and the endosome [2]. When TLRs on or in the
cell bind to a PAMP or DAMP, they are activated: their
cytosolic domains dimerize and are recognized by vari-
ous adaptor proteins, including myeloid differentiation pri-
mary response-88 (MyD88), MyD88-like adaptor protein
(MAL,; also known as TIR domain-containing adaptor pro-
tein [TIRAP]), TIR-domain-containing adaptor-inducing
interferon-3 (TRIF), and TRIF-related adaptor molecule
(TRAM), tumor necrosis factor-receptor-associated factor
(TRAF)-6 (TRAF6), and TRAF3 (Table 1, Ref. [3-15]).
These adaptor proteins in turn induce downstream signal-
ing. The adaptor protein(s) used and the signaling out-

comes vary depending on the TLR and the TLR-bearing
cell, as follows. In innate immune cells, TLRs induce the
expression of pro-inflammatory cytokines and/or type-I in-
terferons (IFNs). In the case of all TLRs except TLR3
and endosomally-located TLR4 (discussed further below),
MyD88 binds to the dimerized TLR cytoplasmic domain;
in the case of TLR2 and cell surface-TLR4, this interaction
requires MAL/TIRAP. MyD88 then complexes with mem-
bers of the interleukin (IL)-1 receptor-associated kinase
(IRAK) family, which causes TRAF6 to bind. This acti-
vates TRAF6 and induces it to activate transforming growth
factor beta-activated kinase 1 (TAK1) with its binding part-
ners TAK1-binding proteins (TAB2 and TAB3). TAK then
activates mitogen-activated protein kinase (MAPK) fam-
ily members, including p38 and c-Jun N-terminal Kinase
(JNK), culminating in the activation of several transcrip-
tion factors, namely, cAMP response element-binding pro-
tein (CREB) and activator protein-1 (AP-1) [16,17]. TAK1
also stimulates the inhibitor of NF-xB kinase (IKK) com-
plex, which phosphorylates the NF-xB inhibitory protein
IkBa, marking it for proteasome degradation and leading
to NF-xB activation. This entire cascade ultimately re-
sults in pro-inflammatory cytokine secretion. MyD88 also
participates in a separate pathway that elicits type-I IFNs:
it interacts with TRAF3 and forms a complex containing
TRAF3, TRAF6, IKK«, and other kinases that phospho-
rylates the transcription factor interferon regulatory factor
(IRF)7; this causes IRF7 to translocate into the nucleus
and induce type-I IFN expression. TLR3 and endosomally-
located TLR4 undergo somewhat different cascades when
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Fig. 1. TLR signaling pathways that are activated by SARS-CoV-2 infection. Six human TLRs demonstrate altered expression in
COVID-19 patients. They function as homodimers (TLR3, TLR4, TLR7, TLRS, and TLRY) or heterodimers (TLR2/1 and TLR2/6) and
are located on the cell surface (TLR2 and TLR4) or within intracellular compartments (TLR3, TLR4, TLR7, TLRS, and TLR9). The six
TLRs are activated by PAMPs or DAMPs produced by SARS-CoV-2 infection. Their cytosolic domains then dimerize, which induces the
binding of adaptor proteins, including MyD88 (brown horseshoe shape), MAL/TIRAP (light-pink oval shape), TRIF (yellow horseshoe
shape), and TRAM (purple oval shape). These proteins in turn initiate downstream signaling pathways which include interactions between
IRAK family and TRAFs. TRAF6 activates TAK 1 with its adaptor proteins, TAB2 and TAB3. Activation of MAPK family members, such
as p38 and JNK, are followed. TAK1 also stimulates the IKK complex and leads to NF-xB activation. TRAF3 causes IRFs to translocate
into the nucleus by forming a complex containing TRAF6, IKK«, and other kinases, or by recruiting TBK1 and IKKi. These downstream
signaling pathways result in the secretion of pro-inflammatory cytokines and/or type-I IFNs. dsRNA, double-stranded RNA; ssRNA,
single-stranded RNA; IFN, interferon; LPS, Lipopolysaccharide; MyD88, Myeloid differentiation factor 88; MAL, MyD88-adaptor-like
protein; TIRAP, TIR-domain containing adaptor protein; TRAM, TRIF-related adapter molecule; TRIF, TIR-domain-containing adapter-
inducing interferon-$3; IRAK, Interleukin (IL)-1 receptor-associated kinase; TRAF, TNF receptor-associated factor; TAK1, Transforming
growth factor beta-activated kinase 1; TAB, TAK1-binding protein; MAPK, mitogen-activated protein kinase; TBK1, Tank-binding
kinase 1; IKK, Inhibitor of NF-xB kinase; SARS-CoV-2, severe acute respiratory syndrome coronavirus-2; COVID-19, Coronavirus
disease 2019; TLR, Toll-like receptor; PAMPs, pathogen-associated molecular patterns; DAMPs, damage-associated molecular patterns;
JNK, c-Jun N-terminal Kinase; IRF, interferon regulatory factor; AP, activator protein; CREB, cAMP response element-binding protein;
MKK, mitogen-activated protein kinase kinase. Created with https://www.biorender.com.

