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Preface to ”The Role of Toll-Like Receptors (TLR) in

Infection and Inflammation”

Toll-like receptors (TLRs) represent a powerful system for the recognition and elimination of

pathogen-associated molecular patterns (PAMPs) from bacteria, viruses, and other pathogens and

damage-associated molecular patterns (DAMPs) released from dying cells. TLRs are expressed on

immune cells but can also be present on other cell populations. Typical PAMPs include bacterial

cell wall components, viral pathogens, or pathogenic nucleic acids, including viral RNA and DNA.

Activation of TLRs leads to the production of proinflammatory cytokines and type I interferons which

are important for the induction of the host immune response against bacterial and viral infections.

However, dysregulation and overstimulation can be detrimental, leading to hyper-inflammation,

sepsis, and loss of tissue integrity. The involvement of TLRs in inflammation and bacterial infection

has been widely recognized. TLRs are involved in the pathogenesis of acute viral infections,

including COVID-19. Consequently, TLRs are promising targets for pharmacological intervention

and treatment.

The involvement of TLRs in inflammation and bacterial infection has been recognized for

a long time. There is an increasing number of reports demonstrating the involvement of TLR

activation in a variety of viral infections, associated with protective immunity, but also immune

hyper activation and even viral replication. Recent data show the involvement of TLR activation

in various acute respiratory viral infections, including SARS-CoV-2 and indicate an essential role

in COVID-19 pathology. The present Special Issue aimed to gather newest data and hypotheses

regarding molecular and cellular mechanisms of TLR triggering and activation by viral infections

and inflammation. Downstream signaling pathways of TLRs, and their correlation to immunology

and pathophysiology of the associated diseases, were also discussed. Finally, this Special Issue

facilitated on translational research resulting in new targets for the treatment of viral infectious

diseases including COVID-19.

Ralf Kircheis and Oliver Planz

Editors
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1. Introduction

Toll-like receptors (TLRs) belong to a powerful system for the recognition and elimina-
tion of pathogen-associated molecular patterns (PAMPs) from bacteria, viruses, and other
pathogens. They are also involved in recognizing and eliminating self-derived, damage-
associated molecular patterns (DAMPs) released from dying or lytic cells. Typical PAMPs
are nucleic acids, including viral RNA and DNA, but they also include surface-exposed
glycoproteins, lipoproteins, and various membrane components.

TLRs are highly expressed in immune cells, such as dendritic cells (DCs) and
macrophages, as well as in non-immune cells, such as fibroblasts and endothelial cells.
Activation of TLRs leads to the production of proinflammatory cytokines and type I inter-
ferons, which are important for induction of the host immune response against bacterial,
fungal, and viral infections and malaria. However, dysregulation and overstimulation can
be detrimental, leading to hyperinflammation, sepsis, and loss of tissue integrity. TLRs are
involved in the pathogenesis of acute viral infections.

The common theme of this Special Issue is the role of toll-like receptors (TLRs) and
their related signaling pathways in viral infection and inflammation, including sterile
inflammation and inflammation in response to mechanical stress, tissue remodeling, and
cancer. Four reviews and six experimental articles are published in this Special Issue. The re-
views focus on the topics of viral infection-induced inflammation, such as SARS-CoV-2 [1,2]
and hepatitis C virus (HCV) infection [3], related to TLR-induced pathological processes;
they also discuss the protective role of TLRs against viral infection and the strategies used
by viruses to inhibit TLR activation. Furthermore, the role of immunoregulatory and an-
tiviral oligonucleotides is addressed [4]. The six experimental research papers cover topics
ranging from TLR2 and TLR4 polymorphisms and susceptibility to bacterial sepsis [5];
decrease in endotoxin-induced activation of TLR4 signaling by xanthohumol-rich hop
extract [6], advanced glycosylation end-products and TLR- induced changes in aquaporin-3
expression in mouse keratinocytes [7]; TLR4 signaling in periodontal ligament cells in
response to mechanical compression [8]; identification of optimal TLR8 ligand by altering
the position of 2′-O-ribose methylation [9]; to a breast cancer vaccine containing a novel
TLR7 agonist showing antitumor effects [10].

The two facets of TLR activation in viral infection are well illustrated by two review
articles focusing on the detrimental effects of massive activation of TLR and the antiviral
protective effects of TLR activation in the context of SARS-CoV-2 infection [1,2]. Patients in
critical stage show acute respiratory distress syndrome (ARDS) of the lungs; coagulopathies;
multi-organ dysfunction correlating with massive cytokine and chemokine release; and
distortion of the complement and coagulation system, which is mostly triggered by hyperac-
tivation of innate immune receptors and their related pathways, such as NF-κB, JAK/STAT,
and MAPK [1,2].
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The involvement of cell types that differ greatly in their TLR patterns and their pro-
inflammatory potential will finally determine the level of pro-inflammatory activation.
Whereas alveolar cells that highly express TMPRSS2 in the lungs are the main drivers of
viral replication, the major pathophysiological effects are derived from over-activation
of innate immune cells, such as macrophages and endothelial cells. In this context, the
lower pathology (despite higher infectivity) of the omicron variant compared to previous
VOCs has been hypothesized to correlate with a lower TLR- and NF-κB activation due to a
changed charge distribution in the spike protein (Figure 1) [1].

Figure 1. SARS-CoV-2 binds via the spike protein to ACE2, followed by fusion with the host cell
membrane. Viral RNA transcription and translation of viral proteins occur in double-membrane
vesicles (DMVs). The newly assembled virus particles leave the cells via the Golgi apparatus where
the spike protein undergoes proteolytic cleavage by furin. This process occurs preferably in virus-
producing cells with a high TMPRSS2 expression, such as alveolar cells (left side). Alternatively,
the virus can be taken up into endosomes, predominantly in cathepsin L-rich cells, such as innate
immune cells and endothelial cells (right side). Several components of the SARS-CoV-2 virus act as
PAMPs by activating various TLRs, resulting in massive activation of the NF-kB (p50/p65) pathway.
Different cells differ regarding their expression of TLRs, with high levels of TLR4 and TLR2 expressed
by macrophages and endothelial cells, but low levels by alveolar lung cells. Adapted from [1].

The second article discusses how the outcome of SARS-CoV-2 infection is dependent
on the balance between induced antiviral immunity and tissue damage. Surface (TLR2 and
4) and intracellular (TRL3, 7/8, and 9) factors are involved in the recognition of SARS-CoV-2
infection by the immune system. Adaptors such as MyD88 and TRIF are recruited by TLRs
to initiate the signaling pathways (Figure 2).
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Figure 2. SARS-CoV-2 infection causes DAMPs and PAMPs that are recognized by a broad variety of
toll-like receptors (TLRs), leading to the expression of pro-inflammatory cytokines and interferons.
Reproduced from [2].

The nature of the ligand and downstream adaptor molecules direct the TLR signaling
cascade into two distinct pathways, i.e., MyD88-dependent and -independent pathways.
The MyD88-dependent pathway employed by all TLRs (except TLR3) triggers the activation
of pro-inflammatory signal transduction pathways, such as NF-κB and mitogen-activated
protein kinases (MAPKs), resulting in the release of inflammatory cytokines. In contrast,
the TRIF-dependent pathway involved in TLR3 and TLR4 signaling leads to the stimulation
of IRF3 expression of IFN-I, which primes the cells for antiviral activities. Expression
of another important interferon regulatory factor, IRF7, is triggered by TLR7–9. The
production of type I and type III IFNs by TLRs is a significant antiviral feature essential for
systemic viral control and viral clearance [2].

The dual role of TLR activation has also been shown for HCV infection. Protective
effects have been shown for TLR3/4/7/8/9, whereas adverse effects have been demon-
strated, e.g., for TLR4 and TLR8. The protective effects of TLR activation may potentially
outbalance the adverse side effects in the case of chronic HCV infection. Accordingly, HCV
has developed multiple strategies to inhibit the innate immune response and dispose the
host toward chronic infection, largely via virus-derived TLR inhibitors (Figure 3).

A clear understanding of TLR interactions in HCV infection is critical for developing
new therapeutic approaches to fight the disease, including TLR agonist-adjuvanted HCV
vaccines [3].

The fourth review discusses the role of immune regulatory and antiviral oligonu-
cleotides regarding TLR-3, 7, 8, and 9, which are located within endosomes and sense
oligonucleotides that are taken up into the endosomes. There seems to be an abundant
pool of 30–40 oligonucleotides derived from different RNAs, such as tRNA, rRNA, and
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mRNA. This 30–40 oligonucleotide pool may confer a “buffering” system to regulate the
uptake of endocytic cargo into cells. Some single-stranded oligonucleotides (ssONs) may
have the capacity to inhibit endocytic pathways and have immunoregulatory functions. In
addition, this pool of 30–40 oligonucleotide RNAs may also prevent the entry of certain
viruses (Figure 4) [4].

 

Figure 3. An overview of the mechanism of host innate immune response inhibition by HCV and its
proteins. Reproduced from [5].

 
Figure 4. Schematic illustration of nucleolin (NCL) as a receptor for viruses and its participation
in clathrin-mediated endocytosis (left), which can be inhibited by 35-mer ssON (right). Viruses
attach to the cellular membrane using, e.g., heparan sulfate proteoglycan and/or NCL, followed by
clathrin-mediated endocytosis. 35-mer ssON, but not 15-mer ssON, can inhibit viral attachment by
shielding NCL. 35-mer ssON is hypothesized to confer steric hindrance for endocytosis. Reproduced
from [4].
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Toll-like receptors (TLRs) play an eminent role in immune responses to bacterial
pathogens, and are involved in the development of sepsis. TLR genetic variants might
influence individual susceptibility to develop sepsis. In an experimental study, the asso-
ciation of genetic polymorphisms of TLR2 and TLR4 with the risk of developing sepsis
was investigated based on single nucleotide polymorphisms (SNPs). The DNA samples of
patients in intensive care unit were genotyped using RT-PCR technology. Significant associ-
ations between TLR2 Arg753Gln polymorphisms and sepsis and between TLR4 Asp299Gly
polymorphisms and Acinetobacter baumannii infection were found. This study concludes
that the TLR2 genotype may be a risk factor for sepsis in adult patients [5].

Infections with Gram-negative bacteria are among the leading causes of infection-
related deaths. To find new therapeutic approaches to control bacterial infection-triggered
sepsis, the effect of xanthohumol-rich hop extract on endotoxin-induced activation of
TLR-4 signaling in human peripheral blood mononuclear cells was investigated. Previous
studies had suggested that chalcone xanthohumol (XN) found in hop has anti-inflammatory
effects. A placebo-controlled, randomized cross-over design study assessed if the oral
intake of a single low dose of XN could affect lipopolysaccharide (LPS)-induced immune
responses in peripheral blood mononuclear cells (PBMCs) ex vivo in normal-weight healthy
women. LPS-dependent activation of hTLR4-transfected cells was significantly and dose-
dependently suppressed by the XN-rich hop extract, which was attenuated when cells were
co-challenged with sCD14. These results suggest that even low doses of XN consumed
in a XN-rich hop extract can suppress LPS-dependent stimulation of PBMCs due to the
interaction of the hop compound with the CD14/TLR4 signaling cascade [6].

The present Special Issue also covers the roles of TLRs in wound healing, after mechan-
ical stress, and in cancer. Usually, inflammation is finally exchanged by processes restoring
physiological homeostasis, such as fibrinolysis, wound healing, and re-epithelization.
Prolonged inflammation and impaired re-epithelization are major contributing factors to
chronic non-healing diabetic wounds. Advanced glycation end-products (AGEs) and the
activation of toll-like receptors (TLRs) can trigger inflammatory responses. Aquaporin-3
(AQP3) plays an essential role in keratinocyte function and skin wound re-epithelialization,
regeneration, and hydration. Suberanilohydroxamic acid (SAHA), a histone deacetylase
inhibitor, mimics the increased acetylation observed in diabetes. The effects of TLR2/TLR4
activators and AGEs on keratinocyte AQP3 expression in the presence and absence of
SAHA was studied in primary mouse keratinocytes. The results indicate that TLR2 acti-
vation and AGEs may be beneficial for wound healing and skin hydration under normal
conditions via AQP3 upregulation, but these pathways are likely deleterious in diabetes [7].

The involvement of TLRs in sterile inflammation induced by mechanical stress on
tissues was studied in another study. Mechanical compression by simulating orthodontic
tooth movement in in vitro models induced pro-inflammatory cytokine expression in peri-
odontal ligament (PDL) cells. Primary PDL cells were studied for cell signaling downstream
of key molecules involved in the process of sterile inflammation via TLR4. The TLR4 mono-
clonal blocking antibody was found to reverse the upregulation of phospho-AKT caused
by compressive force. Overall, this study provides evidence that TLR4 is involved in the
modulation of sterile inflammation during mechanical stress, such as during orthodontic
therapy and periodontal remodeling [8].

Recognition of RNA by TLRs is regulated by various posttranslational modifications.
Different single 2′-O-ribose (2′-O-) methylations have been shown to convert TLR7/TLR8
ligands into specific TLR8 ligands. A study investigated whether the position of 2′-O-
methylation is crucial for its function. An 18S rRNA-derived TLR7/8 ligand, RNA63, was
found to be differentially digested as a result of 2′-O-methylation, leading to variations in
TLR8 and TLR7 inhibition. The suitability of certain 2′-O-methylated RNA63 derivatives
as TLR8 agonists was further supported by the fact that other RNA sequences were only
weak TLR8 agonists. Specific 2′-O-methylated RNA derivatives were identified as optimal
TLR8 ligands [9].
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The last paper of this Special Issue addresses the use of TLR agonists as adjuvants
for anti-cancer vaccination against mucin 1 (MUC1), a tumor-associated antigen that
is highly expressed in breast cancer. The authors constructed a novel tumor vaccine
(SZU251 + MUC1 + Al) containing MUC1 and two types of adjuvants, a TLR7 agonist
(SZU251) and an aluminum adjuvant (Al). Immunostimulatory responses were first verified
in vitro, showing that the vaccine promoted the release of cytokines and the expression of
costimulatory molecules in mouse bone marrow dendritic cells and spleen lymphocytes.
Importantly, SZU251 + MUC1 + Al was effective and safe against tumors expressing
the MUC1 antigen in both prophylactic and therapeutic schedules in vivo. The immune
responses in vivo were attributed to the increase in specific humoral and cellular immunity,
including antibody titers, CD4+, CD8+, and activated CD8+ T cells. The results indicate
that TLR agonists can be successfully used as new vaccine adjuvant candidates for the
prevention and treatment of breast cancer [10].

2. Discussion

Overall, this Special Issue illustrates the two sides of TLRs as drivers of pathogenesis
of acute bacterial and viral infections, including COVID-19, but also as potent players
for antiviral, antibacterial, and anti-cancer immune activation. Dependent on the direc-
tion of the disbalance in TLR activation in different pathologies, TLR agonists [9,10] or
antagonists [2,4,6] may be of interest. For stimulating innate immune responses against
bacterial, viral, or parasitic invasions or for use as an adjuvant in anti-cancer vaccination,
one single selected TLR agonist may be sufficient to trigger an effective innate immune
response. In contrast, inhibiting the hyperactivation of the innate system can be much
more complex due to the involvement of multiple and diverse TLRs in various pathological
conditions [1,3]. Therefore, it will be difficult to choose one TLR antagonist to inhibit all
TLRs that may be involved in the induced systemic hyperactivation. Moreover, secon-
darily induced cytokines, such as TNFα, IL-1, and IL-6, will activate additional receptors,
amplifying the immune stimulatory signaling [1,11].

In order to inhibit the entire immune stimulatory signaling cascades induced, e.g., by
life-threatening acute viral infections (such as Ebola, dengue fever, SARS-CoV-2, and
RSV) [1,2,12] or by bacterial sepsis [5], inhibition of (i) specific downstream adaptor
molecules or of (ii) central signaling pathways may be more specific to obtain the desired
effect or to provide a more generalized modulation of signaling, respectively. Regarding
downstream adaptor molecules, the MyD88-dependent pathway (involved in the signal-
ing of all TLRs, except for TLR3) primarily triggers the activation of pro-inflammatory
signal transduction pathways, such as NF-κB and mitogen-activated protein kinases
(MAPKs) [1–3]. In contrast, the TRIF-dependent pathway involved in TLR3 and TLR4
signaling leads to the stimulation of IRF expression of IFN-I, which primes the cells for an-
tiviral activities [2]. Specific inhibition of Myd88 signaling without affecting TRIF-mediated
signaling may inhibit the expression of pro-inflammatory cytokines, with no (or only
marginal) effect on IRF expression. Furthermore, secondary adaptor molecules, such as
TRAF3 and TRAF6, may provide additional levels for modulating the ratio between the
induction of IRF and pro-inflammatory signaling pathways after TLR activation [13].

To attenuate TLR signaling, the inhibition of whole signal transduction pathways, such
as NF-κB [1] or JAK/STAT [11], may provide a powerful modality to control the multiple
additive, synergistic, triggering, and amplifying signaling cascades that have been induced
during life-threatening acute viral infections [1,11].

3. Conclusions

TLRs are the drivers of the pathogenesis of acute bacterial and viral infections, but
they are also essential for antiviral, antibacterial, and anti-cancer immune activation. Ac-
cordingly, TLRs, including their molecular adaptors and related signaling transduction
pathways, are promising targets for pharmacological intervention and treatment.
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Abstract: The novel SARS-CoV-2 Omicron variant B.1.1.529, which emerged in late 2021, is currently
active worldwide, replacing other variants, including the Delta variant, due to an enormously
increased infectivity. Multiple substitutions and deletions in the N-terminal domain (NTD) and the
receptor binding domain (RBD) in the spike protein collaborate with the observed increased infectivity
and evasion from therapeutic monoclonal antibodies and vaccine-induced neutralizing antibodies
after primary/secondary immunization. In contrast, although three mutations near the S1/S2 furin
cleavage site were predicted to favor cleavage, observed cleavage efficacy is substantially lower than
in the Delta variant and also lower compared to the wild-type virus correlating with significantly
lower TMPRSS2-dependent replication in the lungs, and lower cellular syncytium formation. In
contrast, the Omicron variant shows high TMPRSS2-independent replication in the upper airway
organs, but lower pathogenicity in animal studies and clinics. Based on recent data, we present here
a hypothesis proposing that the changed charge distribution in the Omicron’s spike protein could
lead to lower activation of Toll-like receptors (TLRs) in innate immune cells, resulting in lower NF-κB
activation, furin expression, and viral replication in the lungs, and lower immune hyper-activation.

Keywords: Omicron; spike protein; SARS-CoV-2; COVID-19; cytokine storm; NF-kappaB; Toll-like
receptor (TLR)

1. Introduction

The novel SARS-CoV-2 Omicron variant of concern (VoC) B.1.1.529 was first detected
in the context of exceptionally high infection numbers in South Africa and Botswana in
November 2021, spread worldwide within a few weeks, and is now replacing all other
variants worldwide, including the previously dominant Delta variant [1]. The emergence
of Omicron has been associated with a dramatic increase in infection case numbers, with
doubling times of few days, currently counting for far more than 90% of the cases in the
USA and in most European countries, with the fastest growth reported for UK, Denmark,
and France, reaching up to more than 400,000 infections per day.

In addition to the dramatically increased infectivity, Omicron has been found to largely
evade therapeutic monoclonal antibodies and vaccine-induced polyclonal neutralizing anti-
bodies after primary/secondary immunization. Mutations in the N-terminal domain (NTD)
and receptor binding domain (RBD) domains of the spike protein targeted by therapeutic
monoclonal antibodies correlate with significantly decreased binding and neutralization in
experimental studies and in serum after primary and secondary vaccination with all tested
vaccine types, including mRNA-based vaccines, BNT162b2 (BioNTech/Pfizer) and mRNA-
1273 (Moderna), and even a more dramatic decrease in neutralizing activity in serums
following vector-based SARS-CoV-2 vaccines, such as ChAdOx1 nCoV-19 (AZD1222, As-
traZeneca), Ad26.COV2. S (Johnson & Johnson/Janssen), Gam-COVID-19-Vac (“Sputnik
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V”, Gamaleya National Centre of Epidemiology and Microbiology, Moscow, Russia), or
the inactivated vaccine Coronavac (Sinovac, Sinovac Biotech, Beijing, China) [2–4]. This
had been expected very soon after the sequence of the Omicron VoC became available
because of the highly unusual genetic profile of Omicron with 50 genetic changes, including,
exclusively, spike protein 30 amino acid substitutions, one insertion of three amino acids,
and several small deletions when compared to the original Wuhan strain. These changes
comprise an unprecedented sampling of mutations from earlier VoC, i.e., Alpha, Beta,
Gamma, and Delta, together with other substitutions not found in any of the previous
VoCs [3,5,6].

