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COVID-19 is both a viral illness and a disease of immunopathology. Proximal events within the innate immune system
drive the balance between deleterious inflammation and viral clearance. We hypothesize that a divergence between
the generation of excessive inflammation through over activation of the TLR associated myeloid differentiation primary
response (MyD88) pathway relative to the TIR-domain-containing adaptor-inducing IFN- (TRIF) pathway plays a key role
in COVID-19 severity. Both viral elements and damage associated host molecules act as TLR ligands in this process. In this
review, we detail the mechanism for this imbalance in COVID-19 based on available evidence, and we discuss how
modulation of critical elements may be important in reducing severity of disease.
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The innate immune system’s antiviral
response

Upon infection with SARS-CoV-2, the virus that causes
COVID-19, an innate immune response is activated
through the phylogenetically preserved TLR family. TLRs
are germline encoded PRRs that are believed to be import-
ant for both the protective and maladaptive response to
lower respiratory viral infection." Each TLR recognizes
ligands comprised of both PAMPs elaborated by the virus
and damage associated molecular patterns (DAMPs)
released by host injured and dying cells. The leukocytes
of the innate immune system, including neutrophils, mono-
cytes, and NK cells, depend on TLR signaling to appropri-
ately localize to the site of infection and target virus and
virally infected host cells.” This initial response helps
control viral infection but also causes cell damage and
release of DAMPs, further TLR activation, and more
inflammation. This cycle is thought to drive organ injury.
TLR binding is necessary for the maturation of APCs
through production of pro-inflammatory cytokines (e.g.
TNF-a), chemokines, chemokine receptors, and
co-stimulatory molecules.! These early innate immune
responses initiate and direct the subsequent Ag-specific
adaptive immune responses necessary for viral clearance.’
This leads to a race between ongoing damage from direct

viral infection and the innate hyperinflammatory response
versus the protective innate and adaptive antiviral responses
(Figure 1).

In viral infection, it has been demonstrated that the cell
surface receptors TLR1/2, TLR2/6, and TLR4 recognize
structural components including proteins and glycolipids.
TLR3, TLR7, TLRS, and TLRY are expressed on endo-
somes and recognize nucleic acids.* Each TLR has an extra-
cellular leucine-rich repeat domain and an intracellular Toll/
IL-1 receptor (TIR) domain.” Upon TLR binding the TIR
domain recruits adaptor proteins which leads to an
MyD88- or TRIF-dependent signaling cascade. The
MyD88-dependent pathway generates pro-inflammatory
cytokine (II-1, 11-6, TNF-a, etc.) production via transcrip-
tion factor NF-xB. Alternatively, the TRIF-dependent
pathway leads to activation of the type 1 and type III IFN
critical for viral defense in addition to inflammatory cyto-
kines. Depending on the TLR, cell type and subcellular
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Figure |. (a) Schematic detailing the innate immune response in COVID-19 beginning with viral infection of type Il pneumocytes. Viral
elements (PAMPs) and DAMPs are generated and act as ligands for TLR activation. Several cell surface and endosomal TLRs are
activated. Through MyD88-dependent and TRIF-dependent pathways, an NF-xB derived inflammatory response and an IFN
response are generated. (b) NF-xB derived inflammation generates DAMPs and initiates a cycle of innate immune activation. This
inflammation may drive organ injury. The IFN response is critical for viral clearance. As both pathways are active, a race between
viral clearance and host injury ensue. In severe disease, the balance is shifted toward injurious NF-xB derived inflammation.