they are dimerized. Endosomally-located TLR4 is directly
recognized by first TRAM and then TRIF, while TLR3 is
recognized by TRIF alone. TRIF in both cases then engages
with both TRAF3 and TRAF6, which recruit Tank-binding
kinase-1 (TBK1) and IKKi. This induces IRF3 to translo-
cate into the nucleus, where it drives type-I IFN expres-
sion [16]. TLRs not only induce cytokine production in in-

nate immune cells, they also activate adaptive immune cells
by stimulating dendritic cell (DC) maturation. Moreover,
adaptive immune cells can express TLRs and can therefore
be activated directly [1,18]. This TLR-signaling system is
finely regulated but can be dysregulated and thereby induce
disease.
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Fig. 2. Schematic depiction of the interactions of SARS-CoV-2 with TLRs and the ACE2 receptor. SARS-CoV-2 enters the host
cell by binding to the angiotensin-converting enzyme-2 (ACE2) receptor. The envelope protein of SARS-CoV-2 interacts with TLR2,
while the Spike protein binds to TLR4. The dsSRNA and ssSRNA produced by the virus are recognized by TLR3 and TLR7/8, respectively.
LPS produced by translocation of microbial products from leaky intestines may also stimulate TLR4, while mitochondrial (mt) DNA

released by infected cells activates TLR9. The TLR activation events initiate downstream signaling pathways that lead to the secretion

of pro-inflammatory cytokines, chemokines, and type-I IFNs. Deranged expression and mutations of each of these TLRs can lead to

impaired cytokines secretion and may be associated with severe COVID-19. Created with https://www.biorender.com.

Coronavirus disease 2019 (COVID-19) is caused by
severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2). It emerged in late 2019 and led to a global public-
health crisis. Like other coronaviruses, SARS-CoV-2 is a
positive-sense single-stranded RNA (ssRNA) virus. The
Spike glycoproteins on its surface mediate its entry into
the host cell by binding to angiotensin-converting enzyme-2
(ACE2) receptor, which is expressed on the cell membrane
by epithelial and other cells in the lungs, intestines, heart,
kidney, and other tissues [19-21] (Table 2, Ref. [19,21-28];
and Fig. 2).

Since TLRs serve as the first line of defense against vi-
ral pathogens, it was quickly suspected that they may also
be activated by SARS-CoV-2. Indeed, there is emerging
evidence that many human TLRs can directly sense SARS-
CoV-2 molecules. For example, human TLR4 recognizes
the Spike protein of SARS-CoV-2 [29] while human TLR2
recognizes its envelope protein [22] (Table 2 and Fig. 2).
Moreover, many studies suggest that while TLRs are im-
portant for protecting the majority of patients who are in-
fected with SARS-CoV-2, some are responsible for the cy-
tokine storm in the minority of patients who develop severe
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COVID-19 [30]. Many of these studies involve transcrip-
tome analyses of COVID-19 patients: together they show
that the expression levels of six TLRs in the blood or tis-
sues are altered by SARS-CoV-2 infection [31-33]. These
TLRs are TLR2, TLR3, TLR4, TLR7, TLR8, and TLRY.
However, the expression of the different TLRs in human pa-
tients remains poorly understood to date. Since improving
our understanding of TLRs in COVID-19 pathogenesis will
likely aid the development of therapies and biomarkers for
COVID-19, we here comprehensively review the transcrip-
tome studies on TLR expression in COVID-19 patients.