The spike protein is responsible for both the adherence of the virus to the host cells
and the invasion of the virus into the host cell making the spike protein most critical for
viral transmission. All vaccines available today target the spike protein and are based
on the original strain first detected in Wuhan, China, at the end of 2019. Changes in the
amino acid sequence in the spike protein are expected to affect both the transmissibility
of the virus and the ability of the virus to evade neutralizing antibodies. Many of the
substitutions and deletions in the NTD and in the RBD can meanwhile be correlated with
the observed increased infectivity and transmissibility, and with the high evasion potential
from therapeutic monoclonal antibodies and vaccine-induced polyclonal neutralizing
antibodies. More enigmatic are the three mutations near the S1/S2 furin cleavage site
which were expected to favor cleavage. Contrary to what had been expected, the observed
cleavage efficacy has been found to be substantially lower in the Omicron variant compared
to the Delta variant and the Wuhan wild-type virus, correlating with significantly lower
TMPRSS2-dependent replication in the lungs [3,7–9].

A lower virus replication in lungs, together with a faster replication in the upper
respiratory system, such as nasopharyngeal and bronchi, can largely explain Omicron’s
greater ability for transmission between people while apparently causing less frequently
acute respiratory distress syndrome (ARDS) of the lungs and systemic symptoms of COVID-
19. However, the molecular mechanisms responsible for these reciprocal changes in cellular
tropism of the Omicron variant regarding the upper and lower respiratory system are
not sufficiently defined at this moment. Based on the data available so far, we present
here a new hypothesis proposing that the changed distribution of charged amino acids
in the spike protein of the Omicron variant compared to all other VoCs may disturb the
recognition by innate Pattern-recognition receptors (PRRs), in particular of certain Toll-like
receptors (TLR), resulting in lower activation of the NF-κB pathway and related signaling
pathways, and also resulting in lower furin expression, lower viral replication in the lungs,
and lower systemic immune hyper-activation.

2. SARS-CoV-2 and COVID-19—The Virus and the Disease

SARS-CoV-2 belongs to enveloped positive-sense, single-stranded RNA viruses, sim-
ilar to the two other highly pathogenic coronaviruses, SARS-CoV and Middle East res-
piratory syndrome (MERS-CoV) [10]. SARS-CoV-2 binds primarily to the angiotensin-
converting enzyme-related carboxypeptidase-2 (ACE2) receptor on target cells by its spike
(S) protein. In addition to ACE2, additional cellular co-receptors have been identified as
potential binding targets for SARS-CoV-2, including integrins, CD147, heparane sulfate,
sialic acid, and neutropilin-1 [11,12]. There are two principal cellular entry routes for
the virus: the highly efficient plasma membrane route and the cathepsin L-dependent
endosomal entry route, dependent on whether TMPRSS2 is co-expressed with ACE2 on the
host cell or not [13–16].

The S protein of SARS-CoV-2 is a class I viral membrane fusion protein that exists as
a trimer, covered with 22 predicted N-glycosylation sites [17,18]. The spike glycoprotein
consists of a large ectodomain, a single-pass transmembrane anchor, and a short C-terminal
intracellular tail. The ectodomain contains the receptor binding S1 subunit and the S2
subunit responsible for membrane fusion. The RBD of S1 binds to ACE2 on the target cells
with high affinity, whereas S2 mediates fusion between the viral and host cell membranes.
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The S2 subunit includes two heptad repeat (HR) regions (HR1 and HR2), the proteolytic
site (S2) for the TMPRSS2 serine protease, a hydrophobic fusion peptide, and the transmem-
brane (TM) domain [16,19]. Between the S1 and S2 subunits, there is a polybasic PRRAR
furin-like cleavage site which is unique to the S protein of SARS-CoV-2 and may, together
with the particularly high-binding affinity to the target receptor ACE2 and the peculiarity of
a long symptom-free but nevertheless highly infectious time period between infection and
appearance of first symptoms or asymptomatic transmission [20], be responsible for the
particularly efficient spread of SARS-CoV-2 compared to previous pathogenic hCoVs. The
ACE2 receptor is widely expressed in pulmonary and cardiovascular tissues, which may
explain the broad range of pulmonary and extrapulmonary effects of SARS-CoV-2 infection
on the cardiac system, gastrointestinal organs, and kidneys [21–23]. Most individuals
infected with SARS-CoV-2 show mild-to-moderate symptoms, and up to 20% of infections
may be asymptomatic. This ratio, however, can differ for different virus variants. Symp-
tomatic patients show a wide spectrum of clinical manifestations ranging from mild febrile
illness and cough up to acute respiratory distress syndrome (ARDS), multiple organ failure,
and death. Whereas for the Omicron variant, a generally lower severity is found compared
to the original Wuhan strain and previous VoCs, the clinical picture of severe cases of
COVID-19 in general is rather similar to that seen in SARS-CoV-1- and MERS-CoV-infected
patients [10]. Whereas younger individuals show predominantly mild-to-moderate clinical
symptoms, elderly individuals frequently exhibit severe clinical manifestations [24–27].
Pre-existing comorbidities, including diabetes, respiratory and cardiovascular diseases,
renal failure and sepsis, older age and male sex, are associated with more severe disease
and higher mortality [28–31].

Regarding the pathophysiological manifestations, a diffuse alveolar disease with
capillary congestion, cell necrosis, interstitial edema, platelet-fibrin thrombi, and infiltrates
of macrophages and lymphocytes are typical for critical and fatal COVID-19 cases [32].
Furthermore, induction of endotheliitis in various organs (including lungs, heart, kidney,
and intestine) by the SARS-CoV-2 infection as a direct consequence of viral involvement
and of the host inflammatory response has been demonstrated [22,23].

The molecular and cellular mechanisms for the morbidity and mortality of SARS-CoV-
2 are getting increasingly clarified. Virus-induced cytopathic effects and viral evasion of
the host immune response, and a dysregulated host IFN type I response by SARS-CoV-
2 [33], seem to play a role in disease severity. Furthermore, clinical data from patients,
in particular those with severe clinical manifestations, show that highly dysregulated
exuberant inflammatory and immune responses correlate with the severity of disease
and lethality [25,34–36]. In particularly, upregulated cytokine and chemokine levels, also
termed “cytokine storm”, have been demonstrated to play a central role in the severity and
lethality of SARS-CoV-2 infections. Elevated plasma levels of IL-1β, IL-7, IL-8, IL-9, IL-10,
G-CSF, GM-CSF, IFNγ, IP-10, MCP-1, MIP-1α, MIP-1β, PDGF, TNFα, and VEGF have been
measured in both ICU (intensive care unit) patients and non-ICU patients, with significantly
higher plasma levels of IL-2, IL-7, IL-10, G-CSF, IP-10, MCP-1, MIP-1α, and TNFα found
in patients with severe pneumonia developing ARDS and requiring ICU admission and
oxygen therapy compared to non-ICU patients showing pneumonia without ADRS [25,37].
Several studies have shown that highly stimulated epithelial-immune cell interactions
escalate into exuberant dysregulated inflammatory responses with significantly (topically
and systemically) elevated cytokine and chemokine release [38,39].

Regarding the underlying signaling pathways, several reports indicate the NF-κB
pathway as one of the critical signaling pathway for the SARS-CoV-2 infection-induced
proinflammatory cytokine/chemokine response, playing a central role in the severity
and lethality of COVID-19, probably in the context of related pathways such as the IL-
6/STAT pathway [40–46]. Notably, this NF-κB-triggered proinflammatory response in
acute COVID-19 is shared with other acute respiratory viral infections caused by highly
pathogenic influenza A virus of H1N1 (e.g., Spanish flu) and H5N1 (avian flu origin), as
well as SARS-CoV-1 and MERS-CoV [10,45].
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Excessive activation of exuberant inflammatory responses with involvement of en-
dothelial cells, epithelial cells, and immune cells may lead to further disturbances of other
integrated systems, such as the complement system, coagulation, and bradikinine systems,
leading to increased coagulopathies and positive signaling feedback loops accelerating
COVID-19-associated inflammatory processes [47–53]. Furthermore, vascular occlusion
by neutrophil extracellular traps (NETs) [54,55] and disturbances of coagulation including
thromboses and multiple microthromboses seem to be another (beside cytokine storm)
hallmark of the COVID-19 disease. The development of coagulopathies is one of the key
features associated with poor outcome, with elevated D-dimer levels, prolonged prothrom-
bin time, thrombocytopenia, and low fibrinogen (indicating fibrinogen consumption) found
as prognostic indicators for poor outcome [56–59]. Lung histopathology often reveals fibrin-
based blockages in the small blood vessels of patients who succumb to COVID-19 [32].
Furthermore, various types of antiphospholipid (aPL) antibodies targeting phospholipids
and phospholipid-binding proteins were found in half of the serum samples from patients
hospitalized with COVID-19. Higher titers of aPL antibodies were associated with neu-
trophil hyperactivity, including the release of neutrophil extracellular traps (NETs), higher
platelet counts, and more severe respiratory disease [60]. High rates of thrombotic-related
complications have been reported in adult patients with severe COVID-19 as well as in
children developing COVID-19 or multisystem inflammatory syndrome (MIS-C). Studies
in adults have invoked thrombotic microangiopathy (TMA) from endothelial cell dam-
age to small blood vessels, leading to hemolytic anemia, thrombocytopenia, and organ
damage [61–65].

3. Molecular Changes in the Omicron’s Spike Protein and Their Impact on
Transmissibility, Immune Escape, and Pathogenicity

Omicron has gathered more than 30 amino acid substitutions, one insertion of three
amino acids, and three small deletions in the spike protein compared to the original Wuhan
strain, with various mutations shared with previous VoCs and 26 unique modifications. The
mutations in the Omicron spike protein can be grouped more or less by four distinct parts
of the molecule: the NTD, the RBD, near the S1/S2 cleavage site, and in the S2 subunit with
accumulation in the HR1 region [3]. The structure of the spike protein and the mutations
found in the Omicron variant are shown in Figure 1:

The highest number of the mutations in the spike protein are in the S1 region, whereas
the S2 is relatively conserved in the Omicron variant and actually harbors only six unique
mutations i.e., N764K, D796Y, N856K, Q954H, N969K, and L981F, which are not detected
in other variants of concern. Remarkable is the increase in positively charged amino
acids in four out of these six mutations, plus one change leading to the loss of a negative
charge (D796Y). Additionally, mutations in the RBD region led to a significant increase
in positively charged residues (N440K, T478K, Q493R, Q498R, Y505H, and T547K), and
the S1/S2 cleavage site amino acid substitutions lead to positively charged amino acids
(N679K, P681H). In contrast, there is a negative charge accumulation on the NTD surface
derived from G142D and EPE insertion after R214 [3].
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Figure 1. Structure of the SARS-CoV-2 spike protein and mutations in the Omicron variant and
spatial illustration of mutated sites based on the published cryo-structure PDB 7TEI SARS-CoV-2
Omicron 1-RBD up Spike Protein Trimer. PDB DOI: 10.2210/pdb7TEI/pdbEM Map EMD-25846:
EMDB EMDataResource [66]. Protomer 1—brown, except RBD—light green, NTD—dark turquoise
(ride side), HP1—yellow, FP—blue, Omicron mutations—pink, Protomers 2 & 3—grey. Regions of
the Omicron spike protein with higher number of mutations are circled in pink.
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3.1. Mutations in the Omicron Spike Protein RBD Region Strengthen the Spike-ACE2 Interaction

Mutations in the RBD region have been shown to intensify the interface interaction
with ACE2 (Figure 2).

Figure 2. The Omicron spike protein trimer, binding to two ACE2 molecules (A), and the RBD—ACE2
binding interface (B) are shown, derived from the PDB 7T9K [67]. Protomer 1—dark green, except
RBD—light green, binding to one ACE2 molecule (dark red, upper left corner), NTD—dark turquoise
(left side), HP1—yellow, Omicron mutations—pink, Protomers 2 and 3—grey, with one of them
binding to another ACE2 (middle green, upper right corner (A)).

Computational mutagenesis and binding free energy analyses confirmed that Omi-
cron spike protein binds ACE2 are stronger than wild-type SARS-CoV-2. Notably, three
substitutions to positively charged amino acids in the RBD, i.e., T478K, Q493R, and Q498R,
significantly contribute to the binding energies and doubled electrostatic potential of the
RBDOmic-ACE2 complex, suggesting that the Omicron binds ACE2 with greater affinity,
enhancing its infectivity and transmissibility [6]. Other recently published Cryo-EM struc-
tural analyses of the Omicron variant spike protein in complex with human ACE2 revealed
new salt bridges and hydrogen bonds formed by the mutated residues Q493R, G496S, and
Q498R in the RBD with ACE2 [67,68]. Furthermore, the N501Y and S477N (distinct to
Omicron) mutations enhance transmission primarily by enhancing binding [69] with the
N501Y mutation, which is common to all VoCs except the Delta variant, enhancing binding
to ACE2 receptor by a factor of 10 compared to the Wuhan strain spike protein [70].

Apart from the significant increase in binding affinity to ACE2 by amino acid substitu-
tions in the Omicron spike RBD region, the increase in positive charge in various regions of
the spike protein may increase also binding to some of the various proposed co-receptors
for SARS-CoV-2, in particular those with high negative charge such as heparane sulfate
and sialic acid [11].

3.2. Enhanced Escape from Therapeutic Antibodies and Immune Sera by Mutations in RBD
and NTD

Mutations in the NTD and RBD region have been shown to affect binding of ther-
apeutic monoclonal antibodies and immune sera from vaccinated individuals. Instead
of E484K substitution that helped the neutralization escape of Beta, Gamma, and Mu
variants, the Omicron variant harbors the E484A substitution. Together, T478K, Q493R,
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Q498R, and E484A substitutions contribute to a significant drop in the electrostatic po-
tential energies between RBDOmic-mAbs, in six out of seven tested therapeutic antibodies:
Etesevimab (AbCellera&Eli Lilly), Bamlanivimab (AbCellera&Eli Lilly), CTp59 (Celltrion),
Imdevimab/REGN10987 (Regeneron), Casirivimab/REGN10933) (Regeneron), and a mod-
erate drop for AZD9995 (Astrazeneca). Regarding the question of which mutations are
particularly involved in weakening the RBDOmic-mAb interactions, calculated changes in
energy indicated that, e.g., for Bamlanivimab and CT-p59, highly stable salt bridges were
lost due to E484A mutation or due to the combination of E484A, Q493K, and Y505H, respec-
tively, in RBDOmic. These data suggest that mutations in the Omicron spike were precisely
selected to utilize the same mutations to enhance receptor binding and resist antibody
binding [6]. Another study provided further evidence that amino acid substitutions in the
RBD, E484A, and Q493R impact interactions with Casivirimab (REGN 10933) and S375F
and N501Y with Imdevimab (REGN 10897). Indeed, whereas the antibodies individually
were partially effective and inhibited highly potent against VoC Delta in combination, there
was a complete loss of neutralizing activity against Omicron [3]. Furthermore, testing the
neutralizing activity of sera from serum samples derived from persons vaccinated two
times with either BNT162b2, mRNA 1273, ChAdOx-1, or Coronovac showed more than
a 10-fold decrease in neutralization activity for Omicron compared to Delta, with almost
no neutralizing activity against Omicron found for ChAdOx-1 in serum samples after two
immunizations, and only low activity against Delta and no activity against Omicron found
for individuals immunized with Coronavac [3].

The Omicron spike contains some of the mutations also reported in previous VoC,
particularly D614G, found in all VoCs, which has been shown to enhance the receptor-
binding by increasing its “up/open” conformation necessary for binding of the RBM to
ACE2 and to enhance the overall density of the spike protein at the virus’ surface [71,72].
The Omicron unique insertion mutation, i.e., Ins214EPE, maps to the NTD distant from
the known antibody binding sites. However, the loop with the insertion maps to known
human T-cell epitope on SARS-CoV-2 [73].

For multiple mutations in the RBD and NTD regions of Omicron, the correlation with
enhanced escape behavior has been found or suggested [74]. The deletion Δ143–145 is also
found in the spike protein of the Alpha variant. The resistance of Alpha to most monoclonal
antibodies in the NTD is largely conferred by this deletion. Mutations in this region abolish
the binding of monoclonal antibody 4A8 [75,76]. The N440K mutation was observed in a
virus isolated in India associated with patient re-infection and described as an “immune
escape variant” [77] and emerged under selection pressure against the human monoclonal
antibody C135 [78]. For G446S, other mutations at this position in different variants have
conferred escape from multiple antibodies [79,80]. The S477N mutation in the spike protein
is resistant to neutralization by multiple monoclonal antibodies and resulted in a degree of
resistance across the entire panel of antibodies [80]. The T478K mutation is also present in
Delta [81]. Other alterations at this position that have provided resistance to neutralizing
antibodies confers resistance to monoclonal antibody 2B04 and 1B07 [80]. Q493R mutations
escape neutralization by the monoclonal antibody cocktail LY-CoV555 + LY-CoV016 [82]
and confers a greater than two log reduction in IC50 for the REGN10989/10934 pair of
monoclonal antibodies compared to the protein [83]. The Q498R mutation confers escape
against the COV2-2499 antibody non-mutated spike [79].

3.3. Mutations in S2

The mutations found in the S2 subunit are of particular interest in relation to another
essential step in the virus infection process, i.e., the fusion of the virus with the host cell
membrane. S2 is a typical viral class I fusion protein, which includes a hydrophobic fusion
peptide (FP), two α-helical hydrophobic (heptad) repeats (HR1 and HR2), a long, linking
loop region, and a transmembrane domain. HR2 is located close to the transmembrane
anchor, and HR1 is close to the FP. Binding of the S1 receptor binding domain to the ACE2
receptor on the target cells triggers a series of conformational changes in the S2 subunit,
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resulting in the proteolytic cleavage between S1 and S2, and its transition from a prefusion
metastable form to a postfusion stable form, with insertion of the putative fusion peptide
into the lipid layer of the target cell membrane due to the abundance of hydrophobic
residues. The precise localization of the fusion peptide (FP) in the S2 fusion protein in
SARS-CoV-2 is still under controversion. For SARS-CoV-2, a stretch around the amino
acid sequence 788IYKTPPIKDFGGFNFSQIL806 [16,19] has been suggested to be involved
in membrane fusion. The fusion peptide is characterized by its higher hydrophobicity,
due to a high density of nonpolar amino acid residues, such as glycine (G), alanine (A),
phenylalanine (F), leucine (L), Isoleucine (I), proline (P), and tyrosine (Y). This hydrophobic
core plays an essential role in the interaction and penetration into the host membrane lipid.
A computer-aided drug design study using FDA-approved small molecules docking to the
fusion peptide hydrophobic pocket of S2 suggested that the potential binding site at the
fusion peptide region is centralized amid the Lys790, Thr791, Lys795, and Asp808 residues
(with some additional interactions also near Gln872) [84]. This is followed by a further
conformational change, leading to the association of the two heptad repeat (HR) regions
HR1 and HR2 domains to form a six-helix bundle fusion core structure (6HB) motif where
the HR1 helices form a central coiled–coil fusion core surrounded by three HR2 helices in
an anti-parallel arrangement (see Figure 3C) [85]. This brings the viral envelope and target
cell membrane into close proximity enabling fusion. The six-helix bundle is linked by a
beta-hairpin loop, which finally acts as a hinge end-to-end in-groove attachment of HR1
and HR2 [84]. Notably, the formation of 6HB in class I fusion proteins is a common step in
viral entry and is used by various virus types, including HIV-1, Parainfluenza, Newcastle
disease, Respiratory syncytial virus, Herpes simplex virus, Ebola virus, as well as members
of the coronaviridae family, including HCoV-229E, MERS-CoV, and SARS-CoV-2. For
insertion into the cellular membrane, the FP must be accessible, which is achieved through
cleavage at the S2′ site by the transmembrane serine protease 2 (TMPRSS2). Alternatively,
the pH-dependent enzyme cathepsin L can take over the processing function after endocytic
uptake [86]. Notably, endocytic uptake and activating cleavage by cathepsin L may also
overcome the requirement for furin-mediated priming of the S protein [14,87,88].

Regarding the Omicron-unique mutations in the S2 subunit, most of them have been
suggested primarily to stabilize the spike trimer. The D796Y mutation replaces a charged
surface-exposed acidic residue with tyrosine, containing an aromatic side chain allowing
for potential carbohydrate-pi interactions with the N-linked glycan chain originating from
N709 of the neighboring monomer chain, this way having a stabilizing effect for the spike
trimer. In addition, for the N856K mutation, the longer side-chain of the lysine residue
has been suggested to form new interactions with T572 from an adjacent monomer. For
N764K, two new interactions of an amine head-group of K764 with Q314 and N317 from
an adjacent monomer, are expected to stabilize the Spike trimer [89].