DAMP: damage associated molecular pattern.

compartment, downstream signaling through either MyD88
or TRIF can generate both pro-inflammatory cytokines and
a type I/ IIL IEN response.®’ The heterodimers TLR2/6 and
TLR2/1 are MyD88-dependent as cell surface receptors but
can traffic to endosomes and generate a type I IFN response.
TLR3 recognizes dsRNA and signals solely through the
TRIF pathway to generate a type I/IIl IFN response.
TLR4 uses both MyD88- and TRIF-dependent pathways
to generate a variable response. The prototypical TLR4
ligand is LPS but other ligands including glycolipids,
viral structural proteins, and DAMPs such as HMGBI1
have been identified.®*® TLR7 and TLRS recognize
ssSRNA and TLRY recognizes unmethylated CpG DNA.
TLR7 and TLRY are MyD88-dependent but effectively
generate a type I/ III IEN response.'® Other PRRs including
the cytosolic RNA sensing RIG-I-like receptors RIG-I and
MDAS also participate in viral recognition and response
through TLR-independent mechanisms.'' Therefore, upon
infection with SARS-CoV-2, viral particles bind different
TLRs and other PRRs and activate the innate immune
system. This response consists of the generation of inflam-
mation through transcription factor NF-kB and an antiviral
response through the TRIF pathway.'?

The antiviral properties of TLR induced type I and type
III IFN are critical for coordinated viral control and clear-
ance.”” Type I IFN consist predominantly of IFN-a and
IFN-f and these cytokines signal through a common recep-
tor IFNAR1/2. IFNAR1/2 binding leads to signal transduc-
tion via the JAK/STAT pathway and eventual formation of
the transcription factor ISGF3 and expression of IFN-stimu-
lated genes (ISGs). Type III IFN consist of the cytokines
IFN-A(1/2/3) which are structurally unique from IFN-o and
IFN-f but exhibit similar functions; the main difference is
that type III IFN receptors primarily localize to epithelial
surfaces, for example airway epithelial cells. When type
IIT IFN bind their receptor, similarly, signal transduction
is initiated through the JAK/STAT pathway with eventual
formation of ISGs."* Protein kinase R (PKR) and
2'-5'oligoadenylate are two well-characterized ISGs that
act on translational machinery and nucleic acids directly
to impair viral replication.'> MERS-CoV, another corona-
virus with high sequence homology to SARS-CoV-2, pro-
duces proteins that antagonized PKR so as to subvert the
host antiviral response.'®'” Within the innate immune
system IFN production activates DCs, NK cells, and macro-
phages to directly clear and kill virally infected cells. IFN
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also play an immunomodulator role on APCs and lympho-
cytes to generate an effective adaptive immune response.'®
In vitro, SARS-CoV-2 is sensitive to IFN-a pre-treatment;
specifically, when Vero and Calu3 cells are pre-treated
with IFN-a, SARS-CoV-2 infection is unable to halt phos-
phorylation of STAT and downstream expression of ISG
proteins resulting in resolution of SARS-CoV-2 infection. "’
However, there is limited data about the timing of TLR
mediated type I IFN induction in COVID-19.

Concurrently to this TLR-mediated IFN response, TLR
activation generates a robust inflammatory response
through the MyD88-dependent pathway and transcription
factor NF-kB. This pro-inflammatory response leads to an
increase in cytokines and chemokines and an influx of acti-
vated immune cells (neutrophils, monocytes, NK cells) to
the site of infection.>*® Patients with severe COVID-19
compared to uninfected patients have higher serum levels
of pro-inflammatory cytokines and chemokines including
IL-2, 1L-6, IL-1pB, IL-8, IL-17, G-CSF, GM-CSF, IP10,
MCP1, MIPla, and TNF-o.2'"2 This pro-inflammatory
state and direct infection by virus lead to host cell death
and organ injury. Damaged host cells release DAMPS
like HMGB1 and oxPAPC that are capable of amplifying
inflammation by TLR binding particularly through the
MyD88-NF-kB pathway. Pro-inflammatory states are typi-
cally accompanied by an increase in anti-inflammatory
cytokine production, serving as a negative feedback loop.
IL-10 is a negative regulator of the immune response pro-
duced down-stream of MyD88. In translational studies,
IL-10, like pro-inflammatory cytokines, is elevated in
COVID-19, and it is higher in critically ill patients.***
Interestingly, when compared to critically ill community
acquired pneumonia patients, critically ill COVID-19
patients had higher circulating IL-1p and IL-6 levels but
less IL-10, potentially adding to the pro-inflammatory
milieu.?® Severe illness in COVID-19 is most commonly
accompanied by lung injury or ARDS.?’ Emerging evi-
dence also reports injury to multiple other organ systems:
cardiac, liver, kidney, hematologic, and integumentary.zg*
3! Therefore, increased TLR activation and signaling
through the MyD88 pathway and transcription factor NF-
kB may drive the severity of clinical disease.