2. Toll Like Receptor 2

TLR2 forms a heterodimer with TLR2 or TLR6 and
is expressed on the surface of many cell types, including
macrophages, DCs, neutrophils, B cells, T cells, and non-
immune cells such as endothelial and epithelial cells [3,4].
It recognizes bacterial lipopeptides and lipoproteins and
fungal and parasite components. It can also detect viral
components such as viral envelope proteins [34]. Its adap-
tor proteins include MyD88 and MAL/TIRAP (Table 1 and
Fig. 1).
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Table 1. Expression of TLRs by human cells.

TLR Ligand Adaptor proteins Location Cell-type expression in humans

TLR2/1  Triacyl lipopeptides MAL/TIRAP, MyD88 Cell surface  Monocytes [4], macrophages, myeloid DCs [5],
plasmacytoid DCs, T cells [3], B cells, NK cells
[4], endothelial cells [6], epithelial cells [7,8]

TLR2/6  Diacyl lipopeptides MAL/TIRAP, MyD88 Cell surface  Monocytes [9], myeloid DCs [5], T cells [3], ep-
ithelial cells [8]

TLR3 dsRNA TRIF Endosome Monocytes, macrophages, myeloid DCs [5], plas-
macytoid DCs, T cells [3], B cells, epithelial cells
[8], fibroblasts, nerve cells [10]

TLR4 LPS MAL/TIRAP, MyD8S, Cell Monocytes [11], macrophages, myeloid DCs [5],

TRAM, TRIF surface, plasmacytoid DCs, T cells [3], B cells, epithelial
endosome cells [7], keratinocytes [12]

TLR7 ssSRNA MyDS88 Endosome  Monocytes, macrophages, myeloid DCs, plasma-
cytoid DCs, T cells [3], B cells, endothelial cells
[6]

TLRS ssRNA MyD88 Endosome Monocytes, macrophages, myeloid DCs [5], plas-
macytoid DCs, T cells [3], B cells [13]

TLR9 CpG DNA MyD88 Endosome Monocytes, macrophages, NK cells [14], plasma-

cytoid DCs [15], T cells [3], B cells [15]

TLR, Toll-like receptor; MAL, MyD88-adaptor-like protein; TIRAP, TIR-domain containing adaptor protein; MyD88, Myeloid
differentiation factor 88; DCs, dendritic cells; NK, natural killer; dsRNA, double-stranded RNA; TRIF, TIR-domain-containing
adapter-inducing interferon-3; LPS, lipopolysaccharide; TRAM, TRIF-related adapter molecule; ssRNA, single-stranded RNA.

Table 2. The components of SARS-CoV-2, their role(s) in COVID-19 pathogenesis, and their known links to TLRs.

Viral structural protein

and other components

Role in COVID-19 pathogenesis

Known link to TLR

Glycoprotein membrane
(M) protein

Virus assembly, membrane budding [27]
Maintaining the shape of the viral envelope [26]

Spike (S) protein

Binding of the virus to host cell receptor ACE2 [21]

Recognized by TLR4 [24]

Envelope (E) protein

Virus assembly, maturation, budding, and proliferation [26]

Recognized by TLR2 [22]

Maintaining the structural integrity [26]

Ion conduction as a viral ion channel [27]

Nucleocapsid (N) protein

Packaging of ssRNA genome [27]

Viral replication, cellular response to infection in the host

cellular machinery [26]

Viral dsSRNA

Produced early during the infection cycle as a result of

Recognized by TLR3 [23]

genome replication and mRNA transcription [28]

Viral ssRNA SARS-CoV-2 genomic RNA

[19] Recognized by TLR7/8 [25]

dsRNA, double-stranded RNA; ssRNA, single-stranded RNA; ACE2, angiotensin-converting enzyme-2; mRNA, mes-
senger RNA; SARS-CoV-2, severe acute respiratory syndrome coronavirus-2; COVID-19, Coronavirus disease 2019.