We used the PDB 7TEI and PDB 7T9K Cryo-EM structures of the Omicron spike
protein file [66,67] to visualize the amino acid substitutions in the S2 subunit and in the
interface area between S1 and S2. The substitutions Q954H, N969K, and L981F are located
within the HR1 region and D796Y is located in the area of a putative fusion protein region.
Notably, together with the spatially and proximally located N764K and N856K, these
mutations represent four changes to positively charged amino acids and one exchange of
the negatively charged glutamic acid by a neutral tyrosine (D796Y), with an increase at five
sites of the positive electrostatic charge in the S2 region (see Figure 3A,B), which may have
an impact on interaction with various innate receptors, as discussed below.
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Figure 3. The Omicron spike protein trimer, binding to two ACE2 molecules (A), and S2 subunit
(zoomed) (B) are shown, derived from the PDB 7T9K [67]. Protomer 1—dark green, exept RBD—
light green, binding to one ACE2 molecule (dark red, upper right corner, A), NTD—dark turquoise
(ride side), HP1—yellow, FP—blue, Omicro mutations—pink, Protomers 2 & 3—grey, with one of
them binding to another ACE2 (middle green, upper left corner, A), Two substitutions within the
S1/S2 cleavage site (i.e., N679K, P681H) are not displayed in this model, (C) PDB 6LXT Structure
of post-fusion core of wild-type 2019-nCoV S2 subunit [19]. The 6HB bundle highlighted by the
green frame.

3.4. Mutations near to the S1/S2 Furin-Like Cleavage Site

The 861PRRAR865 polybasic furin-like S1/S2 cleavage site plays a central role in the
highly effective plasma membrane route of viral entry, being a necessary precedent cleavage
step for the following S2′ cleavage by the cellular serine protease TMPRSS2 after binding

17



Int. J. Mol. Sci. 2022, 23, 5966

of S1 to ACE2, provided that the cells express both ACE2 and TMRPSS2. S1/S2 cleavage
at the polybasic furin-like cleavage site occurs primarily during virion release from the
producer cells, but secreted furin may also enable S1/S2 cleavage of the spike protein
outside the cells [90,91]. In contrast, the endosomal entry route used in cells not expressing
ACE2 and/or TMPRSS2 does not require spike cleavage at the furin cleavage site but was
described to be approximately 100–1000× fold less effective [13,90,92] due to restricting
factors in the endosomes and enhanced recognition by the host innate immune receptors
resulting in activation of antiviral cellular pathways. The highly efficient plasma membrane
entry route with furin and TMPRSS2 cleavage correlates with enhanced cell fusion, leading
to the formation of syncytia between multiple virus producer cells which is expected to
significantly enhance viral production and pathogenicity of the virus [90–95]. Using a
reverse genetic system, a SARS-CoV-2 mutant that lacked the furin cleavage site (ΔPRRA)
in the S protein was generated. The deletion of PRRA reduced S protein cleavage but
augmented viral replication in Vero E6 cells, which are deficient in TMPRRS2. Ectopic
expression of TMPRSS2 in Vero E6 cells removed the fitness advantage for ΔPRRA SARS-
CoV-2. By contrast, the ΔPRRA mutant was attenuated in a human respiratory cell line and
had reduced viral pathogenesis in both hamsters and K18-hACE2 transgenic mice (which
express human ACE2) [96].

The ACE2/TMPRSS2 pathway is the preferable pathway for SARS-CoV-2 to enter lung
cells, such as alveolar AT1 and AT2 pneumocytes, whereas upper airway cells (expressing
significantly lower amounts of ACE2 and/or TMPRSS2) seem to employ preferably or
exclusively the endosomal entry route [3]. Structurally, the loop containing the S1/S2
cleavage site is largely flexible and extends outwards, exposing the cleavage site for furin
in both the Delta and Omicron models. Omicron has three amino acid substitutions near
the S1/S2 cleavage site: H655Y, N679K, and P681H. The substitution N679K is distinct to
Omicron with no effects on the S1/S2 cleavage described so far. The H655Y substitution is
also found in the Gamma variant, and substitutions at the P681 position are found in various
previous VoC, i.e., P681R in the case of Delta and P681H in the Alpha variant, similar to
Omicron. Substitution of the P681 (in the original Wuhan variant) by positively charged
amino acids such as Arg in the case of Delta has been shown to significantly increase spike
protein cleavage, enhanced syncytia formation leading to higher viral transmission, and
higher pathogenicity compared to the D614G Wuhan-1 spike [94,97,98].

Furthermore, P681R was also shown to stimulate NF-κB and AP-1 signaling in hu-
man monocytic THP1 cells and to induce significantly higher levels of pro-inflammatory
cytokines [98]. Different to P681R, as present in Delta, Omicron has the P681H substitution
also found in the Alpha variant. Studies on the effect of the P681H substitution in the
Alpha variant showed a moderate tendency for an increase in its cleavability by furin-like
proteases, but that did not translate into increased virus entry or membrane fusion, which
were roughly equal to the Wuhan wild-type [98]. On the other hand, improved viral fitness
was suggested for both P681H and P681R SARS-CoV-2 Gamma variants [99]. Accordingly,
the P681H in Omicron could be expected to have a similar effect as in the Alpha variant,
with no major effect on transmissibility, and at least no negative impact.

Surprisingly, the Omicron variant was found to have significantly decreased S1/S2
cleavage, significantly lower infectivity in TMPRRS2-rich Calu-3 cells, and equal or higher
infectivity to TMPRRS2-deficient H1299 cells, compared to wild-type or Delta variants,
as well as almost completely absent cell fusion, compared to pronounced cell fusion and
syncytia formation after the wild-type or Delta infection. Omicron spike pseudotyped
virus (PV) entry into lower airway organoids and Calu-3 lung cells was impaired. In lung
cells expressing TMPRSS2, the Omicron virus showed significantly lower replication in
comparison to Delta. Cell–cell fusion mediated by spike glycoprotein is known to require
S1/S2 cleavage and the presence of TMPRSS2. Fusogenicity of the Omicron BA.1 spike was
severely impaired despite TMPRSS2 expression, leading to marked reduction in syncytium
formation compared to Delta spike. These data indicate that suboptimal Omicron S1/S2
cleavage reduces efficient infection of lower airway cells expressing TMPRSS2, but not
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in TMPRSS2 negative cells, such as those found in the upper airways [3]. These results
were rather unexpected from the molecular modelling perspective. Whereas the lower
S1/S2 cleavage in Omicron compared to Delta (P681R) can be explained by the different
substitutions for Omicron (similar as Alpha) P681H, the significantly lower S1/S2 cleavage
compared to wild-type cannot be explained by this substitution. Moreover, if a difference
was expected, then a slightly increased cleavage would have to be expected. On the other
hand, these data correlate with recent preclinical and clinical data for Omicron [7,8].

4. Lower Pathogenicity of Omicron Compared to Previous VoCs

There are accumulating data that Omicron, despite a significantly higher transmissi-
bility and infectivity, shows lower numbers of severe clinical courses compared to previous
VoCs, in particular compared to the Delta variant [8]. Whereas a lower number of severe
clinical outcomes in Africa could also be a result of the younger average age in the African
population or other continent specific factors [100], the early reports about lower clinical
severity of the SARS-CoV-2 Omicron variant in South Africa are meanwhile supported by
concordant reports from other geographical regions of the Omicron pandemic (e.g., UK
and USA), showing high transmissibility but significantly lower pathogenicity [101,102].

A retrospective cohort study of electronic health record (EHR) data of 577,938 first-
time SARS-CoV-2 infected patients from a multicenter, nationwide database in the US
during 1 September 2021–24 December 2021, including 14,054 who had their first infec-
tion during the 15 December 2021–24 December 2021 period, when the Omicron variant
emerged (“Emergent Omicron cohort”) and 563,884 who had their first infection during
the 1 September 2021–15 December 2021 period when the Delta variant was predominant
(“Delta cohort”) was conducted. The 3-day risks of four outcomes (ED visit, hospitaliza-
tion, ICU admission, and mechanical ventilation) were compared. The 3-day risks in the
Emergent Omicron cohort outcomes were consistently less than half those in the Delta
cohort for all parameters tested: ED visit: 4.55% vs. 15.22% (risk ratio or RR: 0.30, 95% CI:
0.28–0.33); hospitalization: 1.75% vs. 3.95% (RR: 0.44, 95% CI: 0.38–0.52]); ICU admission:
0.26% vs. 0.78% (RR: 0.33, 95% CI:0.23–0.48); mechanical ventilation: 0.07% vs. 0.43%
(RR: 0.16, 95% CI: 0.08–0.32). In children under 5 years old, the overall risks of ED visits
and hospitalization in the Emergent Omicron cohort were 3.89% and 0.96%, respectively,
significantly lower than 21.01% and 2.65% in the matched Delta cohort (RR for ED visit:
0.19, 95% CI: 0.14–0.25; RR for hospitalization: 0.36, 95% CI: 0.19–0.68). Similar trends were
observed for other pediatric age groups (5–11, 12–17 years), adults (18–64 years), and older
adults (≥65 years). In summary, the data indicate that first time SARS-CoV-2 infections
occurring at a time when the Omicron variant was rapidly spreading were associated
with significantly less severe outcomes than first-time infections when the Delta variant
predominated [102].

This clinical picture of attenuated severity is also supported by animal data showing
high, TMPRSS2-independent, replication in the upper airway organs, but lower pathogenic-
ity in animal studies. The ability of multiple B.1.1.529 Omicron isolates to cause infection
and disease in immunocompetent and human ACE2 (hACE2)-expressing mice and ham-
sters was studied. Despite modeling and binding data suggesting that the B.1.1.529 spike
can bind more avidly to murine ACE2, the authors observed attenuation of infection in
three different mouse models, i.e., 129, C57BL/6, and BALB/c mice, as compared with
previous SARS-CoV-2 variants, with limited weight loss and lower viral burden in the
upper and lower respiratory tracts [7]. Although K18-hACE2 transgenic mice sustained
an infection in the lungs, these animals did not lose weight. In wild-type and hACE2
transgenic hamsters, lung infection, clinical disease, and pathology with Omicron also were
milder compared to historical isolates or other VoCs. Overall, these studies using several
different Omicron isolates demonstrated attenuated lung disease in rodents, which parallels
preliminary human clinical data [7–9]. A lower virus replication in lungs, together with a
faster replication of the upper respiratory system, such as nasopharyngeal and bronchi [9],
could explain to a large extent Omicron’s greater ability for transmission between people
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while apparently causing less severe COVID-19 disease. However, the molecular mech-
anisms responsible for this reciprocal change in tropism to upper vs. lower respiratory
system in the Omicron variant are so far not defined. The answer to this question may be
hidden in the involved signaling pathways and the characteristics and the distribution of
the triggering receptors, as discussed below.

4.1. NF-κB Pathway Activation by SARS-CoV-2

There are increasing data for the central role of the NF-κB signaling pathways for
the SARS-CoV-2 infection-induced proinflammatory cytokine/chemokine response, and
severity and lethality of COVID-19. This exaggerated NF-κB-triggered proinflammatory
response in acute COVID-19 is shared also with other acute respiratory viral infections
caused by the highly pathogenic influenza A virus of H1N1 (e.g., Spanish flu) and H5N1
(avian flu origin), SARS-CoV, and MERS-CoV [40–46]. As early as one day post-infection
with a SARS-CoV-2 infection, pluripotent stem cell-derived human lung alveolar type
2 cells have been shown to start a rapid epithelial-intrinsic inflammatory response with
transcriptomic change in infected cells, characterized by a shift to an inflammatory pheno-
type with upregulation of NF-κB signaling and loss of the mature alveolar program [39].
Furthermore, characterization of bronchoalveolar lavage fluid immune cells from patients
with COVID-19, were compared to healthy donors by using single-cell RNA sequencing
and demonstrated proinflammatory monocyte-derived macrophages with an M1 profile
with enhanced expression of NF-κB and STAT1/1, accompanied by high cytokine and
chemokine expression [103].

4.2. SARS-CoV-2 Spike Protein Induces NF-κB

Several studies have studied which part(s) of SARS-CoV-2 are responsible for the
massive NF-κB pathway activation. Khan et al., showed that the spike (S) protein potently
induces inflammatory cytokines and chemokines, including IL-6, IL-1β, TNFα, CXCL1,
CXCL2, and CCL2, but not IFNs in human and mouse macrophages. No inflammatory
response was observed in response to membrane (M), envelope (E), or nucleocapsid (N)
proteins. When stimulated with extracellular spike protein, A549 human lung epithelial
cells also produced inflammatory cytokines and chemokines. The spike protein was
shown to trigger inflammation via activation of the NF-κB pathway in a MyD88-dependent
manner. Both S1 and S2 triggered NF-κB activation, with S2 showing higher potency on an
equimolar basis [104].

In a second study upregulation of TLR4, IL1R, NF-κB signaling pathway molecules
in COVID-19 patients were found, associated with the altered immune responses to viral
components, host damage-associated molecular pattern (DAMP) signals, and cytokine
signaling activation, resembling those seen with bacterial sepsis. When testing for different
components of SARS-CoV-2, the nucleocapsid (NC) and the S2 subunit of spike proteins
were found to activate TLR4 and NF-κB pathways with an expression of multiple pro-
inflammatory cytokines and chemokines [105].

In a third study, the spike protein was demonstrated to promote an angiotensin II
type 1 receptor (AT1)-mediated signaling cascade, and to activate NF-κB and AP-1/c-Fos
via MAPK activation, and IL-6 release [106]. A fourth study demonstrated that the SARS-
CoV-2 spike protein S1 subunit induces high levels of NF-κB activation, production of
proinflammatory cytokines, and epithelial damage in human bronchial epithelial cells. NF-
κB activation required S1 interaction with the human ACE2 receptor and early activation
of endoplasmic reticulum (ER) stress and associated un-folded protein response and MAP
kinase signaling pathways [107].

In another study, human peripheral blood mononuclear cells (PBMCs) showed signif-
icant release of TNFα, IL-6, IL-1β, and IL-8 following stimulation with spike S1 protein.
Activation of the NF-κB pathway was demonstrated by phosphorylation of NF-κB p65,
IκBα degradation, and increased DNA binding of NF-κB p65 after stimulation with spike
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S1 protein. NF-κB activation and cytokine release were blocked by treatment with dexam-
ethasone or the specific NF-κB inhibitor BAY11-7082 [108].

Furthermore, SARS-CoV-2 S protein was suggested to bind to LPS. Spike protein,
when combined with low levels of LPS, boosted NF-κB activation in monocytic THP-1 cells
and cytokine responses in human blood and PBMC, respectively. The study demonstrated
that the S protein modulated the aggregation state of LPS, providing a potential molecular
link between excessive inflammation during infection with SARS-CoV-2 and comorbidities
involving increased levels of bacterial endotoxins [109].

In a mouse model, the S1 subunit of the spike protein was demonstrated to elicit strong
pulmonary and systemic inflammatory responses in transgenic K18-hACE2 mice after
intratracheal installation, accompanied by loss in body weight, increased white blood cell
count, and protein concentration in bronchoalveolar lavage fluid (BALF), and upregulation
of multiple inflammatory cytokines by activation of NF-κB and from the signal transducer
and activator of transcription 3 (STAT3) [110].

Similar to SARS-CoV-2, the clinical picture of severe acute respiratory syndrome
(SARS) is characterized by an overexuberant immune response with lung lymphomono-
nuclear cell infiltration that may account for tissue damage more than the direct effect of
viral replication. In addition, SARS-CoV purified recombinant S protein was shown to
stimulate murine macrophages to produce proinflammatory cytokines (IL-6 and TNFα)
and the chemokine IL-8, which were dependent on NF-κB activation [111]. Overall,
these data demonstrate that the spike protein of both SARS-CoV-1 and SARS-CoV-2 S
induces powerful NF-κB activation, showing strong similarity to data recorded for the
SARS-CoV S protein.

4.3. NF-κB Is Essential for SARS-CoV-2 Replication

In addition to the multiple lines of evidence showing the critical role of the NF-κB
signaling pathway in cytokine/chemokine release and hyper-immune activation, there is an
additional set of data indicating that NF-κB is essential for viral replication of SARS-CoV-2
in the host cell. Epigenetic and single-cell transcriptomic analyses showed an early NF-κB
transcriptional signature comprised of chemokines (e.g., CXCL8, CXCL10, CXCL11, and
CCL20) and proinflammatory cytokines (e.g., IL-1A and IL-6) and upregulated NFKB1A,
phospohorylation of IκBa, and NF-κB p65 in a relative absence of an ISG response. There
was significantly enhanced enrichment of the NF-κB–related DNA-binding motifs and cor-
responding increase in genomic accessibility for REL, NKFB1, and RELA, but not for IRF3
and IRF7. Disruption of NF-κB signaling through the silencing of the NF-κB transcription
factor p65 or p50 resulted in loss of virus replication that was rescued upon reconstitution.
Furthermore, A549-ACE2 cells pre-treated with BAY11-7082 (an inhibitor of IκBα phospho-
rylation), MG115 (a proteasome inhibitor preventing proteolytic degradation of IκBα), prior
to infection with SARS-CoV-2, showed significant inhibition of viral replication following
BAY11-7082 treatment and an almost complete loss of viral protein and RNA expression
in response to MG115. In addition, a significant reduction of secreted proinflammatory
cytokines and chemokines in response to SARS-CoV-2 infection in A549-ACE2 cells after
BAY11-7082 was found [112].

There is an analogy with IAV where NF-κB pathway was also found to support IAV in-
fection by enhancing caspase-mediated nuclear export of viral ribonucleoproteins [113,114].

These data suggest that SARS-CoV-2 triggers both hyper-immune activation and viral
replication via activation of the NF-κB signaling pathway.

4.4. NF-κB, Cytokines, and Hypoxia Enhance Furin Expression

As well as its central involvement in immune hyper-activation and SARS-CoV-2
replication, the NF-κB signaling pathway may also be involved in the modulation of the
SARS-CoV-2 host cell type tropism by modulation of the furin-mediated cleavage of the
spike protein, with respect to the availability of sufficient protease in the virus producer
cells. Within the SARS-CoV-2 replication cycle, the cleavage at the furin site between S1 and
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S2 most likely occurs during virion assembly, or just before release. This timing correlates
with the virus’ passage through the Golgi or lysosomes. Notably, furin has been found
primarily in the trans-Golgi-network (TGN)—a late Golgi structure that is responsible
for sorting secretory pathway proteins to their final destinations. From the TGN, furin
follows trafficking through several TGN/endosomal compartments to the cell surface. The
proteolytic activity of furin shows a broad pH optimum, with high enzymatic activity
between (pH 5–8)—a pH range covering both TGN and lysosomes [115,116].

By cutting the bond between the S1 and S2 subunits, the furin cut triggers confor-
mational changes in the virion spike protein so that at binding to the next host cell it
is accessible to the second cut by TMPRSS2, which exposes the hydrophobic area that
introduces into the host cell membrane. If spike protein is not clipped by furin, it bypasses
the TMPRRS2 cleavage, and the virus can enter only via the slower and less-efficient en-
dosomal pathway, which results in lower transmissibility to TMPRSS2-dependent cells,
such as lung cells, in contrast to TMPRRS2 non-dependent cells, such as cells of the upper
airway tissues [117]. Therefore, this process of furin cleavage at the S1/S2 site actually
depends on two factors, i.e., the presence of a suitable cleavage site and the availability
of the protease. Although furin is rather ubiquitously expressed across most tissues, it is
usually expressed at very low levels [90,118], with the exception of few cell types in the
brain, salivary gland, pancreas, kidney, and placenta [119].

Whereas furin is expressed usually at very low basic levels, it can be induced in
response to hypoxia and cytokine stimulation. Furin is induced by IL-12 in T cells [120,121],
with the IL-12 expression depending on NF-κB pathway signaling [122,123]. In contrast to
the very low expression level of furin in most normal cells, elevated levels are found in many
cancer cells, where furin seems to be closely related to tumor formation and migration [124].
p38 activation in cervical cancer cells was shown to induce NF-κB-dependent expressions of
furin. Furin expression and cell motility was impeded by blockades to MKK3/6, p38α/β, or
NF-κB signaling [125]. Another study correlated the osteopontin-p38 MAPKinase–NF-κB-
furin expression with diabetes mellitus progression and increased risk of diabetes-linked
premature mortality and a more severe clinical picture in diabetic patients after SARS-CoV-2
infection [126].