The immune response to SARS-CoV-2

In COVID-19, severe disease correlates with an immune
signature characterized by an early cytokine and chemokine
rich inflammatory response likely through NF-xB and very
low level of antiviral IFN gene activation. This has been
described in patients, in whom a low ISG signature in per-
ipheral blood correlated with disease severity; additionally,
in patients with severe disease an increased SARS-CoV-2
viral load was observed suggesting delayed viral clear-
ance.”? In this same study, elevated NF-kB pathway expres-
sion of IL-6 and TNF-a was also observed.’? Similar

findings have been observed across experimental methods
including in vitro tissue culture, ex vivo infection of
primary cells, and in vivo samples derived from patients
and animal studies.* However, in contrast to these findings,
Broggi et al. found that in COVID-19 disease severity cor-
related with increased IFN-A expression within the lungs.
Further, in an animal model, they found that exposure of
murine lungs to a synthetic RNA virus led to lung DC
IFN-A production. This then caused epithelial barrier
damage and an increased susceptibility to bacterial
co-infection.** One proposed explanation for these discord-
ant findings is that while local type III IFN production in the
lungs may contribute to immunopathology, systemic type I
and type III IFN production may be protective. IFN is being
actively studied as a therapeutic in COVID-19.°73%
Intra-nasal IFN-a prophylaxis in addition to PPE reduced
the incidence of SARS-CoV-2 infection in at risk person-
nel.> In severe COVID-19, in a small randomized con-
trolled trial, systemic IFN-f therapy improved discharge
rate and reduced mortality.*® In another randomized
control trial, [FN-f in combination with lopinavir-ritonavir
and ribavirin compared to lopinavir-ritonavir alone reduced
time to negative nasopharyngeal SARS-CoV-2 PCR
result.®® In a non-randomized retrospective cohort study,
IFN-a with or without the antiviral arbidol improved time
to viral clearance and reduced systemic inflammation.?’
Interestingly, in COVID-19 patients, IFN stimulation
appears preserved when exogenously stimulated by other
agonists; this raises the question of how upstream proximal
factors in TLR activation may impact the adaptive immune
response in COVID-19.%°

One possibility is that the virus itself may possess an
evasion mechanism to protect against viral dsRNA and
sSRNA recognition by TLRs 3 and 7 as was the case with
SARS-CoV-1."*" Han et al. report that the SARS-CoV-2
accessory protein ORF9b impairs induction of types I and III
IFN in part by targeting components of the TLR3-TRIF endo-
somal RNA sensing pathway in vitro.** Yin et al. report in vitro
data describing that the PRRs MDAS and LGP2, as opposed to
TLR3, primarily recognize SARS-CoV-2 RNA and regulate a
delayed IFN response in airway epithelial cells.** TLRs 3 and 7
are critical activators of the type I/IIl IFN antiviral response,
and these data suggest SARS-CoV-2 evasion. Others suggest
that DEAD-box RNA helicases in humans may induce a
TLR independent anti-viral IFN response to SARS-CoV-2
though evidence is lacking.**

The notion of a TLR mediated dys-regulated immune
response was previously investigated in SARS. In a mouse
model of SARS-CoV-1 infection, it was found that MyD88
knockout mice and TRIF knockout mice had similar mass
loss and mortality. In this same study, the TRIF knockout
mice had a more robust cytokine response and a higher viral
load in type II pneumocytes. Additionally, it was found that
TLR3 knockout mice, TLR4 knockout mice and TRAM
(TLR4-TRAM-TRIF pathway) knockout mice all lost mass
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but recovered. These findings suggested redundancy in TLR
viral recognition. It also suggested impaired IFN generation
was associated with a relative increase in inflammation and
decrease in viral clearance akin to clinical COVID-19 infec-
tion.” This suggests that while both the MyD88 pathway
and TRIF pathway play a role in viral defense, the intact
MyD88 pathway drives a robust inflammatory response,
whereas, the TRIF pathway is critical for viral clearance.
Similar studies using humanized animal models are needed
to better understand the relative activation of MyD88 and
TRIF-dependent pathways in response to TLR activation by
SARS-CoV-2 infection.