Zheng et al. [22] showed that TLR2 can detect SARS-
CoV-2 surface proteins prior to virus entry into host cells.
Specifically, their transcriptome analysis of whole blood
samples from patients with differing COVID-19 severity
showed that TLR2 and MyD88 expression associates with
increasing disease severity. They then found that when hu-
man peripheral blood mononuclear cells (PBMCs) are in-
fected with SARS-CoV-2, their TLR2 molecules are acti-
vated by the envelope protein but not the Spike protein, and
that this induces MyD88-dependent inflammatory-cytokine
production by the PBMCs [22].

The upregulation of TLR2 by SARS-CoV-2, particu-
larly in severe COVID-19 cases, was also observed by sev-
eral other studies. Thus, Taniguchi-Ponciano et al. [35] re-
ported that PBMCs from critically ill COVID-19 patients
express much higher levels of TLR2 mRNA (messenger
RNA) than PBMCs from healthy individuals. Similarly,
Sultan et al. [36] found that while blood samples from pa-
tients with moderate and severe COVID-19 expressed sim-
ilar levels of TLR2 mRNA, these expression levels were
significantly higher compared to samples from healthy con-
trols. Moreover, single cell RNA-sequencing (scRNA-
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seq) analyses showed that the macrophages, monocytes,
and neutrophils in the peripheral blood or bronchoalveo-
lar lavage fluid (BALF) of patients with severe COVID-
19 expressed TLR2 at higher levels than the equivalent
cells from healthy volunteers or patients with moderate
COVID-19 [31]. Another scRNA-seq analysis of BALF
also found that TLR2 was upregulated in COVID-19 pa-
tients relative to healthy individuals, and that this ex-
pression increased with disease severity, especially in the
CD14-CD16+ myeloid-cell populations [32]. Similarly,
Theobald et al. [37] showed that PBMC-derived CD14+
macrophages from convalescent COVID-19 patients ex-
pressed more TLR2 than the same cells from healthy in-
dividuals. Significantly, the TLR2 expression in the pa-
tient macrophages rose further when they were stimulated
with the Spike protein in vitro. In addition, when these
macrophages were treated with Spike protein and then
nigericin, which is needed for the formation of IL-13,
they produced large amounts of IL-17 that was specifically
blocked by an antibody against TLR2 [37]. Thus, the en-
gagement of TLR2 on macrophages with Spike protein may
cause the cells to produce abundant IL-15.

The genotyping study of Bagheri-Hosseinabadi et al.
[38] also showed recently that a point mutation in the 7LR2
gene (rs5743708 G>A) associated with a greater risk of
COVID-19 infection and severe COVID-19, which sug-
gests that a missense mutation of TLR2 promotes severe
COVID-19.

Recent studies also suggest that TLR2 may partici-
pate in the thromboinflammation that characterizes severe
COVID-19. The mechanism involves the activation of
platelets by SARS-CoV-2 and their production of extracel-
lular vesicles. These vesicles in turn induce neutrophils to
produce neutrophil extracellular traps (NETs), which then
promote the formation of thrombo-emboli. Specifically,
Zuo et al. [39] and Sung et al. [40] showed together that
extracellular vesicles in the serum from COVID-19 patients
induced normal neutrophils to produce NETS. Sung et al.
[40] also showed that incubating normal neutrophils with
normal platelets and SARS-CoV-2 in vitro induced NET
formation, and that this was abrogated by blocking TLR2.
Thus, TLR2 may promote COVID-19-induced thromboin-
flammation.

Sultan et al. [36] also observed that the TLR2 mRNA
levels in the blood of patients with moderate and severe
COVID-19 correlated with their serum levels of biomarkers
of impaired renal (creatine) and cardiac (troponin) function.
This suggests that TLR2 may also promote the myocardial
damage and renal dysfunction induced by COVID-19.