In this context, the role of Hypoxia-induced Factor-1 alpha (HIF-1α) and its connec-
tion to NF-κB pathway and furin expression may be important. Hypoxia was shown to
stimulate furin expression, with direct HIF-1α action on the furin promoter as a canonical
hypoxia-responsive element site with enhancer capability [127]. Regarding the initial signal
triggering, this NF-κB-HIF-1α-Furin expression axis, there are various studies demon-
strating the cross-talk between Toll-like receptor/NF-κB pathway activation and HIF-1α.
The HIF-1α promotor was shown to contain an active NF-κB binding site, upstream of
the transcription start site [128]. Extensive cross-talk between hypoxia and inflammation
signaling have been described, showing that activation of TLR3 and TLR4 stimulated the ex-
pression of HIF-1α through NF-κB [129]. Peroxiredoxin (Prx1), a TLR4 agonist, was shown
to stimulate increased NF-κB interaction with the HIF-1α promoter, leading to enhanced
promoter activity and increase in HIF-1α mRNA levels, and augmented HIF-1 activity.
In turn, Prx1-induced HIF-1α also promoted NF-κB activity, suggesting the presence of a
positive feedback loop [130].

Furthermore, agonists of TLR4 (e.g., LPS) and TLR2 (e.g., lipoteichoic acid) have been
demonstrated to induce in a NF-κB dependent way the expression of HIF-1α in human
monocyte-derived dendritic cells under normoxic conditions [131]. Furthermore, activation
of TLR4 by LPS was demonstrated to raise the levels of HIF-1α in macrophages. HIF-1α
was shown to be a critical determinant of sepsis promoting the production of inflammatory
cytokines, including TNF-α, IL-1, IL-4, IL-6, and IL-12, which reach harmful levels during
early sepsis [132]. This is in line with data showing the critical role of TLR4 and NF-κB
activation in HIF-1α activation during trauma/hemorrhagic shock-induced acute lung
injury after lymph infusion in wild-type mice, in comparison to mice that harbor a TLR4
mutation and/or NF-κB inhibitors [133]. TLR4 was demonstrated to also promote HIF-
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1α activity by triggering reactive oxygen species in cervical cancer cells by mechanisms
involving activation of lipid rafts/NADPH oxidase signaling [134].

Considering NF-κB or HIF-1α-induced furin expression, these studies suggest that
NF-κB activation following TLR signaling induced during SARS-CoV-2 infection may be
essential for at least three mechanisms: (i) increasing viral replication, (ii) immune hyper
activation, and (iii) modulation of cell tropism via alteration of proteases expression such
as furin, necessary for the TMPRRS-dependent cellular entry pathway of SARS-CoV-2.

4.5. Acute Viral Infections Such as Highly Pathogenic IAV and SARS-CoV-2 Depend on Furin and
Stimulate Furin Expression

The correlation between furin cleavage and pathogenicity is not only seen for the
coronaviridae family but is found much broader among different virus types, including
dsDNA viruses (Herpesviridae e.g., Human cytomegalovirus), Papillomaviridae), (+) ssRNA
viruses (including Coronaviridae, Flaviviridae (e.g., Yelow fever virus, Dengue virus type 2),
(−)ssRNA viruses (including Filoviridae (e.g., Ebola virus, Marburg virus), Orthomyxoviridae
(e.g., avian IAV H5, H7, H9), Paramyxoviridae (e.g., Mumps virus, Measles virus, Respira-
tory syncytial virus), ss-RNA-RT viruses Retroviridae (e.g., HIV, Feline foamy virus), and
dsDNA-RT viruses Hepadnoviridae (e.g., Hepatitis B virus). Cleavage of the furin-like site is
dependent on the actual amino acid sequence of the polybasic furin cleavage motif, with the
prototypical motif for furin (i.e., PCSK3, PACE = paired basic amino acid cleaving enzyme))
being R-X-K/R-R↓, and for other proprotein convertases PCSK1-7 being K/R-Xn-K/R↓
(n = 0-,2-,4-, or 6-amino acid spacer). Accordingly, different PCSKs can be involved in
cleavage, and are dependent on the actual amino acid sequence around the cleavage site
and availability of PCSKs. A well-known example is the haemagglutinin (HA) of different
Influenza A viruses (IAV). Generally, HA of mammalian and low pathogenic avian IAV
cannot be cleaved by furin (or other PCSKs), as they usually only harbour a mono- or
dibasic-cleavage site. Instead, they depend on trypsin-like proteases such as human airway
trypsin-like protease (HAT). Expression of such trypsin-like proteases is largely restricted
to the respiratory and gastrointestinal tract. In contrast, HA of highly pathogenic avian
H5 and H7 influenza A viruses can be cleaved by furin or PCSK5, which are present in
many cell types. This is because they acquired a polybasic cleavage site upon insertion of
additional lysine and/or arginine residues [135]. Notably, a subset of H9N2 low pathogenic
avian influenza A virus strains also harbours R-S-K-R↓ or R-S-R-R↓ sites that are not only
cleaved by trypsin-like proteases, but also by PCSKs. However, their cleavage is only
efficient in the presence of very high amounts of furin or upon mutation of a glycosylation
site in HA. Thus, the ability to exploit furin for efficient HA cleavage is not only determined
by the presence of a furin consensus target site, but also by the amounts of furin [136].
Interestingly, beside the dependency of highly pathogenic avian IAV replication on furin,
infection with IAV was shown to elevate furin expression in the lungs. Wild-type C57BL/6
mice were infected with the mouse-adapted IAV strain A/PuertoRico/8/1934 H1N1 (PR8).
Using quantitative RT-PCR, a significant increase in the expression of furin in whole lung
tissue of PR8-infected C57BL/6 mice on Day 6 after infection was found, indicating that
the IAV-induced inflammation induces furin expression [137].

Notably, SARS-CoV-2 Gene Expression Omnibus records of up-regulated genes sug-
gest that coronavirus infection triggers an increased expression of both ACE2 and FURIN
genes 4 days after infection. These findings were corroborated by the increased furin
expression documented in the PBMC of patients with severe acute respiratory syndrome.
Furthermore, gene expression data identified numerous significantly enriched records
of common human disorders manifesting up-regulation of either ACE or FURIN genes
correlating with the risk for clinically severe and lethal coronavirus infection [138].

The expression, methylation, mutation rate, and functional enrichment of furin to-
gether with the survival rate and COVID-19 outcomes were analyzed in normal and cancer
tissues. The furin expression in tumors was significantly increased in several cancer types,
such as esophageal carcinoma (ESCA) and testicular germ cell tumors (TGCT). Furin muta-

23



Int. J. Mol. Sci. 2022, 23, 5966

tions mostly increased expression of ACE2 and TMPRSS2 in various cancers, indicating
furin mutations might facilitate COVID-19 cell entry in cancer patients. In addition, high
expression of furin was significantly inversely correlated with long overall survival in vari-
ous cancer types and correlated with increased susceptibility to SARS-CoV-2 and higher
severity of COVID-19 symptoms in cancer patients [138].

The relationship between circulating furin levels, disease severity, and inflammation
was studied in 52 SARS-CoV-2 patients vs. 36 healthy control participants. The mean furin
and IL-6 levels were significantly higher in the peripheral blood of SARS-CoV-2 compared
to the controls (p < 0.001). There was a close positive relationship between serum furin
and IL-6, and furin and disease severity (r = 0.793, p < 0001 and r = 0,533, p < 0.001,
respectively) in patients with SARS-CoV-2. These results suggest that furin may contribute
to the exacerbation of SARS-CoV-2 infection and increased inflammation and could be used
as a predictor of disease severity in COVID-19 patients [139].

Furthermore, higher furin expression was also found in diseases known to predispose
a person to severe COVID-19 symptoms, such as severe asthma and in people such as COPD
smokers and COPD ex-smokers. ACE2 levels were significantly increased in sputum of
severe asthma compared to mild-moderate asthma. Sputum furin levels were significantly
related the presence of severe asthma and were strongly associated with neutrophilic
inflammation and inflammasome activation, indicating the potential for a greater morbidity
and mortality outcome from SARS-CoV-2 infection in neutrophilic severe asthma [140].
Furthermore, ACE2, furin, and TMPRSS2 expression was significantly increased in small
airway epithelium (SAE) and type 2 pneumocytes in smokers with COPD (COPD-CS), and
ex-smokers with COPD (COPD-ES), compared to the control group that never smoked.
(NC) (p < 0.001). Importantly, significant changes were observed for tissue co-expression of
furin and TMPRSS2 with ACE2 in SAE, type 2 pneumocytes, and alveolar macrophages
(AMs). These markers also negatively correlated with lung function parameters. The
increased expression of ACE2, TMPRSS2, and furin in COPD patients are detrimental to
lung function and indicate that these patients are more susceptible to severe COVID-19
infection. Increased type 2 pneumocytes suggest that these patients are also vulnerable to
developing post-COVID-19 interstitial pulmonary fibrosis or fibrosis in general [141].

5. SARS-CoV-2 Activates Innate PRRs

The initial signals for these pathways triggered by SARS-CoV-2 can be expected
in the danger signaling of the innate immune system. The host innate immune system
can recognize pathogen-associated molecular patterns (PAMPs) via pattern recognition
receptors (PRRs) during infection to induce inflammatory responses to eliminate pathogens.
The PRR families include Toll-like receptors (TLRs), nucleotide-binding oligomerization
domain (NOD)-like receptors, retinoic acid-inducible gene-I (RIG-I)-like receptors, C-type
lectin receptors, and the absent in melanoma 2 (AIM2)-like receptors. Typical PAMPs are cell
wall components of pathogens, such as bacterial lipopolysaccharide (LPS) and lipoproteins,
glycans, and conserved proteins such as flagellin or pathogenic nucleic acids, including
viral RNA and DNA. PAMPs comprise moieties which are generally conserved among a
broader range of pathogenic species but are distinct from host components. Several PRRs
have been reported to be involved in sensing β-coronavirus infection, including melanoma
differentiation-associated protein 5 (MDA5) [142], TLR7 [143,144], and NLR family pyrin
domain containing 3 NLRP3 [145].

In this context, the MyD88 adaptor protein is known to couple multiple upstream
sensors (e.g., TLR) with downstream inflammatory signaling pathways such as NF-κB
or IFN-induced response factors following β-coronavirus infection [146]. To determine
whether MyD88 or another TLR adapter TRIF (TIR-domain-containing adapter-inducing
interferon-β) play a role in SARS-CoV-2-induced inflammatory responses and pathogenesis,
a publicly available dataset [147] was analyzed for MyD88 and TRIF expression in patients
with differing severities of COVID-19 and showed a positive correlation between MyD88
expression and severity of COVID-19, suggesting that MyD88 is associated with COVID-19
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pathogenesis in humans. By contrast, TRIF was significantly elevated only in patients
with critical COVID-19. MyD88 is a key adapter shared by all TLRs, with the exception
of TLR3, which signals exclusively through TRIF, with all other TLRs utilizing MyD88
to trigger inflammatory cytokine production [148]. Parallel to the expression of MyD88,
the expression of TLR1, TLR2, TLR4, TLR5, TLR8 and TLR9 was significantly elevated in
patients with severe and critical COVID-19. In contrast, expression of TLR3 did not show
any correlation with the disease development of COVID-19, and the expression of TLR7
was increased only in patients with moderate COVID-19. Together, these data suggest an
association of MyD88 and a panel of TLRs (i.e., TLR1, TLR2, TLR4, TLR5, TLR8, and TLR9)
with disease progression in patients with COVID-19 [149].

In this context, it is interesting to take into consideration the expression profile and
expression levels of the different TLR on the relevant target cells. From the Human Protein
Atlas [119], the expression profiles for relevant receptors on different target cells normalized
to nTPM (i.e., Transcripts per million protein coding genes) provide a good overview of the
general expression pattern of different molecules on different host cells. In Figure 4, the
expression of different TLRs together with other relevant molecules involved in SARS-CoV-
2 pathogenesis are depicted. TMPRSS2 is expressed at significant levels by alveolar cells
type 1 and 2, but only at minute quantities on macrophages and endothelial cells. Furin
and TLR3 are expressed more broadly by many cell types present in the lungs, including
alveolar cells, macrophages, and endothelial cells, at low to moderate levels. In contrast,
TLR1, 2, 4, 6, and 7 and Cathepsin L (which is essential in the endosomal uptake of SARS-
CoV-2) are expressed predominantly on macrophages. Regarding expressions other than
macrophages, TLR4 and MD-2 (i.e., the second component of the TLR4-MD-2 complex)
are also expressed on endothelial cells, and TLR2 is also expressed on alveolar type 2 cells.
Alveolar type 1 cells generally show very low TLR expression. The highest expression
levels are found for Cathepsin L, followed by TLR4/MD-2 and TLR2 on macrophages
and endothelial cells, whereas ~10fold lower expression levels are seen for TLR1, 6, and
7, which may correlate with the different pathophysiological relevance in COVID-19, as
discussed later.

 

Figure 4. The expression of TMPSS2, cathepsin L, furin, TLR1, 2, 3, 4, 6, 7, and MD-2 normalized to
nTPM (i.e., Transcripts per million protein coding genes) for representative cell types from the lungs
are shown. Data are derived from the Human Protein Atlas [119].

25



Int. J. Mol. Sci. 2022, 23, 5966

5.1. SARS-CoV-2 Envelop E and Spike Protein Activate TLR2 and NF-κB

Zheng et al., have demonstrated for TLR2 and MyD88 expression their correlation
with COVID-19 disease severity. TLR2 was shown to recognize the SARS-CoV-2 envelope E
protein as its ligand and resulted in the TLR2-dependent cytokine (TNFα, GM-CSF, G-CSF,
IL-6) and chemokine (CXCL10, MCP-1) release and lung damage in K18-hACE2 transgenic
mice after infection with SARS-CoV-2. Notably, blocking TLR2 signaling in vivo provided
protection against the pathogenesis of SARS-CoV-2 infection [149]. Regarding molecular
characterization, the E protein was found to interact physically with the TLR2 receptor
in a specific and dose-dependent manner. This interaction was able to engage the TLR2
signalling pathway as demonstrated by its capacity to activate the NF-κB transcription
factor and to stimulate the production of the CXCL8 inflammatory chemokine in a TLR2-
dependent manner. Inhibition of NF-κB led to significant inhibition of CXCL8 production,
whereas the blockade of P38 and ERK1/2 MAP kinases resulted only in a partial CXCL8
inhibition [150].

On the other hand, Khan et al., investigated the direct inflammatory functions of major
structural proteins of SARS-CoV-2 and showed that the spike protein potently induces
inflammatory cytokines and chemokines, including IL-6, IL-1β, TNFα, CXCL1, CXCL2, and
CCL2, but not IFNs in human and mouse macrophages. When stimulated with extracellular
spike protein, A549 human lung epithelial cells also produced inflammatory cytokines
and chemokines. Interestingly, epithelial cells expressing spike protein intracellularly
were non-inflammatory but elicited an inflammatory response in co-cultured macrophages.
Biochemical studies revealed that the spike protein triggers inflammation via activation of
the NF-κB pathway in a MyD88-dependent manner. Furthermore, activation of the NF-κB
pathway was abrogated in TLR2-deficient macrophages. Consistently, administration of the
spike protein induced IL-6, TNFα, and IL-1β in wild-type but not in TLR2-deficient mice.
In this study, both S1 and S2 subunits were demonstrated to show high NF-κB activation,
with S2 showing higher potency on an equimolar basis [104].

5.2. SARS-CoV-2 Spike Protein Activates TLR4 and NF-κB

The involvement of another TLR, i.e., TLR4 in the pathogenies of COVID-19 has been
shown [151]. TLR4 recognizes multiple pathogen-associated molecular patterns (PAMPs)
from bacteria, viruses, and other pathogens. In addition, it recognizes certain damage-
associated molecular patterns (DAMPs), such as high mobility group box 1 (HMGB1) and
heat shock proteins (HSPs) released from dying or lytic cells during host tissue injury or
viral infection [152,153]. TLR4 is mainly expressed on immune cells such as macrophages
and dendritic cells where it plays a role in the regulation of acute inflammation, but also
on some tissue-resident cell populations, for cell defense in case of infection and/or to
regulate their fibrotic phenotype in cases of tissue damage [153,154]. The archetypal PAMP
agonist for TLR4 is the gram-negative bacterial lipopolysaccharide [155]. Activation of
TLR4 by pathogenic components leads to the production of proinflammatory cytokines via
the canonical pathway and/or the production of type I interferons and anti-inflammatory
cytokines via the alternative pathway. Unlike other TLRs, TLR4 is present at both the cell
surface (main site), where it recognizes viral proteins before they enter the cell, and also in
endosomes [156].

TLR4 is important in initiating inflammatory responses, and its overstimulation can
be detrimental, leading to hyper-inflammation. Dysregulation of TLR4 signalling has been
shown to play a role in the initiation and/or progression of various diseases, such as
ischaemia-reperfusion injury, atherosclerosis, hypertension, cancer, and neuropsychiatric
and neurodegenerative disorders [157–160]. Moreover, TLR4 is also important in the
induction of the host immune response against infectious diseases such as bacterial, fungal
and viral infections, and malaria [161].

Recently, there have been several studies pointing to the role of TLR4 in the pathogen-
esis of COVID-19 [151,162–165]. Interestingly, in silico studies have indicated that TLR4
has the strongest protein–protein interaction with the spike glycoprotein of SARS-CoV-2
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compared to other TLRs [162]. A recently published study demonstrated that the induction
of IL1β by SARS-CoV-2 was completely blocked by the TLR4-specific inhibitor Resatorvid.
A surface plasmon resonance (SPR) assay showed that SARS-CoV-2 spike trimer directly
bound to TLR4 with an affinity of ~300 nM, comparable to many virus-receptor interactions.
THP-1 cells were treated with either the spike protein trimer, the N-terminal domain (NTD),
or the receptor-binding domain (RBD) of spike protein, respectively. Only the trimeric
protein induced IL1β and IL6, which could largely be blocked by the TLR4 inhibitor Re-
satorvid. Moreover, spike protein was also able to induce IL1β production in the murine
macrophage cell line in a TLR4- and MyD88-dependent manner. Consistently, spike pro-
tein induced production of IL1β in the primary bone marrow-derived macrophages and
peritoneal macrophages from wild-type, but not from TLR4-deficient mice. The NF-κB
inhibitor (JSH-23) was able to suppress IL1β induced by spike protein. Collectively, the
SARS-CoV-2 spike protein is capable of interacting with and activating TLR4. Furthermore,
macrophages from ACE2-deficient or human ACE2-transgenic mice were treated with
spike protein. Interestingly, deficiency of ACE2 or overexpression of human ACE2 did
not affect the induction of IL1β. Treatment with an ACE2 inhibitor (MLN-4760) or soluble
ACE2 was not able to inhibit the induction of IL1β by LPS or spike protein. Moreover,
TMPRSS2-specific inhibitor (Bromhexine hydrochloride) did not alter the induction of IL1β
by spike protein. Thus, activation of TLR4 by spike protein was not regulated by ACE2 and
TMPRSS2 or virus entry. Notably, the induction of IL1β by trimeric spike proteins from
SARS-CoV-2 or SARS-CoV was comparable to LPS treatment [163].

In response to exposure to the SARS-CoV-2 spike protein S1, subunit murine peritoneal
exudate macrophages produced pro-inflammatory mediators, including TNF-α, IL-6, IL-
1β, and nitric oxide. Exposure to S1 also activated NF-κB and c-Jun N-terminal kinase
(JNK) signaling pathways. Pro-inflammatory cytokine induction by S1 was suppressed
by selective inhibitors of NF-κB (BAY 11-7082) and JNK pathways (SP600125). Treatment
of murine peritoneal exudate macrophages and human THP-1 cell-derived macrophages
with a TLR4 antagonist attenuated pro-inflammatory cytokine induction and the activation
of intracellular signaling by S1 and lipopolysaccharide. Similar results were obtained in
experiments using TLR4 siRNA-transfected murine RAW264.7 macrophages. These results
suggest that the SARS-CoV-2 spike protein S1 subunit activates TLR4 signaling to induce
pro-inflammatory responses in murine and human macrophages [164].

Furthermore, the SARS-CoV-2 spike S1 domain was shown to act as a TLR4 ago-
nist in rat and human cells and to induce a pro-inflammatory M1 macrophage pheno-
type in human THP-1 monocyte-derived macrophages. Adult rat cardiac tissue resident
macrophage-derived fibrocytes (rcTMFs) were treated with either bacterial LPS or recombi-
nant SARS-CoV-2 spike S1 glycoprotein. THP-1 monocytes were differentiated into M1 or
M2 macrophages with LPS/IFNγ, S1/IFNγ, or IL-4. TLR4 activation by spike S1 or LPS
resulted in the upregulation of ACE2 in rcTMFs. Likewise, spike S1 caused TLR4-mediated
induction of the inflammatory and wound-healing marker COX-2 and concomitant down-
regulation of the fibrosis markers CTGF and Col3a1, similar to LPS. The specific TLR4
inhibitor CLI-095 (Resatorvid®), blocked the effects of spike S1 and LPS, confirming the
spike S1 subunit as a TLR4 agonist. Confocal immunofluorescence microscopy confirmed
1:1 stoichiometric spike S1 co-localization with TLR4 in rat and human cells. Furthermore,
proximity ligation assays confirmed spike S1 and TLR4 binding in human and rat cells.
Spike S1/IFN-γ treatment of THP-1-derived macrophages induced pro-inflammatory M1
polarization, as shown by an increase in IL-1β and IL-6 mRNA [165].