TLR recognition of PAMPs initiates a coordinated adap-
tive immune response including directing the phenotype of
lymphocytes and other white blood cells present.” A defect-
ive adaptive immune response has been associated with
more severe COVID—19;46 in fact, in one study the presence
of a SARS-CoV-2 specific CD4 + T cells and CD8 + T cells
was associated with less severe disease independent of a
neutralizing Ab titer.*” Lymphopenia and an increase in
neutrophil count in comparison to other white blood cells
are associated with disease severity and poor clinical
outcome.*® Type I/ III IFN are necessary for viral Ag pre-
sentation by DC cells and therefore a specific antiviral
response.49 Further, TGF-p, which is activated following
acute inflammatory responses and down-regulates the
immune response, may actually promote a chronic adaptive
immune reaction with Ab production lacking specificity to
SARS-CoV-2. This may contribute to persistent infection.
A poorly coordinated adaptive immune response may start
with proximal TLR pathway events.

In COVID-19, the kinetics and details of the innate and
adaptive immune responses are under active investigation.
There is a need to better understand the role of TLRs in
driving both the harmful and beneficial immune response
in COVID-19. We suspect that a net increase in
TLR-MyD88-NF-kB response and a relative decrease in
TLR-TRIF-IFN antiviral response leads to immunopathol-
ogy and ineffective viral clearance. In time, manipulation
of TLRs and pathway components may prove critical to
improved outcomes. Here we will review the data on the
role of TLRs and associated molecules in COVID-19.

TLRs in COVID-19

TLR4

TLR4 is positioned to respond to both exogenous PAMPs and
DAMPs released as part of tissue injury. TLR4 cooperates
with MD-2 and CD14 to bind extra-cellular ligands. TLR4
signals both through the MyD88-dependent and
TRIF-dependent pathways. LPS, a component of most
Gram-negative bacterial cell envelopes, is its classic ligand.
TLR4 activation has been implicated in the development of
a pro-inflammatory state as in Gram-negative bacterial

sepsis. This response is critical to host defense in
Gram-negative bacterial infection. For example, mice
strains with TLR4 genotypes that lead to LPS
hypo-responsiveness have increased susceptibility to
Gram-negative infections.! However, excessive LPS direc-
ted TLR4 stimulation can lead to damaging inflammation.
In fact, the administration of lipid A (a component of LPS),
is extremely toxic at high doses and leads to a hyper-inflam-
matory response and fulminant sepsis-like syndrome in
animals. This response is thought to be driven primarily
through MyD88 activation as opposed to TRIF signaling.’>
In vaccine development, scientists have looked to develop
modified lipid A with a bias away from the MyD88
pathway and toward TRIF-IFN pathways so as to harness a
protective and not maladaptive immune response.>>

In COVID-19, it is proposed that the viral structural pro-
teins and glycolipids are PAMPS that bind TLR4 initiating
an innate immune response. Computer-based modelling has
found that the S protein of SARS-CoV-2 is predicted to
bind to TLR4.>® Further, emerging data shows that purified
SARS-CoV-2 S protein binds TLR4 with strong affinity in
vitro, and that purified S protein induces a TLR4-dependent
IL-1P response akin to the response observed with LPS
challenge.” The balance in downstream activation of
MyD88 versus TRIF-dependent pathways is unknown.
However, higher MyD88 activation relative to TRIF activa-
tion may contribute to excess NF-kB activation and inflam-
matory cytokine production as TLR4 has been heavily
implicated in the injurious inflammation and lung injury
seen SARS-CoV-1 and MERS.>* TLR4 modulation or
blockade has been shown to reduce lung injury in animal
models by reducing NF-kB pathway activation.”> Further
work is needed to determine the extent by which TLR4
binding of viral PAMPs including the SARS-CoV-2 S
protein drives lung injury and viral sepsis in COVID-19.