Thus, there is substantial evidence that suggests
that TLR2 is broadly upregulated in COVID-19 patients
and participates in various COVID-19-related pathologies.
The fact that TLR2 expression correlates positively with
COVID-19 severity suggests that TLR2 could be a po-
tential therapeutic target in COVID-19. This is sup-
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ported by Zheng et al. [22]: they found that treating
human SARS-CoV-2-infected PBMCs with the TLR2 an-
tagonist Oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-
3-phosphocholine (0xPAPC) reduced their secretion of in-
flammatory cytokines and chemokines, namely, Tumor
necrosis factor-a (TNF-«), IFN-v, IL-1«, IL-6, and C-X-
C motif chemokine ligand 10 (CXCL10). Moreover, they
observed that TLR2-deficient mice did not develop lung
inflammation after intratracheal instillation of SARS-CoV-
2 envelope protein, and that oxPAPC treatment protected
human ACE2 receptor-expressing mice from SARS-CoV-
2-induced mortality [22]. In addition, Sung et al. [40]
showed that a murine model of SARS-CoV-2 infection was
strongly protected from SARS-CoV-2-induced thromboin-
flammation when TLR2 had been knocked out.

3. Toll Like Receptor 3

TLR3 plays a vital role as an innate immune sensor.
It is located in the endosome and is expressed by a wide
range of non-immune cells such as epithelial cells, nerve
cells, and fibroblasts as well as by immune cells [23,41].
It was first identified as a sensor of double-stranded RNA
(dsRNA), which is an intermediate replication product of
most viruses. Consequently, TLR3 is considered to be
a major effector of host responses against viral infection.
TLR3 forms a homodimer and TRIF is the key adaptor pro-
tein (Table 1 and Fig. 1).

TLR3 recognizes the dsSRNA of SARS-CoV-2 after
replication (Table 2 and Fig. 2). This recognition event trig-
gers the binding of TRIF to the TLR3 homodimer, which in
turn induces intracellular signaling and the secretion of cy-
tokines [42].

Many studies show that COVID-19 associates with
TLR3-expression changes in various tissues, and that it may
play a protective role. For example, Menezes ef al. [43]
found that while patients with severe COVID-19 had higher
TLR3 mRNA levels in their peripheral blood on admis-
sion day than the uninfected control group, the patients who
died and/or needed mechanical ventilation had lower TLR3
mRNA levels than the patients who survived and did not
need mechanical ventilation. A very recent study by Farkas
et al. [44] also suggested that TLR3 may prevent the vascu-
lar remodeling in the lung that is induced by SARS-CoV-2.
Specifically, their immunohistochemical and mRNA anal-
yses of human lung samples showed that COVID-19 as-
sociates both with thickening of the pulmonary artery wall
and concomitant loss of pulmonary artery endothelial-cell
expression of TLR3. Their in vitro analyses then showed
that SARS-CoV-2 infection repressed the TLR3 expression
of human pulmonary artery endothelial cells [44]. Croci et
al. [45] further demonstrated the potential protective role of
TLR3: they found that severe COVID-19 associates with a
single-nucleotide polymorphism (rs3775291 [Leu412Phe])
in TLR3 that decreases autophagy, which is a key anti-viral
mechanism. Similarly, Zhang et al. [46] found that at least
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3.5% of patients with life-threatening COVID-19 pneumo-
nia had mutations in genes that are involved in the TLR3-
dependent induction and amplification of type-I IFNs.

In addition, impairment of TLR3 expression and
TLR3-dependent type-I IFN secretion may reflect TLR3
tolerance due to hyperstimulation induced by the abun-
dance of TLR3 agonists during infection: Naqvi et al.
[47] showed with HEK-TLR3 reporter cell lines that the
serum and endotracheal aspirate from intensive-care unit
(ICU) COVID-19 patients strongly activate TLR3. More-
over, an in vitro analysis of PBMCs from SARS-CoV-2-
infected individuals showed that when the plasmacytoid
DCs in the samples were stimulated with synthetic TLR3
agonists, they produced less IFN-a than the equivalent cells
from healthy individuals [48].