A model has been proposed in which the SARS-CoV-2 spike glycoprotein binds TLR4
and activates TLR4 signalling, resulting in increased cell surface expression of ACE2
facilitating virus entry. Furthermore, SARS-CoV-2-induced myocarditis and multiple-organ
injury may be due to TLR4 activation, aberrant TLR4 signalling, and hyperinflammation
in COVID-19 patients. Therefore, TLR4 may be assumed to contribute significantly to
the pathogenesis of SARS-CoV-2. TLR4 appears to be a promising therapeutic target in
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COVID-19, supported by the fact that TLR4 antagonists have been previously used in sepsis
and in other antiviral contexts [165].

5.3. TLR Activation during Different Highly Pathogenic Viral Infections

There is a growing list of viruses that induce an inflammatory response during acute
infection through TLR4 activation. Known TLR4-activating viral proteins include the RSV
fusion protein (F), the EBOV glycoprotein, the vesicular stomatitis virus glycoprotein (VSV
G), and the dengue virus (DENV) nonstructural protein 1 (NS1). Notably, all infections by
these viruses are also characterized by excessive inflammatory responses, which are charac-
terized by elevated levels of a broad array of pro-inflammatory cytokines and chemokines
and are associated with serious morbidity and mortality. Examples include acute lung
injury caused by infections with respiratory syncytial virus (RSV), highly pathogenic IAV,
or SARS-CoV. Excessive inflammatory responses induced by viral infections are not re-
stricted to the lung but can be systemic, as found for Ebola virus (EBOV) disease and severe
dengue fever [166–171] The Ebola virus glycoprotein was demonstrated to activate the
innate immune response in vivo via TLR4 activation, accompanied by multiple cytokine
and chemokine expression, which could be inhibited by TLR4 antagonists [172] and was
accompanied by pronounced NF-κB activation [173]. There are several commonalities
between these viral TLR4 activators. These proteins are all membrane-associated. VSV G,
RSV F, and EBOV glycoprotein as well as the spike proteins of SARS-CoV and SARS-CoV-2
are classical viral glycoproteins that are exposed on the surface of viral particles and me-
diate fusion with host cell membranes through a hydrophobic fusion peptide. The fusion
domain is only exposed after conformational changes that occur at the plasma membrane
(RSV F, SARS-CoV, SARS-CoV-2) or in the endosome (VSV G, EBOV glycoprotein) [174].
DENV NS1 exists in multiple forms, including a secreted, membrane-bound form [175,176].
The hydrophobic fusion peptide in the RSV fusion protein has been suggested to bind into
the deep hydrophobic pocket of MD-2, similar to LPS, to mediate TLR4 activation [171].
TLR4 is stimulated by membrane-bound EBOV glycoprotein and a secreted, cleaved form
(shed glycoprotein), both of which retain the hydrophobic fusion domain, but not by a
different secreted version of EBOV glycoprotein, i.e., soluble glycoprotein, which lacks
the fusion peptide [177,178]. In addition, although DENV NS1 lacks a fusion peptide, it
contains exposed hydrophobic domains that mediate membrane interaction and could play
a role in TLR4 activation [176].

TLR4 antagonists which suppress LPS-induced TLR4 signaling through competitive
interaction with MD-2, such as LPS from the bacterium Rhodobacter sphaeroides (LPS-RS)
and Eritoran, also suppress RSV F-, EBOV glycoprotein-, and DENV NS1-mediated TLR4
activation [171,172,175,179–181], suggesting a similar mechanism of action. It remains to
be determined how each of these glycoproteins interact with the TLR4 receptor complex
and in what way the hydrophobic regions are made accessible for interaction with MD-2
and TLR4 leading to dimerization of the TLR4-MD-2 complex (see below). VSV G, RSV
F, EBOV glycoprotein, and DENV NS1 are all glycosylated. So far, glycosylation of EBOV
glycoprotein seems to be required for TLR4 activation, but it is not known whether this is
also the case for the other viral glycoproteins [182].

5.4. Activation of TLR4 by LPS

TLR4, which is mainly expressed on cells of the innate immune system, including
monocytes, macrophages, and dendritic cells, has long been recognized as the PRR that
senses lipopolysaccharide (LPS), a component of the outer membrane of gram-negative bac-
teria, which can be regarded as the archetypal PAMP agonist for TLR4 [154]. Accordingly,
activation of TLR4 by LPS has been studied in great detail. During the initial step, the LPS
binding protein (LBP) extracts LPS from bacterial membranes and transfers it to the TLR4
co-receptor cluster of differentiation 14 (CD14). CD14 breaks down LPS aggregates and
transfers monomeric LPS into a hydrophobic pocket on myeloid differentiation factor 2
(MD-2, Lymphocyte antigen 96, Ly96), which is part of the MD-2/TLR4 complex. The
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high-affinity binding of LPS leads to dimerization and activation of the TLR4-MD-2 com-
plex. Dimerization of the TLR4-MD-2 complex results in the recruitment of the intracellular
adaptor protein MyD88. The MyD88 aggregation signal is transmitted to IL-1 receptor
kinase (IRAK) through an interaction between the death domain of MyD88 and IRAK. Phos-
phorylation of the signaling kinases eventually activates the transcription factors, NF-κB
and activator protein 1 (AP-1) via a signaling cascade, ultimately resulting in the expression
and secretion of pro-inflammatory mediators. Apart from the MyD88-dependent pathway,
TLR4 dimerization can also activate the TRIF (TIR-domain containing adaptor inducing
interferon-β) pathway, which activates interferon response factors to produce and secrete
type-I interferons [182].

The archetypal TLR4 agonist LPS is a macromolecular glycolipid composed of the
hydrophobic Lipid A attached to a long and branched carbohydrate chain. The Lipid A
portion, which is responsible for most of the immunologic activity of LPS, is composed of
a phosphorylated diglucosamine backbone with four to seven acyl chains attached to it.
The carbohydrate region of LPS comprises the core and the O-specific chain composed of
multiple carbohydrate repeating units. Removal of the entire carbohydrate chain by acid
hydrolysis has only a minimal effect on the inflammatory activity of LPS, demonstrating
only a minor role in recognition by host immune receptors [183].

The extracellular domain of TLR4, TLR1, TLR2, and TLR6 belongs to the Leucine-
Rich Repeat proteins (LRR proteins) and is responsible for ligand binding and receptor
dimerization. The structure of TLR4 is defined by the conformation of the LRR motifs. Its
N-terminal and central domains provide charge complementarity for binding of its surface
to its co-receptor MD-2, forming a stable heterodimer. MD-2 is smaller than TLR4 and is
the main LPS binding module of the TLR4/MD-2 receptor complex. MD-2 has a β-cup
fold structure, composed of two antiparallel β sheets. The two sheets are separated from
each other so that the hydrophobic interior is accessible for interaction with ligands. This
large internal pocket is ideally shaped for binding flat hydrophobic ligands such as LPS.
MD-2 binds to TLR4 primarily via hydrogen bonds and charge interactions, and a few
hydrophobic residues in the binding interface.

The crystal structure of the TLR4/MD-2 complex bound to E. coli LPS has been
determined and is available at RCSB PDB 3VQ2 [184]. LPS binding induces the formation
of the ‘M’ shaped 2:2:2 TLR4/MD-2 and LPS complex (Figure 5). The acyl chains of Lipid
A are inserted into the MD-2 pocket and the two phosphate groups of Lipid A form charge
and hydrogen bond interactions with charged and polar amino acid residues of the two
TLR4 molecules. LPS binding causes dimerization of the TLR4/MD-2 complexes because
Lipid A creates an additional binding interface between TLR4(II) and MD-2(I) coming from
the two preexisting TLR4/MD-2 (see Figure 5) complexes, respectively. The dimerization
interface of MD-2 interacts with a convex surface provided by a small hydrophobic patch in
the C-terminal domain of the second TLR4 (Figure 5, TLR4 (II), brown). This dimerization
is supported by the interaction between Lipid A inserted in the hydrophobic pocket of
MD-2(I) with TLR4(II) (Figure 5). TLR4 agonists are presumable all interacting at this
dimerization interface actually enabling dimerization.
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Figure 5. Dimerization of TLR4/MD-2 complexes by LPS is shown based on RCSB PDB 3VQ2 Crystal
structure of mouse TLR4/MD-2/LPS complex (DOI: 10.2210/pdb3VQ2/pdb [184]. (A) At higher
magnification: Insertion of LPS (blue/red ball stick model) into the MD-2 hydrophobic pocket (blue)
and charged and polar interaction of the negatively charged phosphate groups of Lipid A with
Lys360 and Lys263 of TLR4(I) (green), (B) and with Ser413 of the second TLR4(II) (brown) (B,C)
and hydrophobic amino acid residues (yellow) in MD-2(I) (blue) and TLR4(II) (brown), (C) in the
dimerization interface are depicted.
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The structure–activity relationships of LPS have been studied using natural and chem-
ically modified LPS. The crystal structure of TLRD/MD-2–LPS provides an explanation as
to why LPS with six lipid chains is optimal for activation of TLR4 signaling. In the crystal
structure, five of the six lipid chains of E. coli LPS are completely buried inside the pocket,
but the remaining chain is partially exposed to the MD-2 surface and forms the hydrophobic
interaction interface together with hydrophobic surface residues of TLR4(II) [183]. The
two phosphate groups attached to the glucosamine of LPS seem to be essential for the
formation of the stable TLRD/MD-2 complex by making charge- and hydrogen- bond
interactions simultaneously with the two TLRs in the complex. Removal of the phosphate
groups dramatically reduces or even completely abolishes the inflammatory activity of
LPS. Studies on the interdependence of molecular charge and conformation of natural
and chemically modified LPS or Lipid A and IL-6 production after stimulation of whole
blood or PBMCs have shown that the number, nature, and location of negative charges
strongly modulate the molecular conformation of endotoxin and biologic activity. Whereas
monophosphorylated Lipid A exerts approximately 60-fold lower activity to induce IL-6 in
blood cells, the phosphate-free Lipid A (e.g., dephosphorylated LPS of E. coli or phosphate-
free Lipid A) almost completely loses their activity [185]. Furthermore, the number of the
acyl chains in Lipid A was shown to greatly impact the stimulation activity of E.coli-derived
Lipid A. Whereas hexaacyl Lipid A exhibited full agonistic activity, pentaacyl or tetraacyl
Lipid A from E.coli lost their agonistic activity but kept full antagonistic activity [186].
Consequently, Lipid A derivatives with four lipid chains have antagonistic activity for the
TLRD/MD-2 complex because all four lipid chains are completely submerged inside the
hydrophobic MD-2 pocket, but cannot provide a hydrophobic dimerization surface that
can be used for interaction with TLR4 [183].

In addition to TLR4, the structures of several other human TLRs in conjunction with
their physiological or synthetic ligands have been described. TLR2 is unique among
human TLRs because it can form heterodimers with other TLRs, such as TLR1 and TLR6.
The principal ligands of the TLR1–TLR2 complex are triacyl lipopeptides, whereas the
interaction with diacyl lipopeptides is substantially weaker. By contrast, the TLR2–TLR6
complex is able to bind to diacyl lipopeptides. These lipoproteins and lipopeptides are
functionally and structurally diverse bacterial proteins anchored to the membrane by two
or three covalently attached lipid chains [183]. Notably, typical TLR2 activators, such as
Lipoteichoic acid also have multiple negatively charged phosphate groups.

6. Discussion of an Integrated Mechanistic Model

Many of the substitutions and deletions in the NTD and in the RBD of the spike protein
can be well correlated with the observed increased infectivity and transmissibility of the
Omicron variant, and with the high evasion potential from therapeutic monoclonal anti-
bodies and vaccine-induced polyclonal neutralizing antibodies. Although three mutations
near the S1/S2 furin cleavage site were expected to favor cleavage, a substantially lower
cleavage efficacy has been found for the Omicron variant compared to the Delta variant and
also compared to the Wuhan wild-type virus, correlating with significantly lower TMPRSS2-
dependent replication in the lungs, but not in upper airway tissue, and lower syncytium
formation [3,9], and a switch in primary cellular uptake pathway from membrane-based
to endosomal cathepsin L dependent uptake [187], and lower pathogenicity in animal
studies [7] and clinics [8].

A lower virus replication in lungs together with a faster replication in the upper
respiratory system, such as nasopharyngeal and bronchi, can to a large extent explain
Omi-cron’s greater ability for transmission between people while apparently causing less
frequent acute respiratory distress syndrome (ARDS) of the lungs and systemic symptoms
of COVID-19. However, the molecular mechanisms responsible for the reciprocal changes in
cellular tropism of Omicron regarding upper and lower respiratory system [3,9,187] are not
sufficiently defined at this moment. The following hypothesis tries to connect the various
findings into an integrated model to explain the molecular and cellular pathways for the
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changed cellular tropism, and lower pathogenicity of the Omicron variant in comparison
to all previous VoCs.

The following paragraph summarizes the most relevant findings described in the
previous sections:

(1) Different components of SARS-CoV-2, in particular of the spike protein, have been
demonstrated to activate TLRs, in particular TLR4 and TLR2.

(2) Dimerization represents the general principle underlying the activation of TLRs, with
activating PAMPs serving as molecular linkers promoting dimerization.

(3) For dimerization, there is a minimal number of hydrophobic chains necessary which have
to fit into hydrophobic pockets in order to provide sufficient hydrophobic interactions,
as demonstrated for TLR4-MD-2, TLR2-TLR1, and TLR2-TLR6 complexes, respectively.

(4) There is a common feature of the TLR activating viral glycoproteins (also including
the SARS-CoV-2 spike protein) with all of them being membrane-bound proteins
which contain hydrophobic domains necessary for fusion with the host cell membrane
and having the potential to interact with the hydrophobic pockets of TLR complexes.

(5) Negatively charged groups have been shown to be essential for dimerization, as
illustrated for TLR4-MD-2/LPS complexes.

(6) Interaction and dimerization of respective TLR complexes triggers the inherent down-
stream signaling pathways, mainly the NF-κB pathway.

Based on these findings, we have developed the following hypothesis:

– Some hydrophobic domains of the SARS-CoV-2 spike protein can interact with the
hydrophobic pockets of TLR-complexes leading to dimerization and activation. In
particular, the hydrophobic six-helix bundle fusion core structure (6HB) in the post-
fusion state of the SARS-CoV-2 spike protein can be hypothesized to fit into the
hydrophobic pockets of MD-2-TLR4. Other hydrophobic domains of the spike protein,
such as the three hydrophobic stretches in the S2 subunit of the trimer in prefusion
state, may be speculated to fit for binding to TLR2-TLR1/6 complexes.

– Distribution of charged amino acids can greatly affect binding to and dimerization of
TLR complexes. The changed charge distribution on the Omicron spike protein with
high accumulations of positively charged amino acid residues in the RBD and in the S2
subunit, together with loss of several negatively charged amino acids by substitutions
in the Omicron spike protein, may prevent high affinity binding to the TLR complexes
and/or insufficient dimerization of TLR complexes, leading to lower downstream
signaling and lower pro-inflammatory activation, lower NF-kB activation, and related
lower furin expression. Indeed, a lower NF-κB activation by the Omicron variant
vs. a whole panel of previous variants including the D614G, Delta, Lambda, and Mu
variant has been shown recently [187].

How Will this Impact the Virus Replication, Cellular Tropism, and Pathogenicity?

The SARS-CoV-2 binds via RBD of the spike protein to its high affinity receptor on the
host cells. Binding to ACE2 triggers a series of conformational changes in the S2 subunit,
i.e., the proteolytic cleavage between S1 and S2 by TMRRSS2, exposing hydrophobic parts
of S2 to fuse the viral membrane with the membrane of the host cell, and enabling the
penetration of viral RNA into the host cell. Alternatively, the virus can be taken up via
clathrin-coated pits into endosomes, where proteolytic cleavage is taken over by cathepsin
L. Within the host cell, the viral RNA is translated into non-structural proteins (NSPs)
with massive translation viral RNA into viral non-structural and structural proteins. This
process occurs mainly in bubble-like structures (i.e., double-membrane vesicles, DMVs)
after remodeling of the cell’s endoplasmatic reticulum (ER). The newly produced viral
components assemble into complete virus particles which leave the cell via transition
through the Golgi apparatus (Figure 6). Most likely at this prefinal step, the host cell
protease furin mainly presents in the TGN and cleaves the spike protein at the polybasic
PRRAR site, preparing the spike protein for uptake into the next host cell. The massive
remodeling of the host cell ER and viral RNA replication and translation, together with the
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fusogenic activity of the SARS-CoV-2 spike protein leading to excessive syncytia formation,
will lead to a damage of the infected cells and to DAMPs formation, which are expected to
trigger the cellular PPP alert mechanism.

Figure 6. The SARS-CoV-2 binds via RBD of the spike protein to ACE2. Binding triggers proteolytic
cleavage between S1and S2 by TMPRRS2, resulting in formation of 6HB and fusion with the host cell
membrane allowing penetration of viral RNA into the host cell. Viral RNA transcription and transla-
tion of viral non-structural and structural proteins occurs in double-membrane vesicles (DMVs) after
remodeling of the endoplasmatic reticulum (ER). The newly produced viral components assemble
into complete virus particles which leave the cells via the Golgi apparatus where the spike protein
undergoes proteolytic cleavage by furin. This process preferably occurs in virus producer cells with
high TMPRSS2 expression, e.g., alveolar cells (left side). Alternatively, the virus can be taken up via
clathrin-coated pits into endosomes, where proteolytic cleavage is taken over by cathepsin L. The
endosomal uptake is predominant in TMPRSS2-negative cells, but not in cathepsin L-rich cells, such
as innate immune cells and endothelial cells (right side). Several components of the SARS-CoV-2
virus act as PAMPs activating various Toll-like receptors (TLRs), resulting in massive activation of
the NF-kB (p50/p65) pathway. The relative cellular distribution/expression differs greatly for the
different TLRs with high levels of TLR4 and TLR2 on macrophages and endothelial cells, whereas
only low levels are expressed on alveolar lung cells. The activation of TLRs will trigger activation of
NF-κB pathway, which triggers HIF-1α activation and expression of cytokine, including TNFα, IL-1,
IL-6, and IL-12. HIF-1α and IL-12 have been shown to increase furin expression. As a hypothesis
for TLR activation, interaction of hydrophobic domains (and a distinct charged amino acid pattern)
of the SARS-CoV-2 spike protein may be necessary for dimerization and activation of MD2-TLR4
or TLR2-TLR1/6, triggering the TLR-typical downstream signaling pathways, as has been shown
so far for the whole spike protein, S1 and S2. As a hypothesis (?), the hydrophobic six-helix bundle
fusion core structure (6HB) in the post-fusion state of the SARS-CoV-2 spike protein may fit into the
hydrophobic pockets of MD-2-TLR4 or TLR2-TLR1/6 complexes, respectively. The significant change
in the charge distribution in the Omicron spike protein, with multiple additional positively charged
amino acid substitutions may prevent high affinity binding to the TLR complexes and/or insufficient
dimerization of TLR complexes, leading to lower NF-kB signaling with lower expression of cytokines,
HIF-1α, resulting in lower furin expression and insufficient S1/S2 cleavage, despite the presence of
the polybasic furin cleavage motif.
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Furthermore, different parts of the SARS-CoV-2 virus themselves act as PAMPs, trig-
gering activation of a variety of pattern recognition receptors, in particular TLRs, leading to
excessive activation of their intrinsic signal mechanisms, in particular the NF-κB pathway.
In this context, the differentiated impact of various TLRs has to be taken into consideration.
Whereas single-stranded viral RNA of SARS-CoV-2 or their double-stranded replication
intermediates are expected to activate TLR7/TLR8 and TLR3, respectively, there are so far
no indications that this should differ qualitatively from similar processes after infection by
other coronaviruses, including the four seasonal low pathogenic viruses. Indeed, analysis
of available data and their correlation with COVID-19 severity have shown no correlation
for TLR3, whereas TLR7 correlated only with moderate COVID-19 severity, in contrast
to other TLRs where activation increased with COVID-19 severity [147]. This may be
due to the lack of MyD88 activation by TLR3, and a rather balanced induction of TLR7
downstream signaling leading to both MyD88 proinflammatory and TRIF- induced IRF
activation, but may also correlate with the generally relatively low expression levels of
TLR3 and TLR7/8 (less than 20 or 35 nTPM, respectively) compared to TLR2 or TLR4 (more
than 160 and 120 nTPM, respectively, see Figure 4).