In addition to recognition of viral proteins, several
DAMPS also act as ligands for TLR4. Viral infection and
subsequent inflammation lead to the generation of DAMPs.
For example, HSP60 and HSP70, released from virally
infected and stressed cells are TLR4 agonists.”® In addition,
fibrinogen, an acute phase reactant, binds and activates
TLR4.”” HMGBI is a DAMP that binds TLR4 and has
been studied in the context of influenza-associated ALL®
OxPAPC, a heterogeneous group of lipids (oxidized phos-
phorylcholine derivatives) released from dying virally
infected cells, is another DAMP that has been shown to
promote inflammatory responses. TLR4 binding of
0xPAPC in cooperation with CD14, generates inflammatory
cytokines at levels akin to LPS binding.”® Both the MyD88
and TRIF pathways are activated by DAMPS but there may
be a bias toward MyD88 signaling and inflammatory cyto-
kine production. In several viral pneumonia models, TLR4
blockade led to a reduction in inflammation, DAMP accumu-
lation and ALI suggesting that TLR4 activation preferentially
generates an injurious pro-inflammatory state.®
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TLR4 binding may impact the characteristics and effi-
cacy of an adaptive immune response. The TLR4
pathway is capable of elaborating type I/IIl IFN which are
necessary for a virus specific adaptive immune response.”
Past work has shown that the dose of LPS signaling
through TLR4 differentially regulates a Thl versus Th2
response.®’ However if TLR4 binding leads to excess cyto-
kine production, for example il-6 as is seen in COVID-19,
cytotoxic CD8 + T cells and cell mediated immunity may
be impaired.(’2 To date, the effect of IL-6 blockade on clin-
ical outcomes in COVID-19 has been mixed.**™®

TLR7

Functional TLR7 genetic variants have been linked to
COVID-19 severity in multiple studies, strongly suggesting
a key role for TLR7 in COVID-19 pathogenesis. TLR7
binds ssRNA and imidazoquinolones. While TLR7
signals through the MyD88-dependent pathway, down-
stream signaling leads to both NF-kB mediated inflamma-
tion and a type I/III IFN response; the balance between
NF-xB mediated inflammation and the IFN response is crit-
ical.°® Whole exome sequencing in families with multiple
cases of COVID-19 identified rare loss of function variants
in TLR7. Further, in vitro studies in these patients revealed
that type I/III IFN responses to imiquimod, a strong TLR7
agonist, were greatly down-regulated in peripheral blood
mononuclear cells.®” These data suggest aberrant type 1/
III IFN responses due to a functional genetic mutation are
specifically tied to severe COVID-19. Given that the gene
for TLR7 is found on the X-chromosome it has also been
proposed that TLR7 might play a role in sex-based differ-
ences in COVID-19 susceptibility and severity. Men are
nearly two times as likely to develop respiratory failure or
die from COVID-19.°® Incomplete X-inactivation in
immune cells resulting in an increased gene-dosage of
TLR7 in women relative to men could lead to a more effect-
ive early antiviral response.®” Common variants in TLR7
have also been identified in association with severe
COVID-19 in an exploratory study using multilevel filter-
ing (e.g. frequency, chromosomal, geographic, and func-
tional filters).”

Imiquod, a TLR7 an agonist, is currently under investi-
gation as an immune modulator in COVID-19.”!
Imidazoquinolones have well-described antiviral properties
through activation of TLR7 and the MyD88-dependent
pathway with downstream type I/ III IFN generation.””
Imiquod has been previously studied for its antiviral
effects in anal condylomata in HIV.”? In addition to its anti-
viral properties TLR7 activation may decrease inflamma-
tion. In an asthma model, TLR7 agonist RSQ reduced
allergen induced airway inflammation and decrease reactive
oxygen species. Interestingly, inhibition of MyD88
reversed RSQ-mediated effects.”* It has also been studied

as an immune modulator and as a vaccine adjuvant in
influenza.”