These observations suggest together that TLR3 and its
induction of type-I IFNs play a protective role in COVID-19
patients that can become overwhelmed by excessive levels
of TLR3 agonists during infection. Thus, therapeutically
upregulating TLR3 could potentially be effective for ame-
liorating COVID-19 pathogenicity. Indeed, Farkas et al.
[44] showed that treating mice with a TLR3 agonist ame-
liorated the pulmonary damage induced by mouse-adapted
SARS-CoV-2.

4. Toll Like Receptor 4

TLR4 plays crucial roles in initiating and regulating
inflammatory responses against infectious organisms. In
humans, it is predominantly expressed by myeloid-lineage
cells. It is a plasma membrane receptor that can be taken
up during endocytosis. It initiates intracellular signal-
ing in both locations when it encounters PAMPs such as
lipopolysaccharide (LPS), which is a component of the
cell wall of Gram-negative bacteria [49]. However, it
also senses viral proteins and some DAMPs. It forms
homodimers when triggered, and its protein adaptors in-
clude MyD88, MAL/TIRAP, TRAM, and TRIF (Table 1
and Fig. 1).

Several studies have shown that the Spike protein
of SARS-CoV-2 directly interacts with and stimulates
TLR4, thereby inducing pro-inflammatory responses [24,
50]. TLR4 appears to play a pathogenic role in COVID-19:
Carnevale et al. [51] reported recently that the interaction
between the Spike protein and TLR4 on platelets from pa-
tients with COVID-19 activates the platelets and promotes
platelet-dependent thrombus growth. Multiple studies also
showed that TLR4 expression associates with more severe
COVID-19. Thus, Menezes et al. [43] and Sohn et al.
[52] found that TLR4 is upregulated in the PBMCs from
severe/critically ill COVID-19 patients compared to milder
cases or healthy controls. Sohn ef al. [52] also observed
with transcriptome analyses that molecules that act down-
stream of TLR4 activation (i.e., MAL/TIRAP, MyDS§S8,
TRAM, TRIF and NF-xB signaling pathway genes) are
upregulated in COVID-19-patient PBMCs compared to

healthy-control PBMCs. Similarly, a large cohort study
showed that COVID-19 patients with severe symptoms ex-
hibited 2-fold greater TLR4 expression in nasopharyngeal
samples than patients with low or mild symptoms. No-
tably, this study also showed that older adults expressed
less TLR4 than younger adults, and that age correlated
negatively with severity. Thus, younger patients not only
expressed more TLR4, they were also more prone to se-
vere disease in this cohort [53]. Mohamed ef al. [54]
also found that the TLR4 levels in the serum of COVID-
19 patients correlated positively with COVID-19 severity,
as indicated by severe chest-computed-tomography scores,
hypoxia, and lymphopenia. Finally, Teixeira et al. [55]
showed that COVID-19 non-survivors have higher levels
of LPS in their peripheral blood than survivors, possibly
due to COVID-19-related intestinal permeabilization and
translocation of enteric microorganisms or their products
into the blood stream. Moreover, these high LPS levels
associated with higher blood levels of pro-inflammatory
cytokines such as IL-6 and TNF-« and chemokines such
as CCL2 and CCLS5 [55]. The latter findings support the
pathological role of TLR4 in COVID-19 since LPS is the
most canonical ligand of TLR4.

Interestingly, Salem et al. [56] found recently that
the TLR4 promoter in blood samples from COVID-19 pa-
tients is heavily methylated compared to samples from
healthy subjects without COVID-19. They suggested that
this was due to downregulation of the methyltransferase
DNA methyltransferase 3 beta (DNMT3B), whose expres-
sion correlated positively with TLR4 promoter methyla-
tion [56]. These findings are curious because DNA methy-
lation generally represses gene expression. Nonetheless,
since DNMT inhibitors can control coronavirus infection
and have been proposed as COVID-19 treatments, Salem
et al. [56] advised that further research is needed before
therapeutic use of such inhibitors can be initiated [57].