In contrast to low pathogenic coronaviruses, SARS-CoV-2 induces often an exuberated
hyper inflammatory signature with cytokine/chemokine storm, massive coagulation distur-
bances, and systemic pro-inflammatory status in the endothelium, correlating with massive
M1/Th1 cytokine release, with pathological and clinical feature shared with other highly
pathogenic acute RNA virus infections, such as SARS-CoV, MERS-CoV, H5N1, and (Spanish
type) H1N1 [45]. The underlying mechanism of these exaggerated pro-inflammatory reac-
tions may rely on an additional, unbalanced and excessive NF-κB pathway activation due
to powerful additional upstream signal triggers, which seem to be common for a variety
of highly pathogenic acute RNA virus infections. In this context, binding and activation
of TLR2 and TLR4 may play a major role. Various components of the SARS-CoV-2 virus
have been demonstrated to activate TLR2 and TLR4, with the majority of reports show-
ing massive activation by the spike proteins (and few reports for the envelope protein),
always associated by excessive NF-κB activation. The excessive NF-κB activation can
result from three major routes, i.e., (1) from “physiological” TLR7 and TLR3 activation by
single-stranded RNA and/or double-stranded intermediates in the infected cells, (2) from
excessive ER remodeling in the infected virus producer cells (i.e., primarily ACE2/TPRSS2
positive cells), and (3) from additional TLR4 and/or TLR2 activation in infected or even
in non-productively infected innate cells (e.g., macrophages, endothelial cells). In this
context, the relative cellular and tissue distribution/expression of the different TLRs will
be a deciding factor with regard to their impact on COVID-19 severity. According to the
Human Protein Atlas, TLR4 and TLR2 are expressed at high levels on different types of
macrophages (TLR2 and TLR4) and endothelial cells (TLR4), and TLR2 in alveolar type 2
cells, whereas only very low levels are expressed on alveolar type 1 cells. This correlates
with reports showing that cathepsin L expression, but not TMPRRS2 expression, is partic-
ularly prominent in macrophages and endothelial cells, with a demonstrated correlation
between circulating levels of cathepsin L and disease course and severity in patients with
COVID-19 [188].

The activation of the various types of TLRs, dominated by the highly expressed TLR4
and TLR2 on macrophages and endothelial cells, will trigger via their intrinsic signaling
pathways excessive gene expression for a broad range of pro-inflammatory cytokines
and chemokines, adhesion molecules, and acute phase proteins. Furthermore, the highly
activated NF-κB pathway, directly or via HIF-1α activation or via cytokine release (such as
IL-12), is expected to stimulate furin expression in the cells. Whereas furin can be expressed
in most tissues, the basic expression levels seem to be very low. Viral infections, cancer,
hypoxia, HIF-1α, and cytokines (e.g., IL-12) have been found to significantly increase
furin expression. Activation of the NF-κB pathway triggering HIF-1α expression and
cytokine release may play a central role in stimulating furin expression. Since cleavage at
the furin-like site is essential for highly efficient TMPRSS2-dependent membrane uptake
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of SARS-CoV-2, the positive feedback from TLR-NF-κB-HIF-1α/IL-12-furin activation
may play a significant role in providing enough of the enzyme necessary for site specific
S1/S2 cleavage.

In this context the amino acid changes in the Omicron variant must be analyzed. For
various mutations in the non-structural proteins of Omicron, their involvement in reducing
an excessive innate response is not expected. In contrast, the rather suppressing effects of
non-structural SARS-CoV-2 proteins, including nsp1, nsp3, nsp6, nsp8, ORF3b, and ORF8
resulting in suppression of IFN response have been described [16,147,189–193].

Regarding other viral structural proteins, there is only one amino acid substitution
in the envelope protein T9I. In contrast, there are more than 30 mutations in the spike
protein in the Omicron variant. Whereas the increased infectivity, transmissibility, and
escape from immune reactions can largely be explained by substitutions or deletions in
the RBD and NTD, the lower S1/S2 cleavage at the furin-like site, correlating with lower
(or almost absent syncitia formation), leading to a significantly changed cellular tropism
and attenuated pathogenicity, cannot be explained from the amino acid substitutions in
the S1/S2 region. In this context, the interaction and activation of the TLR2-TLR1/6
and TLR4-MD-2 receptors may be the missing link. Hydrophobic and polar-charged
interactions of the archetypic TLR4 agonist, LPS, with the TLR4-MD2 complex may serve
as a prototype for interaction with other ligands, including the SARS-CoV-2 spike protein.
Interaction of the hydrophobic domains of the SARS-CoV-2 spike protein with hydrophobic
pockets, e.g., in the MD2-TLR4 or TLR2-TLR1/6, will depend on hydrophobic structures
and appropriately localized and charged amino acids necessary for efficient interaction
with TLR-complexes and their dimerization. Typical agonists for TLR4-MD-2 and TLR2,
such as Lipid A or Lipoteichoic acid, respectively, have typical hydrophobic chains linked
to exposed negatively charged phosphate groups.

We speculate that the hydrophobic six-helix bundle fusion core structure (6HB) in the
post-fusion state of the SARS-CoV-2 spike protein with the central coiled-coil fusion core
formed by the three HR1 domains surrounded by the three HR2 provides hydrophobic
bundle-like structures, and resembling to some extent the hydrophobic structure of fatty
acids in Lipid A, may be able to interact with the TLR4-MD-2 complex. Alternatively,
hydrophobic stretches on the trimer in the pre-fusion state may fit into the hydrophobic
pockets of MD-2-TLR4 or TLR2-TLR1/6 complexes, respectively, leading to dimerization
and triggering the TLR-typical downstream signaling pathways. In this context, the
significant change in the charge distribution in the Omicron spike protein, with multiple
additional positively charged amino acid substitutions accompanied by loss of several
negatively charged amino acids, and in the molecular vicinity of hydrophobic 3 or 6
bundled coils, may prevent high affinity binding to the TLR complexes and/or insufficient
dimerization of TLR complexes.

Although probably only some of the TLR, i.e., TLR4 and/or TLR2, pathways are
primarily affected by the charged electrostatic charge pattern of Omicron, this shortfall likely
concerns the most powerful pathways, because of the high relative expression of TLR2 and
TLR4 on innate inflammatory cells and the exceptionally high pro-inflammatory capacity
of the affected innate immune cells, in comparison to the primarily SARS-CoV-2 infected
bronchial or alveolar cells. This reduced innate immune cell activation, leading to lower
NF-κB and HIF-1α activation, counterbalances the advantage from the preserved (or even
slightly enhanced) polybasic furin cleavage site in the spike protein of Omicron because of
the limited proprotein convertase (furin) availability, which may explain to a large extent
the changed cellular tropism and the lower pathogenicity of the Omicron variant.

7. Conclusions

The recently appearing Omicron variant shows surprising reciprocal changes in cellu-
lar tropism of the regarding upper and lower respiratory system, which cannot be explained
simply by the changed binding to the ACE2 receptor or immune escape. Here we present a
new hypothesis proposing that the changed distribution of charged amino acids in the spike
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protein of the Omicron variant compared to all other VoCs may disturb the recognition
by innate Pattern-recognition receptors (PRRs), in particular of certain Toll-like receptors
(TLR), resulting in lower activation of the NF-κB pathway and related signaling pathways,
and also resulting in lower furin expression, lower viral replication in the lungs, and lower
systemic immune hyperactivation.
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Abstract: The innate immune system facilitates defense mechanisms against pathogen invasion
and cell damage. Toll-like receptors (TLRs) assist in the activation of the innate immune system
by binding to pathogenic ligands. This leads to the generation of intracellular signaling cascades
including the biosynthesis of molecular mediators. TLRs on cell membranes are adept at recognizing
viral components. Viruses can modulate the innate immune response with the help of proteins and
RNAs that downregulate or upregulate the expression of various TLRs. In the case of COVID-19,
molecular modulators such as type 1 interferons interfere with signaling pathways in the host cells,
leading to an inflammatory response. Coronaviruses are responsible for an enhanced immune
signature of inflammatory chemokines and cytokines. TLRs have been employed as therapeutic
agents in viral infections as numerous antiviral Food and Drug Administration-approved drugs are
TLR agonists. This review highlights the therapeutic approaches associated with SARS-CoV-2 and
the TLRs involved in COVID-19 infection.

Keywords: TLR; immune system; inflammation; antiviral; SARS-CoV-2

1. Introduction

Toll-like receptors (TLRs) are central mediators of the innate and adaptive immune re-
sponses. The immune system exhibits a defense mechanism for the host against pathogenic
materials (exogenous and/or endogenous) at the cellular level [1]. Pattern recognition
receptors (PRRs) including DNA sensors, RIG-1-like receptors, and TLRs are part of the
innate immune system that protects against microbial infection. PRRs recognize conserved
pathogen-associated molecular patterns (PAMPs) from microbes and endogenous danger-
associated molecular patterns (DAMPs) produced by necrotic cells [2]. PAMPs are derived
from viral, bacterial, parasitic, and fungal pathogens. The chemical nature of PAMPs rec-
ognized by TLRs varies greatly among organisms. In phylogenetics, TLRs are considered
the most ancient class of PRRs. A large number of TLRs have been reported across a wide
range of vertebrate and invertebrate species. The signaling pathways and adaptor proteins
related to TLRs are evolutionary conserved, from Porifera to mammals. Moreover, similar
domain patterns can be observed in most TLR homologs [3,4].

Viruses are responsible for initiating innate immunity through TLRs. Viruses, via a
combination of small and unique proteins, not only escape the innate immune system but
also destabilize the paybacks of the virus [5]. Similar to other pathogens, viruses are sensed
by TLRs. Some viruses encode unique proteins that target TLR signaling. The hepatitis C
virus encodes proteins that inhibit TLR-mediated signaling such as NS5A and protease
NS3/4A [6,7], which inhibits MyD88 and cleaves TIR-domain-containing adapter-inducing
interferon-β (TRIF), respectively. Moreover, the two vaccinia virus proteins have been
reported as inhibitors of the TLR system; for example, A52R was observed to inhibit TLR-
mediated NF-κB activation by targeting IRAK2 [8], whereas A46R exhibited a connection
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with TLR signaling downregulation by employing Toll-interleukin-1 receptor (TIR) domain-
containing adaptors [9]. Intracellular TLRs not only sense viral and bacterial nucleic acids,
but also identify self-nucleic acids in cellular abnormalities such as autoimmunity [10].

A novel single-stranded RNA (ssRNA)-containing virus causes coronavirus disease
(COVID-19), also referred to as severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), which became a pandemic after the first case was identified in Wuhan, China in De-
cember 2019. With the spread of COVID-19, the pandemic poses a global challenge [11,12].
From a clinical point of view, the virus has various manifestations ranging from patients
becoming critically ill with acute respiratory distress syndrome to asymptomatic infection.
In the intensive care unit, multiorgan support therapy has been essential in almost every
case of COVID-19 (Figure 1). The critical disease stage is typically observed at 7–10 days
of clinical infection [11,13]. Hyperinflammatory outcomes (cytokine storm) are mainly
associated with clinical impediments and mortality [14]. A possible treatment methodology
in the form of vaccines is being employed for the prevention of SARS-CoV-2 infection,
but there is no operative therapeutic treatment option available. Consequently, exploring
new drug targets is necessary. One of the most important molecular targets is TLRs. The
interaction of the SARS-CoV-2 spike glycoprotein with TLR and the enhanced expression
of genes associated with TLR signaling could indicate the possible involvement of these
tiny molecular machines and their inflammatory cascades [14].

Figure 1. An overview of the SARS-CoV-2 infection pathway. During viral infection, immune cells
are activated and release several cytokines as required for the biological system. A high virus titer
is associated with a cytokine storm, and such dysregulation in the body of the patient may lead to
multi-organ dysfunction syndrome. GIT—gastrointestinal tract.

Structurally, TLRs are type I transmembrane (TM) proteins with three distinct domains
including an extracellular domain (ectodomain) that contains tandem copies of leucine-rich
repeats, a single-pass TM as well as a cytoplasmic TIR downstream-signaling domain. TLRs
experience either homodimerization or heterodimerization when encountering PAMPs
and/or DAMPs, and adaptor proteins are employed; subsequently, a complex cellular event
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of downstream signal transduction is initiated, leading to the expression of inflammatory
cytokines and interferons (IFN) that is observable at the molecular level [2]. The underlying
TLR signaling cascades have been elucidated using structural, genetic, biochemical, and in
silico methodologies [15].

Downstream signaling is made possible by the presence of cytosolic TIR domain-
adaptor proteins such as TRIF (also known as TICAM1), TRAM (TICAM2), MyD88, and
MAL [5,16]. The involvement of TLRs with TIR adaptors leads to the activation of cytosolic
signaling complexes including IRAK and TRAF proteins. These entities are responsible for
the activation of transcription factors such as IRF and NF-κB. This executes the synthesis
of type I IFNs and proinflammatory cytokines [16]. IRF7 is essential for IFN-α synthesis,
NF-κB is necessary for TNF and IL-6 induction, and IRF3 and NF-κB are required for IFN-β
production [17].

By neutralizing internal and/or external threats administered by TLRs, the innate
immune system makes defensive contributions to the survival of the host biological system.
However, dysregulation and/or overactivation of this system leads to various disorders
such as inflammation, cancer, and autoimmunity [18–20].

2. Structure of Coronavirus

SARS-CoV-2, a member of the β-coronavirus genus in the family Coronaviridae, has
an envelope and positive-sense ssRNA genome of 29,891 nucleotides, encoding circular
nucleocapsid proteins with 9860 amino acid residues [21]. The viral particle size ranges
from 80 to 220 nm. Overall, 10 open reading frames (ORFs) have been identified in its
genome to date (approximately 26–32 kb). The first ORF (almost 2/3 of the viral RNA)
encodes polyproteins 1a (ORF1a) and 1b (ORF1b) [22]. Furthermore, these ORFs are
cleaved by proteases into 16 nonstructural proteins (NSPs) that are responsible for genome
replication and transcription [23]. Structural proteins (SPs) are encoded by the remaining
ORFs [24,25]. The main SPs and NSPs of SARS-CoV-2 are summarized in Tables 1 and 2,
respectively. The name coronavirus is derived from the appearance under the electron
microscope, in which the presence of crown-like spikes on the envelope resembles the
corona of the sun [26]. SPs form the viral envelope that holds the RNA genome, while NSPs
are expressed in host-infected cells but are not incorporated into virion infectious particles.
These NSPs include various transcription factors and enzymes such as RNA-dependent
RNA polymerase (RdRp) and hemagglutinin esterase (HE). Moreover, the virion employs
enzymes such as RNA replicases and viral proteases to replicate itself [22,27–29].

Various SPs have been identified including the glycoprotein membrane (M), spike (S),
small envelope (E), and nucleoprotein (N), and other accessory proteins. M-glycoprotein is
the most abundant, spanning the membrane bilayer thrice [30]. S-glycoprotein (150 kDa) is
a type-I TM protein on the outer surface of the virus and is responsible for the binding of
the virus to host cell receptors (ACE2). The S protein amino acid sequence of SARS-CoV-2
exhibits 86% similarity to that of SARS-CoV [31]. The S protein consists of oligosaccharides
bound to serine amino acids through o-glycosides. The three major segments of S protein
are the ectodomain, TM, and intracellular regions. The intracellular domain comprises
the membrane fusion subunit S2 (trimeric stalk) as well as a short tail part known as the
receptor-binding S1 domain (RBD; three S1 heads) [32,33]. Protein–protein interaction (PPI)
between the human ACE2 and SARS-CoV-2 S protein facilitates viral attachment as well
as the cellular entry of coronaviruses; thus, small-molecule blockage of these PPIs is a
more inspiring therapeutic approach than inhibition via antibodies [34]. The S1 subunit of
the S protein enables ACE2-mediated virus attachment, whereas the S2 subunit facilitates
membrane fusion. Specifically, asparagine, glutamine, serine, phenylalanine, and leucine
residues present in the S protein boost ACE2 binding [35].

Moreover, N protein bound to nucleic acids is an important structural component of
the virus, which is responsible for viral replication and cellular response to infection in
the host cellular machinery [31] (Table 1). The N protein comprises a serine-rich linker
region sandwiched between the N-terminal domain (NTD) and the C-terminal domain
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(CTD). These termini are crucial for viral entry and processing in host cells. The CTD
regulates nucleocapsid formation and the NTD adheres to the viral genome in the form of
orthorhombic crystals. Phosphorylation sites are also present in the linker region, which
control its function [35]. In the case of SARS-CoV, the N protein enhances the activation of
cyclooxygenase-2 (COX-2), resulting in the inflammation of pulmonary cells [36]. Moreover,
the N protein interacts with the p42 proteasome subunit, which degrades the virion [37].
This also disables type-I IFN, which is responsible for suppressing the host immune re-
sponses produced by biological systems against viral infections [38]. The interaction of the
N protein with heterogeneous nuclear ribonucleoproteins leads to increased viral RNA
synthesis [39]. The N protein sequence of SARS-CoV-2 shows a 94.3% similarity to that of
the SARS-CoV [31].

The smallest TM structural protein in coronaviruses is the E protein (Table 1), which
comprises two different domains: the NTD (1–9 residues) as well as a hydrophobic domain
(10–37 residues), with a chain at the terminal (38–76 residues) [40–42]. The E protein plays
a crucial biological role, not only in the structural integrity of the virus, but also in host
virulence [43]. The E protein sequence of SARS-CoV-2 shows a 96.1% similarity to that of
SARS-CoV [31].

The M protein plays a crucial role in maintaining the shape of the viral envelope
(Table 1). This function can be achieved by interacting with other viral proteins that exhibit
PPIs [44]. The M protein is also known as the central organization of coronavirus proteins.
The binding of E to M produces the virus envelope, and this interaction is sufficient for the
synthesis and release of viruses [45,46]. The binding of M with S is an important event for
the retention of the S protein in the endoplasmic reticulum–Golgi complex as well as its
integration into new viruses [46,47]. Moreover, the interaction of N with M stabilizes the
nucleocapsid (RNA–N protein complex) and the internal core of viruses, resulting in the
completion of viral assembly [47,48]. The M protein amino acid sequence of SARS-CoV-2
exhibits a 96.4% similarity with that of SARS-CoV [31].

Table 1. The structural proteins (SPs) of coronaviruses and their physiological significance.

Sr. No. SPs PDB ID Residues Physiological Significance Reference

1 E 7K3G 76–109 Virus assembly, morphogenesis, viral–host
interaction, membrane permeability [49]

2 M 8CTK 220–260 Virus assembly, protein interactions (M–M,
M–S, M–N) [50]

3 N 6VY0, 6YUN 422 Abundant RNA-binding protein, virion
genome packaging [51]

4 S 6VYB 1273 Main antigen component, triggers the host
immune response [52]

Table 2. The non-structural proteins (NSPs) of coronaviruses and their physiological significance.

Sr. No. NSPs PDB ID Residues Physiological Significance Reference

1 NSP1 7K3N 180 Protein synthesis, prevents antiviral
activity of host cells, degrades host mRNA [53–55]

2 NSP2 7MSW 638 Genome replication, disruption of
intracellular host signaling [56–58]

3 NSP3 (Papain-like
protease, PLpro)

7KAG, 6WEY,
6WUU, 7LG0 1945

Integral to viral replication,
post-translational processing of the
two polyproteins, suppresses host

protein synthesis

[22,58,59]

4 NSP4 3GZF 500 Protects new replicated virions, replication
and assembly of viral structures in host cell [60,61]
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Table 2. Cont.

Sr. No. NSPs PDB ID Residues Physiological Significance Reference

5 NSP5 (3C-like
protease, 3CLpro) 6LU7 306 Protein cleavage capacity

(conserved feature) [62,63]

6 NSP6 - 290 Induction of autophagosomes, inhibition of
viral components to reach host lysosomes [64–66]

7 NSP7 7JLT 83
Primase complex (NSP7-NSP8),

hetero-oligomeric complex
(NSP7-NSP8-RdRp), viral replication

[67–69]

8 NSP8 7JLT 198
Primase complex (NSP7-NSP8),

hetero-oligomeric complex
(NSP7-NSP8-RdRp), viral replication

[67–69]

9 NSP9 6WXD 113 RNA synthesis, carries viral RNA to the
host cell, responsible for proliferation [70–72]

10 NSP10 6ZPE 139
Cofactor activation for replicative enzymes,

complex NSP10-NSP14, viral RNA
proofreading

[73–75]

11 NSP11 - 13 Cleavage product of PP1a by 3CLpro/MPro [21,76]

12 NSP12 (RNA
polymerase, RdRp) 6YYT 932 RNA polymerase activity [29,77–80]

13 NSP13 6JYT 601 Helicase activity [29,81]

14 NSP14 7R2V 527 Viral RNA methylation, viral RNA
proofreading, methyltransferase activity [73,82–84]

15 NSP15 6WXC 346 Endoribonuclease activity [81,85]

16 NSP16 6WVN 298
Viral replication, immune response evasion

Viral RNA methylation,
methyltransferase activity

[84,86,87]

3. Overview of TLR Signaling

Invading pathogens stimulate the release of proinflammatory mediators in response
to infection (Figures 1 and 2). Signaling networks are necessary for the protection of the
host against invading microorganisms. TLR signaling dysregulation plays a central role in
the development and progression of infection. Inflammatory secretory molecules including
chemokines, ILs, IFNs, and tumor necrosis factor-alpha (TNF-α) are part and parcel of
TLR signaling, resulting in the modulation of cellular characteristics such as apoptosis,
immune response, and proliferation [88–90]. Mitogen-activated protein kinases (MAPKs)
and NF-κB are activated by TLRs. TLR3 and TLR4 are involved in the stimulation of IRF3.
In contrast, IRF7 is triggered by TLR7–9 [91]. TLRs are stimulated by interactions with
ligands to initiate an intracellular downstream signaling cascade, leading to activation of
the host defense system [92].