Additionally, Rutin, a flavonoid compound, that effect-
ively binds TLR7 (and TLR2/TLR6) has been identified
as a potential immune modulator. In addition to binding
TLRs, rutin binds and potentially blocks SARS-CoV-2
main protease (Mpro).”® Mpro is an important enzyme
that mediates viral replication and transcription in corona-
viruses, and it has been identified as an attractive target in
drug development.”” Rutin may play a role in both
immune modulation via TLR agonism and an inhibitor of
viral replication via Mpro antagonism. TLR7 is emerging
as a proximal element in the immune response to viral
infection that when activated may lead to downstream elab-
oration of a net antiviral response.

TLR3

TLR3 has the potential to improve both innate and adaptive
immune responses in COVID-19 through type I/III IFN
production. TLR3 agonists include dsSRNA and poly IC, a
synthetic RNA analogue. It is presumed to be critical in
the recognition of respiratory RNA viruses like
SARS-CoV-2; during viral replication, dsSRNA is generated
and stimulates endosomal TLR3 in addition to other intra-
cellular receptors (RIGI/MDAS5).”® Unlike all other
TLRs, TLR3 is TRIF dependent and MyD88 independent.
Stimulation of TLR3 results in recruitment of the TRIF
adaptor protein and down-stream activation of ISGs.
TLR3 does not directly activate the pro-inflammatory
NF-xB pathway. Because TLR3 activation favors type I/
II IFN production, it is thought to be critical in viral
defense. In fact, TLR3 mutations and deficiency have
been described as monogenic drivers of other viral illnesses.
Patients with TLR3 mutations and deficiency are highly
susceptible to pediatric herpes virus encephalitis,”’ and
patients with TLR3 deficiency are at higher risk of develop-
ing ARDS in Influenza A viral infection.®° Fortunately, in
these influenza ARDS cases, in vitro type I IFN therapy,
the downstream product of TLR3 activation, reduced the
susceptibility of airway epithelial cells and fibroblasts to
influenza A viral infection suggesting modulation may be
helpful *

Antiviral properties of TLR3 and disease modulation
with TLR3 agonists have been described in several respira-
tory viral infections including SARS-CoV. In a SARS-CoV
mouse model, TLR3/TRIF signaling played a critical role in
the innate immune response through ISG protein produc-
tion.*> Additionally, in aged mice, intra-nasal poly IC pro-
tected mice from lethal SARS-CoV.*" Synthetic TLR3
agonists have been studied in the context of numerous
other viral infections in animal models. In fact, Poly IC or
modified forms has been protected against the following
viral infections in animal models: influenza virus, Herpes
simplex virus type 2, western equine encephalitis virus,
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yellow fever virus, RSV, and others.”® While these data
suggests a protective role, the use of Poly IC has been
largely limited by systemic toxicity. However, scientists
have investigated modifications to limit adverse effects,
and modified versions have been safely used as vaccine
adjuvants.”®3? The protective role of synthetic Poly IC is
currently being investigated in a phase 1 trial in COVID
19 (NCT: 04672291).

TLR2 heterodimers

The TLR1/TLR2 heterodimer binding by SARS-CoV-2 S
protein may contribute to the hyper-inflammatory state
and lung injury seen in COVID 19. TLR2 forms heterodi-
mers with TLR1 and TLR6, respectively, to create func-
tional cell surface receptors. In vitro and in vivo studies
show that TLR2 recognizes the SARS-CoV-2 envelope
protein resulting in MyD88-dependent inflammation.®® In
silico studies suggest that TLR1, TLR2, and TLR6 effect-
ively bind the viral S protein in SARS-CoV-2.> In particu-
lar, specific peptides have been identified within the S
protein as TLR2 agonists. It is not clear to what extent S
protein binding of these heterodimers impacts the immune
response in COVID-19. While these heterodimers typically
signal via the MyD88 pathways, in certain immune cells
TLR2 may be internalized and localize to endosomes facili-
tating a type I/II IFN response.® These specific peptides
and TLR ligands within the S protein are being further
investigated as SARS-CoV-2 specific and antigenic mole-
cules that may be used in vaccine development.®® As
noted, TLRI acts exclusively as a heterodimer with
TLR2. In sepsis, TLR1 polymorphisms, in particular
TLR1-7202G, may impact patient outcomes including the
predisposition to the development of ARDS. Further in
trauma related-sepsis, there was a trend towards a higher
incidence of ARDS among patients homozygous for
TLR1-7202G.%° Using translation methods, it was shown
that a specific TLR1 polymorphism was associated with
increased TLR1 expression, TLR1 mediated NF-xB activ-
ity, and cytokine production.®*® TLR1 polymorphisms may
also impact the regulation of the pro-inflammatory state
through their influence on T regulatory cells.®” This data
suggests that functional variants in TLR1 lead to variable
cytokine expression and lung injury. The SARS-CoV-2 S
protein is predicted to bind TLR1/2; TLR1/2 agonism
may contribute to the pathophysiology of cytokine storm
and lung injury seen in patients with severe COVID-19.