These findings show that TLR4 interacts with the
Spike protein of SARS-CoV-2 and plays a key role in driv-
ing the pathogenic hyperinflammation and poor outcomes
of COVID-19. Thus, blocking TLR4 may be an effec-
tive treatment for COVID-19. Indeed, there are currently a
number of ongoing or recently completed clinical trials on
agents that antagonize TLR4, some of which have shown to
block the inflammation in COVID-19 [58].

5. Toll Like Receptor 7/8

TLR7 and TLRS are closely related members of the
TLR family in terms of phylogeny and structure, although
they do show some functional differences. They are located
in the endosome and are abundantly expressed in immune
cells, including monocytes, macrophages, and plasmacy-
toid DCs [3,59,60]. They form homodimers, and are stimu-
lated by ssSRNA. MyD88 is the key adaptor protein (Table 1
and Fig. 1).
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TLR7/8 binds to SARS-CoV-2: Moreno-Eutimio et
al. [25] found that the SARS-CoV-2 genome contains mul-
tiple ssSRNA fragments that could be recognized by TLR7/8.
Moreover, several studies show that severe COVID-19 as-
sociates with lower expression of TLR7 and TLRS. Thus,
Wu and Yang [61] showed with scRNA-seq analysis that
compared to mild COVID-19, severe COVID-19 asso-
ciates with lower mRNA expression of both TLR7 and
TLRS8 in BALF macrophages and epithelial cells. Sim-
ilarly, Sorrentino et al. [62] observed by RT-PCR that
TLR7 and TLR8 are downregulated in the BALF samples
from patients with fatal COVID-19 compared to survivors.
Menezes et al. [43] had similar results for TLR8: com-
pared to healthy controls, patients with severe COVID-19
demonstrated decreased TLR8 mRNA in their peripheral
blood on the day of hospital admission. However, they ob-
served that TLR7 mRNA expression was increased in the
COVID-19 patients, not decreased [43]. Moreover, Naqvi
et al. [47] reported that HEK-TLR7 reporter cells were
consistently activated by serum and endotracheal aspirate
from COVID-19 patients in the ICU. Nonetheless, there
is additional evidence that suggests that severe COVID-
19 associates with downregulation of TLR7. In particular,
there is a growing body of research showing that loss-of-
function mutations in TLR7 may drive severe COVID-19
in males because TLR7 is located on the X chromosome
[63]. Thus, Van der Made et al. [64] observed that four
young men from two unrelated families who developed se-
vere COVID-19 had unique loss-of-function mutations in
TLR7 that associated with low PBMC expression of type-I
IFN on in vitro treatment with the TLR7 agonist imiquimod.
Fallerini et al. [65] also noted that 2.1% of severely af-
fected males and 0% of asymptomatic patients had deleteri-
ous missense mutations in TLR7, including the Arg920Lys
mutation. This was also observed by a cohort analysis of
unrelated male patients with critical COVID-19 under the
age of 60: ~1.8% had TLR7 mutations that abrogated their
B-cell and myeloid-cell responses to imiquimod. This phe-
notype was rescued by transfection of wild-type TLR7 [66].
Mantovani et al. [67] also recently detected the Arg920Lys
TLR7 variant along with a new variant (Asp41Glu) in two
severely affected male patients by transcriptome analysis
of imiquimod-stimulated PBMCs. Sex-biased downregula-
tion of TLR7 may also promote severe COVID-19 in males:
Gomez-Carballa ef al. [33] showed with RNA-seq and n-
Counter datasets that TLR7 is downregulated in the blood,
nasal, and saliva of male patients in the ICU compared
to female ICU patients and male/female non-ICU patients.
This associated with hypermethylation at three differen-
tially methylated positions [33]. It is also possible that sim-
ilar mechanisms may reduce TLR8 expression since TLRS
is also located on the X chromosome [63]: a pilot study
showed recently that macrophage-activation syndrome as-
sociated with missense mutations in not only TLR7 but also
TLRS, particularly in males [68].