The nature of the ligand and downstream adaptor molecules directs the TLR signaling
cascade (Table 3). Two distinct pathways play critical roles in TLR signaling: MyD88-
dependent and -independent pathways [93] (Figure 2). The former pathway employs all
TLRs (except for TLR3), resulting in the biosynthesis of inflammatory cytokines [94]. In
contrast, the latter pathway (also referred to as the TRIF-dependent pathway) involves TLR3
and TLR4, resulting in the expression of IFN-I [95]. In other words, the interaction of PAMP
and PRR leads to the biosynthesis of proinflammatory cytokines as well as IFN-1, which is
a cellular indication of the immune response [96]. Several negative regulators that enhance
the activation of the innate immune response are involved in TLR-dependent signaling
cascades. Hence, the overactivation of TLRs can lead to the interruption of immune cell
homeostasis, resulting in the risk of inflammatory disorders [97]. Consequently, inhibitors
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(antagonists) targeting these receptors and/or cascades can serve as novel therapeutics to
treat such disorders [98].

Figure 2. SARS-CoV-2 causes infection in the lungs mainly via DAMPs and PAMPs produced as
a result of the action of nearly all Toll-like receptors (TLRs). Only TLRs involved in virus sensing
and/or signaling are displayed here.

Table 3. Toll-like receptors (TLRs) and their physiological significance.

TLRs
Ligand

Recognition
Form Localization

Adaptor
Molecules

Negative
Adaptors

Response Reference

TLR1
Triacyl

lipopeptides,
soluble factors

Heterodimer Cell surface MyD88, Mal -
NF-κB activation and

proinflammatory
cytokines

[99,100]

TLR2

Hsp70, lipopeptide,
HCV,

Nonstructural
protein 3

Heterodimer Cell surface MyD88, Mal -
NF-κB activation and

proinflammatory
cytokines

[101,102]

TLR3 dsRNA Homodimers Endosomal
membrane TRIF

SARM
negatively

regulates TRIF

IRF activation,
production of type 1

IFNs and
proinflammatory

cytokines

[103,104]
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Table 3. Cont.

TLRs
Ligand

Recognition
Form Localization

Adaptor
Molecules

Negative
Adaptors

Response Reference

TLR4
Lipopolysaccharide,
Taxol, S protein of

SARS-CoV-2
Homodimers Cell surface MyD88, Mal,

TRIF, TRAM

SARM
negatively

regulates TRIF
and TRAM to
consequently

reduce
inflammation

Activation of NF-κB,
pro-inflammatory

cytokines, and
IFN-inducible genes

[105,106]

TLR5 Flagellin Homodimers Cell surface MyD88 -
Activation of NF-κB

and proinflammatory
cytokines

[107,108]

TLR6

Diacyl
lipopeptides,

lipoteichoic acid,
fungal zymosan

Heterodimer Cell surface MyD88,
Mal/TIRAP -

Activation of NF-κB
and proinflammatory

cytokines
[109,110]

TLR7
SARS-CoV-2

ssRNA,
imadozoquinoline

Homodimers Endosomal
membrane MyD88 -

IRF activation,
production of Type 1

IFNs and
proinflammatory

cytokines

[111,112]

TLR8 SARS-CoV-2
ssRNA

Endosomal
membrane MyD88 -

IRF activation,
production of type 1

IFNs and
proinflammatory

cytokines

[113,114]

TLR9

Unmethylated
CPG-containing

ssDNA, hemozoin
from the malaria

parasite

Homodimers Endosomal
membrane MyD88 -

IRF activation,
production of type 1

IFNs and
proinflammatory

cytokines

[115,116]

4. Role of Antiviral Drugs Employing TLRs

When a pathogen such as a virus invades, an antiviral immune response is evident
in the host cells. Various conserved molecular patterns of PAMPs have been identified.
As discussed above, TLRs are the key constituents of the innate immune system, and
multiple TLRs (TLR1–4, TLR6–9) identify viral ligands [17,117–119]. With respect to their
functional importance, TLRs might be potentially employed to treat not only inflammatory
disorders but also viral diseases. This can be explained by a deep insight into the positive
and negative mediators of TLRs [97,120]. TLR agonists lack accessory molecules but can
mimic natural ligands; hence, they exhibit a low molecular weight and have potential
for expanded pharmacokinetics and pharmacodynamics in comparison with the parent
molecule. Moreover, TLR antagonists help to deal with autoimmune and inflammatory
disorders by defeating unnecessary inflammation, resulting in an antibody- or cell-mediated
response that suppresses disease progression [97,121,122].

Different approaches are employed by viruses in which they weaken their recognition
by masking and/or increasing the dysregulation of mediators. Viruses disturb TLR sig-
naling through their own mechanisms. Thus, TLRs are largely involved in the molecular
interaction between viruses and host cells [5]. Various PRRs are engaged in the response to
viral infection, which is also the case for TLRs. A thorough understanding of this interac-
tion has facilitated the development of various strategies to limit viral infection including
antiviral immunity as well as therapeutics [5]. Moreover, viral infection activates TLRs to
increase cytokine levels, resulting in an antiviral innate immune response. The interaction
between viruses and TLRs at every step of the signaling pathway plays an important role
in developing effective antiviral therapies as well as in identifying novel molecular targets
for the advancement in antiviral drugs [123]. The regulation of invasion, replication, and
immune responses is a significant factor in viral pathogenesis [117]. Viral glycoproteins and
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NSPs released in the extracellular region are responsible for the stimulation of TLR2 and
TLR4 due to their presence on the cellular surface [117,124,125]. In contrast, TLR3, TLR7/8,
and TLR9, which are present in the endosomal compartment, contain viral double-stranded
RNA (dsRNA) [126], ssRNA [114], and CpG DNA (unmethylated) [116], respectively.

TLR agonists have a positive effect on antiviral immunity and exhibit significant
resistance against experimental infections [127–129]. The TLR–virus interaction involves
a complex mechanism that is associated with the type of TLR as well as the type of virus.
Moreover, multiple PRRs are required to initiate an immune response to various viral
infections. Moreover, significant differences in TLR signaling have been reported between
mice and humans. Therefore, therapeutic manipulation of TLRs requires an understanding
of human cellular immunity [130]. Some examples are presented below.

TLR2 activation enhances the innate immune response to viral infections and can be
used to treat viral respiratory diseases. Using the shock-and-kill strategy, immune cell
recognition is enhanced and latently infected cells are eliminated [112,131]. TLRs can be
used to reverse HIV-1 latency and trigger innate immune responses. In an evaluation of the
effectiveness of SMU-Z1 (a novel TLR1/2 agonist), in addition to enhancing latent HIV-1
transcription (ex vivo), the NF-κB and MAPK pathways were also targeted in cells [131].
Latency-reversing agents have been employed for HIV reactivation, resulting in enhanced
immune activation [112]. Dual TLR2/7 agonists were synthesized and characterized
based on their latency-reversing ability, which were found to effectively reactivate the
latency. TLR2 components reactivate HIV by NF-κB stimulation and the secretion of
IL-22 (thereby enhancing the antiviral state and inhibiting HIV infection), whereas TLR7
components induce the secretion of TNF-α [112]. The activation of TLR2 in vivo has been
assessed against rhinovirus infection [132]. Airway epithelial cells promote an extended
immune response characterized by IFN-λ expression, NF-κB activation, and lymphocyte
recruitment, resulting in a reduction in viral-induced inflammation and continued antiviral
innate immunity [132].

TLR3 (the first identified antiviral TLR) in humans confers protective immunity against
vaccinia virus (VACV) infection. In contrast, TLR3 is responsible for the detrimental
effects of VACV infection in mice and TLR4 has the same effect in humans [133,134]. The
recognition of dsRNA by TLR3 is further evidence of the role of TLRs in the antiviral
response [119,126,135]. TLR3 signaling can be activated by a synthetic dsRNA agonist
(a potent immune stimulant), resulting in protective immunity against multiple viruses
including coronaviruses [136–139]. Viral-origin ssRNA sequences (rich in GU- and AU-)
are detected by TLR7 and TLR8, which are functionally similar and only differ with respect
to their expression patterns [113,130]. TLR7/8 expression is evident in dendritic cells,
monocytes, and macrophages [140]. Additional examples are listed in Table 4.

Table 4. Reported antiviral agonists employing Toll-like receptors (TLRs).

Drugs TLRs Viruses Significance References

Pam2CSK4 TLR2 Parainfluenza Reduced virus
replication [141]

INNA-051 TLR2 SARS-CoV-2 Reduces viral
RNA load [142]

PIKA TLR3 Influenza A Reduces virus
load [143]

Poly ICLC TLR3 HIV Release of
IFN-α/β/γ [144]

NA6 TLR4 Norovirus Induction of
IFN-β [145]
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Table 4. Cont.

Drugs TLRs Viruses Significance References

MPL TLR4 VZV Stimulate
cytokines [146]

Flagellin TLR5 Influenza A Reduces virus
replication [147]

CBLB502 TLR5 ConA Activation of
NF-κB [148]

Pam2CSK4 TLR6 Parainfluenza Reduces virus
replication [141]

INNA-051 TLR6 SARS-CoV-2 Reduces viral
RNA load [142]

GS-9620 TLR7 HIV Reactivates
latency [112]

Vesatolimod TLR7 HIV Modest delay in
viral rebound [149]

R848 TLR7/8 Zika Activation of
NF-κB [150]

GS-9688 TLR8 HBV

Activation of
dendritic and
natural killer

cells

[151]

ODN2395 TLR9 Parainfluenza Reduces viral
replication [141]

CBLB502—Entolimod; ConA—Concanavalin A; GS-9688—Selgantolimod; R848—Resiquimod; NA6—
neoagarohexaose; VZV—Varicella-Zoster virus.

5. Possible Molecular Interactions of SARS-CoV-2 with TLRs

SARS-CoV-2 is not only associated with viral illness but also with disorders of im-
munopathology. DAMPs and viral components act as TLR ligands for their overactivation.
TLR4 (membrane-bound) and TLR3/7/8 (endosomal) play significant roles in the pro-
duction of cytokine storms. The ssRNA of SARS-CoV-2 is recognized by TLR7/8, and
after replication, the viral dsRNA is recognized by TLR3, which leads to TRIF-mediated
inflammatory signaling [152]. The MyD88-dependent pathway (leading to overactivation
of TLRs), related to the TRIF pathway, provides a possible link between SARS-CoV-2 and
TLRs [153]. The production of type I (IFN-α and IFN-β) and type III [IFN-λ (1/2/3)] IFNs
by TLRs is a significant antiviral feature that can be exploited for systematized viral control
as well as clearance [117,119,154]. Type I and III IFNs perform the same function (despite
their structural differences) in cellular signaling, although type III IFN receptors are primar-
ily localized to the epithelial surface (airway epithelial cells) [155]. Cytokines (type III IFN)
bind to their receptors, and the signal cascade is initiated by the JAK/STAT pathway, lead-
ing to the formation of IFN-stimulated genes [156]. Activation of the JAK/STAT pathway
induced by TLRs may lead to macrophage activation syndrome [157]. Virally infected cells
are killed by activated dendritic cells, natural killer cells, and macrophages stimulated by
IFN [158]. SARS-CoV-2 infection results in higher levels of chemokines and proinflamma-
tory cytokines in the blood [159,160]. These biological conditions lead to host cell death and
organ injury [161]. Hence, the synthesis of DAMPs amplifies inflammation by TLR binding
via the MyD88-dependent pathway. Elevated TLR stimulation, signaling cascades, and
NF-κB may influence the severity of COVID-19 [153]. The nutritional profile has a basic
influence on immunity. Compounds with immunomodulatory, anti-inflammatory as well
as antiviral characteristics can be helpful against SARS-CoV-2 infection [162]. Various stud-
ies have suggested encouraging results in the case of nutraceuticals [163,164]. Compounds
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including astaxanthin, curcumin, glycyrrhizin, hesperidin, lactoferrin, luteolin, quercetin
as well as resveratrol may inhibit and counteract the symptoms of COVID-19 [165–172].

Accordingly, IFN has been dynamically explored as a therapeutic target for COVID-19.
This is because the release of type III IFN in the lungs could be responsible for the observed
immunopathology of COVID-19 [173,174]. In contrast, type I IFN in combination with
antiviral drugs has exhibited the opposite results including reduced systemic inflammation
and viral clearance [173–175]. The synthesis of proinflammatory cytokines is associated
with MyD88-dependent pathways, whereas the activation of type I and III IFNs is linked
with the TRIF-dependent pathway [176,177] (Table 3). SARS-CoV-1 dsRNA and ssRNA are
not detected by TLR3 and TLR7 and show some protective dodging mechanisms; hence,
the same strategy could be used by SARS-CoV-2 [178,179]. The stimulation of TLRs by
SARS-CoV-2 is responsible for activation of the inflammasome and the subsequent release
of IL-1β and IL-6. Moreover, enhanced inflammasome activation is linked to non-promising
consequences in patients with COVID-19 [180]. TLR2 signaling is activated by SARS-CoV-2
infection (Table 5). Thus, blocking of the signaling has been proposed as a potential target
for the treatment of COVID-19 [181] because the strong effect of proinflammatory cytokines
leads to disease severity through the activation of TLR2 [182]. In the context of infection
with β-coronaviruses, MyD88, the TLR adaptor, has been reported to be a significant factor
in the release of a large number of inflammatory cytokines [183]. SARS-CoV-2 interacts
with various TLRs, directly or indirectly. Multiple interacting residues have been reported
in the literature considering PPI and the design of agonists/antagonists. The interacting
residues are based on experimental as well as computation studies. Only TLRs involved in
virus sensing and/or signaling are displayed (Table 5).

Multiple TLR (2, 4, 7, 9)-deficient macrophages were infected with the mouse hepatitis
virus. TLR2 deficiency resulted in the inhibition of TNF and IL6 expression as well as
inflammatory cytokine genes. In contrast, other TLR deficiencies had negligible effects on
these genes [182]. In the case of SARS-CoV-2, an inhibitor of TLR2 caused a noteworthy
reduction in cytokine and chemokine release. This study demonstrated the role of TLR2
in sensing viral invasion upstream of MyD88 [182]. The TRIF pathway activated by TLR3
showed a protective response against Middle East respiratory syndrome (MERS)-CoV and
SARS-CoV infections [184] (Tables 3 and 5). Mice lacking TLR3, TLR4, and TRIF adaptor
are exceedingly vulnerable to SARS-CoV and enhanced pulmonary infection, resulting in
a risk of mortality [185]. Moreover, a role of TLR4 has been identified in the pathology
of SARS-CoV-2, characterized by excessive inflammation in patients and activation of the
inflammasome [186,187]. TLR4 inhibition in animal models has been shown to decrease
lung injury by alleviating NF-κB pathway stimulation [188]. Viral infection and subsequent
inflammation results in the production of DAMPs that act as ligands for TLR4. Heat
shock proteins released from virus-infected cells act as TLR4 agonists [189]. TLR5 has been
proposed as a target against SARS-CoV-2 in the development of drugs and vaccines [190].

During cytokine storms, elevated levels of IL-6 in the serum have been observed
in patients with COVID-19 (Figure 1). TLR7 (activated by viral components) stimulates
the MyD88-dependent pathway, resulting in the release of ILs and TNF-α, particularly
IL-6 [191,192]. Structurally and phylogenetically similar receptors but different TLR7/8
agonists synthesize different cytokines [193]. ssRNA fragments in SARS-CoV-2 induced by
TLR7/8 have been detected [194]. Whole-genome sequencing of SARS-CoV-2 in comparison
with other coronaviruses (MERS-CoV and SARS-CoV) has revealed that TLR7 could be
significantly involved in COVID-19 as the viral genome contains more ssRNA motifs that
can bind to TLR7 [195]. Moreover, the TLR7 agonists imiquimod and imidazoquinolinone
(with a role in TLR7activation) are under investigation as potential therapeutics against
COVID-19. These drugs have been observed to decrease systemic inflammation and
innate immune activation due to their antiviral effects [196,197]. RNA and DNA rich in
unmethylated CpG islands can be recognized by TLR9. Both viral and mitochondrial
DNA enriched in the same sequence are associated with inflammatory responses involving
TLR9-mediated signaling. Moreover, the activation of p53 [198] and mammalian target of
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rapamycin (mTOR) is being considered as a therapeutic target against SARS-CoV-2. mTOR
blockers are also associated with the MyD88 and TLR9 pathways [199].

Table 5. The interaction of Toll-like receptors (TLRs) with SARS-CoV-2 and other coronaviruses.

Coronaviruses TLRs Interacting Residues of TLRs References

SARS-CoV-2

TLR2 Tyr323, Phe325, Val 348, Phe349 [182,200,201]

TLR3 His39, His60, His108, Asn515, Asn517, His539,
Asn541, Arg544, Ser571 [111,202,203]

TLR4 Arg264, Glu266, Asp294, Tyr295, Tyr296, Thr319,
Glu321, Lys341, Lys362, Gly363, Gly364, Arg382 [188,204,205]

TLR7/8 Phe349, Tyr356, Gly379, Val381, Phe408, Asp555,
Leu557, Gly584, Thr586 [114,206–208]

SARS-CoV

TLR3 His39, His60, His108, Asn515, Asn517, His539,
Asn541, Arg544, Ser571 [136,185,203]

TLR4 Arg264, Glu266, Asp294, Tyr295, Tyr296, Thr319,
Glu321, Lys341, Lys362, Gly363, Gly364, Arg382 [185,205]

TLR7/8 Phe349, Tyr356, Gly379, Val381, Phe408, Asp555,
Leu557, Gly584, Thr586 [207–209]

MERS-CoV

TLR3 His39, His60, His108, Asn515, Asn517, His539,
Asn541, Arg544, Ser571 [203,209]

TLR4 Arg264, Glu266, Asp294, Tyr295, Tyr296, Thr319,
Glu321, Lys341, Lys362, Gly363, Gly364, Arg382 [205,210,211]

TLR7/8 Phe349, Tyr356, Gly379, Val381, Phe408, Asp555,
Leu557, Gly584, Thr586 [207–209,212,213]

6. Promising Drug Targets in SARS-CoV-2

Possible and effective drug targets as well as therapeutic agents against SARS-CoV-2
have been suggested by various researchers worldwide [214]. For example, virulence
factors, enzymes, host-specific receptors, and glycosylated-structural proteins have been
identified in pathological conditions caused by the coronavirus [215]. Activators of tran-
scription signaling pathways, proinflammatory cytokines, Janus kinase/signal transducers,
and NSPs also play a crucial role in the pathology. Antiviral therapeutic strategies such
as drug repurposing depend on chemical and molecular interactions between the host
machinery and viral small molecules [215].

Low-molecular-weight molecules from plants (phytochemicals) have been tested for
their antiviral activity. Compounds extracted from plants have been shown to exhibit
antiviral activity against SARS-CoV in Vero cells. Lycorine was identified as the active
ingredient of Lindera aggregata, and it has been suggested that the plant extract and ly-
corine can be a good option for the development of novel antiviral drugs [7]. In plants,
secondary metabolites are produced by metabolic pathways, which are also referred to
as phytochemicals [216]. These metabolites have been screened for their efficacy against
microbes and viruses. Various phytochemicals have been shown to inhibit viral infec-
tion and replication [217]. Bioactive phytochemicals can improve and strengthen host
immunity. For example, less vulnerability to infections and assistance in the stoppage of
viral infections through host immune function have been observed with the treatment of
vitamins A and C [218]. Various in vitro, in vivo, and in silico models using marine-derived
natural compounds exhibiting promising anti-SARS-CoV-2 efficacy have been previously
summarized [219].