The TLR immunomodulator PUL-042 is under investi-
gation in COVID-19. PUL-042 is a combination drug com-
prised of the TLR2/6 ligand Pam2CSK4 and the TLR9
ligand ODN M362. It was developed in order to augment
host response to respiratory infections. In fact, in animal
models it has been shown to effectively improve survival
and reduce pathogen burden in otherwise lethal
SARS-CoV and MERS-CoV infections.®®

TLR5

TLRS is most relevant in viral vaccine development as an
adjuvant. TLRS is activated by bacterial flagellin. It has
been studied for immunotherapeutic development in
respiratory infections because of its presence on respiratory
tract epithelium; for this reason, it has been proposed as a
candidate target in COVID-19 vaccine and drug develop-
ment.*® Administration of flagellin has been previously
studied in influenza virus; in a mouse model, flagellin
administration  reduced viral replication in an
interferon-independent manner. Flagellin administration
also enhanced the efficacy of oseltamivir.”® Interestingly,
the protective affects appears to be independent of inter-
feron. Flagellin has been a successful adjuvant in several
viral vaccines including IAV flu models®" although its use
has been limited by toxicity. In COVID-19, S protein multi-
epitope vaccines have been developed with antigenicity
confirmed by the degree of TLR5 docking.”?

CDI4, a TLR accessory molecule

As a proximal regulator of multiple TLRs, CD14 modula-
tion may impact inflammation and organ injury in
COVID-19. CD14 is a protein that is both membrane-bound
on immune cells and soluble. It has a large flexible hydro-
phobic pocket and several grooves that are accessible for
ligand binding. It acts in concert with TLRI/TLR2,
TLR2/TLR6, TLR4, and TLRY by binding a variety of
PAMPs and DAMPs.”? Its role in as a co-receptor for
nucleic acids for TLR3 and TLR7 is less certain in humans.

CD14 may facilitate an initial innate immune system
response to PAMPS like protein S and other viral structural
proteins and glycolipids. However, with disease evolution it
also likely recognizes DAMPs in addition to PAMPs leading
to a net increase in immunopathology. As noted previously,
one such DAMP: oxPAPC, an LPS-like DAMP generated
from host cell death facilitates innate immune system hyper-
activation via pro-inflammatory signaling pathways.””

In COVID-19, using a novel ultra-high throughout pro-
teomic approach, up-regulation of CD14 correlated with
severity of COVID-19 infection.”* Further, in COVID-19,
soluble CD14 levels were associated with severity of
disease.” Additionally, an increase in CDI14+CDI16+
monocytes were identified in the peripheral blood of critic-
ally ill patients with COVID-19.°® Presepsin, a soluble
N-terminal component of CD14, has been identified as a
biomarker associated with disease severity in
COVID-19.°7 Because of these findings and previous
work in sepsis and ARDS, CD14 inhibition has been iden-
tified as a potential means to target aberrant innate immune
system activation in COVID-19.”®