&% IMR Press

The evidence to date suggests that COVID-19-
associated reduction in TLR7/8 expression may lead to de-
ficient IFN-X [43] or IFN-I [61] production that hampers
the ability of the patients to clear the SARS-CoV-2 infec-
tion. Thus, TLR7/8 dysfunction may play important roles
in COVID-19 severity and their loss-of-function mutations
or sex-biased expression could serve as important risk fac-
tor for male patients.

6. Toll Like Receptor 9

TLRO9 is an intracellular innate immune receptor that is
localized in endosomal vesicles. It is expressed by immune
cells such as plasmacytoid DCs, macrophages, and natural
killer cells [69] and plays a pivotal role in inflammatory re-
sponses against viral infection. In particular, it regulates the
secretion of IFNs. It specifically recognizes unmethylated
CpG-dinucleotides, which are common in bacterial and vi-
ral DNA but relatively uncommon in vertebrate genomic
DNA [70]. However, these motifs are also present in the
mitochondrial (mt) DNA of humans because mtDNA un-
dergoes very little CpG methylation due to its small size
and short non-coding control region [71]. Thus, mtDNA
can serve as a DAMP and trigger TLR9. TLRY forms a
homodimer and its adaptor protein is MyD88 (Table 1 and
Fig. 1).

TLRY can recognize SARS-CoV-2 infection: when
human umbilical vein endothelial cells were infected with
SARS-CoV-2, they released mtDNA, which in turn acti-
vated their TLR9 molecules and induced the cells to se-
crete cytokines [72]. This recognition event may associate
with more severe COVID-19: Bagheri-Hosseinabadi ef al.
[38] showed that hospitalized COVID-19 patients with clin-
ical symptoms expressed significantly more TLR9 mRNA
in nasopharyngeal-swab epithelial cells than asymptomatic
patients and symptomatic patients who were not hospital-
ized. Similarly, scRNA-seq analysis showed that com-
pared to patients with mild COVID-19, patients with severe
COVID-19 exhibited greater TLR9 expression in BALF
cells and PBMCs [73]. In addition, the genotyping study of
Alhabibi et al. [74] found that a common TLR9 polymor-
phism (rs5743836 [1237C>T]) associates with a greater
risk of COVID-19 infection and severe COVID-19. Thus,
TLRY may play a pathogenic role in COVID-19.

7. Conclusions

Since TLRs recognize PAMPs and DAMPs, which are
the first harbingers of infection, and initiate immune re-
sponses, they are a central component of the innate immune
system. Of the ten human TLRs, six (TLR2, TLR3, TLR4,
TLR7/8, and TLRY) can recognize SARS-CoV-2 infection.
The activation of three appears to have pathogenic conse-
quences: TLR2, TLR4, and TLR9 are upregulated in severe
COVID-19 patients compared to control subjects. More-
over, TLR2 activation associates with thromboinflamma-
tion and renal and cardiac dysfunction, and TLR4 stimu-
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lation associates with platelet-dependent thrombosis. By
contrast, the remaining three TLRs, namely, TLR3, TLR7,
and TLR8, associate with protection from COVID-19: they
generally appear to be downregulated in severe COVID-19,
and at least with TLR3, this appears to be due to hyperstim-
ulation with the ligand. The variable outcomes of COVID-
19 in individuals can also be partly attributed to mutations
in TLRs: point mutations in TLR2, TLR3, and TLR9 asso-
ciate with increased COVID-19 severity. Mutations or sex-
biased expression of TLR7/8, which are X-linked, may also
partly explain severe cases of COVID-19 in young males.
These mutations in host’s TLRs may impair the following
phosphorylation cascade and cytokines secretion, resulting
in inadequate defense against the infection. Further investi-
gations of TLR expression patterns and how these patterns
correlate with the clinical manifestations of COVID-19 are
needed to improve our understanding of the regulatory role
of TLRs in COVID-19 pathophysiology. These studies will
also help to determine whether TLR agonists or antagonists
could serve as effective therapies for COVID-19 patients
and/or whether TLRs could be prognostic markers. This is
important background for preclinical and clinical research
on TLR agonists or antagonists, which is currently in its in-
fancy [30].
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