It is possible that CD14 is a proximal modulator of
several TLRs and plays a central role in regulating the
inflammatory response observed in severe COVID-19.
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CD14 blockade may impart a net protective effect through
modulation of several TLRs. As noted above, CD14 com-
plexes with TLR1/TLR2, TLR2/TLR6, TLR4, and TLR9
to bind PAMPs and DAMPs. However, CD14 has not
been definitively shown to interact with TLR3 and TLR7
in humans. TLR3 and TLR7 seem to be critical for an effect-
ive antiviral response through the TRIF-IFN pathway.
Therefore, CDI14 blockade may not decrease the
TLR-TRIF-IFN response. TLRI1/TLR2, TLR2/TLR6,
TLR4, are predicted to bind PAMPs and DAMPs in
COVID-19; this may drive an excessive MyD88-NF-kB-
dependent inflammation. Therefore, blockade with an
anti-CD14 Ab, may actually lead to reduced inflammation
while not interfering with the antiviral response. A phase
2, anti-CD14 Ab clinical trial in COVID-19 is currently
underway (NCT04391309).

CD14 has been implicated in several deleterious
pro-inflammatory disease states: sepsis and septic shock,”
InfluenzaA'® infection and ARDS.'®" Previous work has
shown that the CD-14 mAb is safe and that when
co-administered, less inflammation is generated by LPS
challenge. While sCD14 levels increases with Ab adminis-
tration, inflammatory cytokine levels decrease. CD14 mAbs
were previously studied in a phase 1 severe sepsis clinical
trial. While CD14-Abs reduced inflammation, the study
was underpowered to detect clinical benefit, and CD14
Abs antibodies are not used routinely in clinical practice.'®

Other TLR accessory molecules in
COVID-19

IRAK-1 is a critical proximal component of the TLR
MyDS88 pathway. It may functionally bridge different path-
ways including the JAK/STAT- and TRIF-dependent path-
ways which may be a critical regulator of the
pro-inflammatory versus type I/IIl IFN response. IRAK-1
has been implicated as a potential gene variant critical to
the pathogenesis of COVID-19.7® IRAK-1 has been pre-
viously studied in the context of endotoxin shock and auto-
immune disease.'” IRAK-4 also acts within the MyD88
pathway. IRAK-4 mutation has been implicated in recurrent
and life threatening bacterial infections in children.'®* Tts
expression was up-regulated in a small group of patient
with COVID-19.'®

CD24Fc is a biologic immunomodulator. CD24 acts as a
checkpoint molecule that modulates TLR4 signaling in
response to DAMPS, as in viral infection. For example,
upon oxPAPC binding CD24 is recruited to the intracellular
TLR4 module and ameliorates or blocks pro-inflammatory
signaling.'®® CD24Fc has been designed to reduce patholo-
gic activation of TLR4. While previously studied in the
context of GVHD after stem cell transplant, CD24Fc has
recently been shown to reduce the development of ARDS
in viral pneumonia.'”” CD24Fc is being studied as a

therapeutic in COVID-19. Initial reports from a phase III
randomized control clinical trial suggest CD24Fc may
reduce disease progression, shorten length of stay, and
may blunt the immune response. Specifically, CD24Fc
treated patients had reduced activation of CD8 + and NK
cells and reduced cytokine and chemokine levels.'*®

Conclusion

Upon infection with SARS-CoV-2, TLRs and their proxi-
mal accessory molecules play a critical role in both the pro-
tective and maladaptive innate and adaptive immune system
responses. We hypothesize that the balance between
MyD88-NF-kB-dependent excessive inflammation and
TRIF-IFN-dependent antiviral response drives severity of
disease in COVID-19. The goal of proximal modulation
of the innate immune system should be to shift the
balance towards a systemic antiviral TLR-TRIF-IFN
response and away from immunopathology related to
excessive TLR-MyD88-NF-kB activation. As discussed in
detail above, one strategy is to inhibit CD14 which acts
as a co-receptor for multiple TLRs and in particular those
associated with the generation of excessive inflammation
including TLR4 and TLR2.

Further investigation into how each TLR contributes to
the net immune response and the pathophysiology of
COVID-19 is needed. Future work should also be directed
at better understanding how modulation of TLRs and acces-
sory molecules impact each phase of the innate and adaptive
immune responses to SARS-CoV-2.
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