Various proteins including ACE-2, RdRp, 3CLpro, PLpro, RBD, and cathepsin L
could be operative therapeutic targets [67,198,220–223]. Although several molecules have
been suggested as drug candidates, currently, there are no accessible operative anti-CoV
mediators. Molecular interactions between ACE2 and SARS viruses are determinants
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of the initial infection. Hence, renin–angiotensin–aldosterone system (RAAS) inhibitors
may modify ACE2 expression, resulting in reduced SARS-CoV-2 virulence. ACE2 (type I
transmembrane-metallocarboxypeptidase enzyme) controls the effects of RAAS and is a
key receptor for both SARS-CoV-1 and SARS-CoV-2, which facilitates entry into human
lung cells through the S protein of the coronavirus [224–228]. Considering the complexity of
the pathogenesis of SARS-CoV-2, clinically approved drugs that stimulate ACE2 may serve
as operative anti-SARS-CoV-2 therapeutics [229]. ACE inhibitors (captopril) stimulate the
ACE2/angiotensin (1–7)/receptor axis [230]. In animal models, treatment with angiotensin
receptor blockers was shown to enhance ACE2 expression [231,232]. The ACE2–RBD
complex is proteolytically regulated by type-2 transmembrane cellular serine protease
(TMPRSS2), which leads to ACE2 cleavage and S protein activation [233]. The RBD (S
protein) of SARS-CoV-2 contains more ACE2-interacting residues (Tyr473, Gln474, Cys488,
Tyr489, Val524, and Cys525) than that of SARS-CoV, and is involved in loop formation.
These mutations are evident in the sequence (RBD) of SARS-CoV-2 [234–236]. Moreover,
two binding hotspot residues (Lys31 and Lys353) have been reported to be more sensitive
to S protein binding. Lys31 and Lys353 formed salt-bridge(s) with Glu35 and Asp38,
respectively, surrounded by a hydrophobic region [237]. Additionally, other studies support
the development of promising ACE2 inhibitors for SARS-CoV-2 [220,238,239].

In the case of glycosylated S protein, membrane fusion inhibitors for the S2 subunit and
antibodies (monoclonal) targeting the S1 subunit could be operative therapeutic mediators
to treat coronavirus infection. Vaccine development has also been promoted against
coronaviruses. Small-molecule inhibitors (SMIs) might be suitable for inhaled and/or oral
administration, exhibit less mutation and strain sensitivity, are less immunogenic, and
convenient. Novel drug-like SMIs (DRI-C23041 and DRI-C91005) have been identified.
These SMIs inhibit the interaction between S protein and human ACE2 [34]. Moreover,
griffithsin, a compound derived from red algae, adheres to the SARS-CoV-2 glycosylated S
protein as well as to HIV [240]. Furin, a serine endoprotease, cleaves S1–S2 and may be
suitable as an anti-SARS-CoV-2 agent [241]. Emodin, a Rheum tangutica-derived compound,
not only inhibits the interaction between the ACE2 receptor and SARS-CoV-2 but also blocks
SARS-CoV ORF3a [242,243]. Moreover, the host protease is employed by SARS-CoV-2 for
the priming of the S protein. Camostat mesylate, an inhibitor of proteases, helps in the
infection of lung cell lines [244]. Similar to the S protein, other structural proteins as
well as NSPs have been highlighted as potential targets for the development of antiviral
drugs. In the RBD, 14 different potent residues of the S protein have been identified that
interact significantly with ACE2, resulting in the stability of the complex [245], while
15 significant residues in the RBD of the S protein have been reported in the case of the
Omicron SARS-CoV-2 variant [246]. Both of these studies analyzed (in silico) natural
compounds for their anti-SARS-CoV-2 bioactivity [245,246]. Additionally, terpenes (natural
compounds) have been suggested as anti-SARS-CoV2 binding agents between the RBD
and ACE2 receptor. Terpenes showed a strong affinity for RBD and inhibited its interaction
with ACE2 [245].

Toremifene, a nonsteroidal selective estrogen receptor modulator, was found to block
the viral replication of coronaviruses such as MERS-CoV and SARS-CoV [247] and the Ebola
virus [248] by targeting viral membrane proteins. Hence, it has also become a potential
candidate inhibitor of SARS-CoV-2 replication [248]. Moreover, a team of researchers
proposed a region (residues) in the M protein for the development of novel drugs and/or
peptides to block dimer formation [249]. The interaction of the M protein (heterodimer)
with the S and E proteins (via PPIs) has been proposed by computational analysis, and key
amino acids for the M–E complex (W55, F96, F103) and M–S complex (Y71, Y75) have been
identified [250].

A high percentage of E protein is expressed inside the infected cells, which is re-
sponsible for viral assembly, maturation, budding, and proliferation [35,40,214]. The
percentage similarity of the SARS-CoV-2 E protein sequence with that of other coron-
aviruses (96.1%) [31] demonstrates the potential for repurposing and/or development of
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pan-anti-corona drug candidates. Small molecules (phytochemicals) such as belachinal,
vibsanol B, and macaflavanone E have been evaluated for the inhibition of E protein activity
by in silico analyses [251].

The N protein exhibits essential activities such as proliferation of the virus as another
important component, similar to other SPs. This provides a promising area for developing
effective therapeutics to inhibit viral proliferation. For example, glycogen synthase kinase-3
(GSK-3), also known as serine/threonine protein kinase, is an important component of N
protein phosphorylation. GSK-3 inhibitors inhibit N protein phosphorylation and result
in damaged proliferation (infected lung epithelial cells) in SARS-CoV-2 in a cell type-
dependent manner [252]. Candidate inhibitors of the N protein have been suggested by a
screening method on a biochip platform using a quantum-dot (QD) RNA oligonucleotide.
The novel anti-SARS potential of catechin gallate and gallocatechin has been identified.
These two molecules (0.05 μg/mL) presented more than 40% inhibition activity on a QD-
based RNA oligonucleotide system [253]. Computational analysis has suggested that
zidovudine triphosphate is a potent inhibitor of the N protein of SARS-CoV-2 [254]. Based
on an in silico approach, another repurposing study shed light on vanganciclovir, which is
approved for treating patients with HIV and shows activity against N protein as well as
the main protease [254].

SARS-CoV-2 depends on proteases of the Golgi apparatus to synthesize NSP1–16
in the host cell [27]. NSP3 [papain-like protease (PLpro)] is a multidomain protein and
the largest protein in the coronavirus genome. Several regions of the NSP3 gene are
involved in viral replication. NSP3 contains a SARS-unique domain that can attach to
G-quadruplexes, which are guanine-rich non-canonical nucleic acid structures that are
essential for SARS-CoV replication. SARS-CoV-2 NSP3 shows structural similarities [255].
By developing a protease assay and screening a custom compound library, two molecules
(dihydrotanshinone I and Ro 08-2750) were identified to significantly inhibit PLpro in
protease. Additionally, the inhibition of viral replication was evaluated by an isopeptidase
assay using cell culture [256]. Another protease, NSP5 (3CLpro), was identified as a primary
target (similar to PLpro) for coronavirus drug discovery. Both of these targets are crucial and
have conserved activity in the proteolytic processing of viral replicase polyproteins [257].

Coronaviruses encode two or three proteases that cleave replicase polyproteins. Many
NSPs assemble into the replicase–transcriptase complex, which generates a reasonable
environment for RNA synthesis and subsequent replication as well as the transcription of
sub-genomic RNAs [258]. Replicase polyproteins 1a and 1ab are comprised of NSPs11 and
16, respectively [259]. MPro (the main protease), commonly known as NSP5, is employed
for the cleavage of these polyproteins, exhibiting crucial events of viral assembly and
maturation [259]. MPro is a dimer (306 residues) with two identical monomers, and is a sig-
nificant target responsible for viral polyprotein cleavage 1ab at 11 (a major cleavage site), re-
quired for generating the NSP7–NSP8–NSP12 complex (viral replication complex) [260,261].
Residues interacting with two novel inhibitors against MPro have been identified: His41,
Met49, Met165, Val186, Asp187, Arg188 as well as Gln189, exhibiting hydrophobic and
H-bonding. Both inhibitors reside in the substrate-binding site and inhibit the enzymatic
activity of MPro in SARS-CoV-2 [261].

Targeting highly conserved genes and/or proteins including RdRp (NSP12), MPro,
and helicases is a promising antiviral drug development approach to inhibit the replication
and proliferation of SARS-CoV-2 [262]. Hence, inhibitors targeting these enzymes may
reduce the threat of mutation-mediated drug resistance and facilitate effective antiviral
protection [262]. A conserved motif (Ser-Aps-Asp) in the RdRp domain was identified
at the C-terminus. The binding and activity of RdRp were enhanced by the NSP7–NSP8
(cofactor) complex. This binding stabilizes the entire closed conformation, which is packed
beside the thumb–finger interface. The binding residues between the RdRp and RNA
complex and RdRp docking to develop inhibitors have been extensively studied [78–80].

The inhibition of RdRP is important as one of the key strategies for developing antiviral
therapeutics. The selective inhibition of RdRp may not cause noteworthy side effects
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or toxicity in host cells [263]. Natural compounds and their derivatives have exhibited
significant binding affinity to RdRp [264–266], with promising outcomes that require
further investigation.

NSPs 7–16 are responsible for coronavirus RNA synthesis and processing, which
generate two large replicase polyproteins by cleavage. SARS-CoV-2 possesses a large
number of enzymes that are responsible for RNA synthesis as well as RNA processing. The
genome that is expressed and replicated by enzymes is two to three times larger than that
of any other RNA viruses. RdRp is an important drug target because of its vital role in
generating viral RNA [77–80].

Coronaviruses possess three important virulence factors: NSP1, NSP3c, and ORF7a.
These factors help in the escape of viruses from host innate immunity and may be potential
drug targets [55,267]. NSP1 and NSP3c interact with the host 40S ribosomal subunit and
adenosine diphosphate-ribose, respectively. This leads to the degradation of mRNA and
the inhibition of type-I IFN synthesis by NSP1, while NSP3c assists viruses to counterattack
the immune response of the host [55,268]. ORF7a is directly attached to bone marrow
matrix antigen-2 (BST-2) and has the ability to stop its glycosylation. BST-2 plays a specific
role in regulating the release of newly synthesized viruses [267,269].

7. Conclusions

SARS-CoV-2 is recognized by various TLRs. Surface (TLR2 and 4) and intracellular
(TRL3, 7/8, and 9) factors have been reported to be involved in the perception of SARS-CoV-
2 infection by the immune system. Multiple adaptors such as MyD88 and TRIF are recruited
by TLRs to initiate downstream signaling pathways. Various protein targets from viruses
and the host machinery have been suggested as potential drug targets against SARS-CoV-2.
Protein targets from viruses include both structural and nonstructural proteins. Similarly,
TLRs are functional protein targets during SARS-CoV-2 infection.
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Abstract: Hepatitis C virus (HCV) infection remains a major global health burden, causing chronic
hepatitis, cirrhosis, and hepatocellular carcinoma. Toll-like receptors (TLRs) are evolutionarily
conserved pattern recognition receptors that detect pathogen-associated molecular patterns and
activate downstream signaling to induce proinflammatory cytokine and chemokine production. An
increasing number of studies have suggested the importance of TLR responses in the outcome of HCV
infection. However, the exact role of innate immune responses, including TLR response, in controlling
chronic HCV infection remains to be established. A proper understanding of the TLR response in
HCV infection is essential for devising new therapeutic approaches against HCV infection. In this
review, we discuss the progress made in our understanding of the host innate immune response to
HCV infection, with a particular focus on the TLR response. In addition, we discuss the mechanisms
adopted by HCV to avoid immune surveillance mediated by TLRs.

Keywords: hepatitis C virus; infection; innate immunity; Toll-like receptor; cytokines

1. Introduction

Hepatitis C virus (HCV) infection is a major global health burden [1,2]. HCV infection
frequently causes chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma (HCC) [3].
According to the World Health Organization, 58 million people worldwide are chronically
infected with HCV, with approximately 1.5 million new infections occurring each year [4].
HCV is an enveloped, positive-sense, single-stranded RNA virus belonging to the genus
Hepacivirus and the family Flaviviridae [5]. HCV has a ∼10-kb long genome, encoding a
large polyprotein of approximately 3000 amino acids that is processed by host and viral
proteases into three structural (core, E1, and E2) and seven non-structural (NS) proteins (p7,
NS2, NS3, NS4A, NS4B, NS5A, and NS5B) [6]. HCV has high genetic diversity resulting in
seven major genotypes and more than 60 subtypes [7].

The innate immune system, an essential component of host immunity, plays a key
role in the initial detection of invading pathogens, including viruses, and subsequently
activates adaptive immunity, thereby playing an important role in the early control of viral
infection [8–11]. The host innate immune response is activated upon microbial invasion
and detection of evolutionarily conserved structures found on pathogens, called pathogen-
associated molecular patterns (PAMPs), by germ-line-encoded pattern recognition receptors
(PRRs) [12]. PRRs also recognize molecules released by damaged cells, known as damage-
associated molecular patterns [13]. Different PRRs, including Toll-like receptors (TLRs),
RIG-I-like receptors (RLRs), NOD-like receptors (NLRs), AIM2-like receptors (ALRs), C-
type lectin receptors (CLRs), and intracellular DNA sensors such as cGAS, are key innate
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immune components that recognize viral components such as viral nucleic acids and
proteins [14,15]. However, TLRs are the most widely characterized PRRs, constituting key
components of innate immunity, and are involved in the early interaction with PAMPs of
invading microbes [16].

TLRs are evolutionarily conserved type I transmembrane proteins that contain a
conserved structure of an N-terminal ectodomain of leucine-rich repeats, a single trans-
membrane domain, and a cytosolic Toll/interleukin (IL)-1 receptor (TIR) domain [11,17].
The cytosolic TIR domain is responsible for the activation of downstream signaling, and
TLR signaling pathways are regulated by TIR domain-containing cytosolic adaptor proteins
such as myeloid differentiation factor 88 (MyD88), MyD88 adaptor-like (MAL or TIRAP),
TIR-domain-containing adaptor protein inducing interferon (IFN)-β (TRIF or TICAM1),
TRIF-related adaptor molecule (TRAM or TICAM2), and sterile α- and armadillo-motif-
containing protein (SARM) [8,18,19]. The adaptor protein MyD88 is used by nearly all TLR
signaling pathways, except TLR3 [20]. Members of each TLR family have similar functions
across species [21,22]. TLRs are encoded by a large gene family, and different organisms
appear to encode a certain number of TLRs. For example, the TLR family comprises
10 members (TLR1–TLR10) in humans and 12 members (TLR1–TLR9 and TLR11–TLR13) in
mice [23]. TLRs can be localized either on the cell surface, such as TLRs 1, 2, 4, 5, 6, and
10, or in intracellular compartments (e.g., the endoplasmic reticulum, endosome, lysosome,
or endolysosome) such as TLRs 3, 7, 8, and 9 [23–25]. TLR1, TLR2, TLR4, TLR5, and TLR6
play pivotal roles in viral protein recognition [26]. To recognize viral double-stranded RNA,
single-stranded RNA, and DNA, the membrane proteins TLR3, TLR7/8, and TLR9 are
used, respectively [27–30].

TLR-induced innate immune responses appear to be a prerequisite for the generation of
most adaptive immune responses and play a central role in shaping such responses [25,31].
To provide protection against invading microbes, TLR responses ultimately lead to the
induction of IFNs, cytokines, and chemokines via several distinct signaling pathways,
which is very important in limiting the spread of infection [14,31,32]. TLR agonists appear
to be potential immunomodulators for treating infections and play a significant role in
modulating immunotherapeutic effects [33–36]. However, the TLR response may not
always be beneficial to the host, but a dysregulated response may lead to immune-mediated
pathology rather than protection [37–40]. Therefore, a proper understanding of the TLR
response in any infection, including HCV infection, is critical. Against this background,
we discuss here the current progress made in our understanding of the host TLR response
in HCV infection and the mechanisms adopted by HCV to avoid TLR-mediated immune
surveillance, which may help in devising new therapeutic or preventive strategies.

2. TLR Response to HCV Infection

A complex interplay between the IFN system and viral countermeasures exists in
HCV infections [41]. During viral replication, HCV PAMPs can be recognized as non-self
by PRRs, leading to the activation of innate and adaptive immune responses [42]. TLRs
are important PRRs that recognize PAMPs present in HCV [43]. TLRs are key triggering
molecules for cytokine production, and TLR signaling pathways provide a link between
innate and acquired immunity [15,44]. Different TLRs have been found to interact with
HCV proteins and nucleic acids. It has been reported that HCV is sensed by TLR3 through
the detection of dsRNA intermediates in infected hepatoma cells, which may activate the
TLR3-signaling cascade and lead to the production of type I and II IFNs, expression of
interferon-stimulated genes, and proinflammatory cytokines limiting HCV replication [45].
Induction of TLR2 and TLR4 expression and modulation of the proinflammatory response
by HCV proteins have been reported in Raji cells and peripheral blood mononuclear cells
(PBMCs) [46,47]. Several other studies also found increased expression of TLR2 and TLR4
mRNA in chronic hepatitis patients compared to controls [48,49]. However, TLR4 mRNA
expression was downregulated in cirrhotic patients when compared to chronic hepatitis
patients [48]. Hypo-responsiveness to TLR ligands has been reported in patients with

72



Int. J. Mol. Sci. 2022, 23, 5475

chronic HCV infection [50]. Differential expression of TLRs has been reported in HCV-
infected patients [51,52], where increased expression of tumor necrosis factor (TNF)-α,
IL-6, and IL-12 p35 in PBMCs was also reported [52]. It has been observed that NS5A can
activate the promoter of the TLR4 gene in both hepatocytes and B-cells, and enhanced TLR4
expression induces the induction of IFN-β and IL-6 production in human B-cells [46].

The HCV core and NS3 proteins play significant roles in HCV pathogenesis; it has been
shown that they can trigger proinflammatory cytokine production in monocytes, inhibit
myeloid dendritic cell accessory cell functions, and provide immunoinhibitory effects via
IL-10 induction [53]. Other studies have reported that HCV viral proteins, including HCV
core and NS3, could be recognized by TLR2, triggering the activation of inflammatory
cells [54,55]. Impaired recognition of HCV core and NS3 proteins caused by the R753Q
SNP in TLR2 has been reported [55]. HCV core and NS3 proteins may enhance the activity
of IL-1 receptor-associated kinase (IRAK), phosphorylation of p38, extracellular regulated
(ERK), and c-jun N-terminal (JNK) kinases and induce the activation of activator protein 1
(AP-1) [54]. In an in vitro study, Chang et al. reported an association between TLR1 and
TLR6 in the TLR2-mediated activation of macrophages by HCV core and NS3 proteins [56].
While the involvement of TLR2 in sensing HCV core protein has been observed previously,
infectious virions or enveloped HCV-like particles do not activate TLR2 [57]. However,
another study showed that HCV core protein can activate TLR2 with decreased IL-6
production by human antigen-presenting cells after subsequent stimulation with TLR2 and
TLR4 ligands [58]. HCV core protein may affect pDCs by reducing TLR9-triggered IFN-α
as well as TNF-α and IL-10 production [59].

HCV core and NS3 antigens induce TLR1-, TLR2-, and TLR6-mediated inflammatory
responses in corneal epithelial cells [60]. Compared to healthy controls, upregulation of
TLR2 and TLR4 expression in peripheral monocytes was also observed in patients with
chronic hepatitis C, with or without HIV coinfection [61]. An association between TLR4
signaling and the outcome of acute hepatitis C has also been reported [62]. Activation of the
TLR3/TRIF signaling pathway by HCV NS5B, a viral RNA-dependent RNA polymerase,
has been reported [63]. In addition to TLR3, HCV RNA can also be recognized by RIG-I,
triggering the production of multiple cytokines, including type I IFN [42]. In a murine
replicon model, the antiviral role of TLR4 activation in suppressing HCV replication was
demonstrated [64]. An association between TLR4 gene polymorphisms and chronic HCV
infection has also been reported in a Saudi Arabian population [65], suggesting a putative
role of TLR4 in HCV infection. However, a larger genome-wide association study is
required to validate these associations.

As HCV has an RNA genome, it is likely that TLR7 plays a role in the immune response
against HCV infection. Both TLR3 and TLR7 have been suggested to coordinate protective
immunity against HCV infection [45,66,67]. A decreased expression of TLR3 and TLR7
mRNA has been reported in chronic HCV patients with a decreased IFN-α expression
compared to healthy controls [68–70]. An earlier study reported significantly elevated
expression of TLR3 in individuals who spontaneously cleared the virus [71], suggesting a
protective role of TLR3 in HCV genotype 3 infection. TLR7 and TLR8 were also found to be
elevated in patients with liver cirrhosis [71]. A previous study reported that impaired TLR3-
and TLR7/8-mediated cytokine responses may contribute to aggressive HCV recurrence
after liver transplantation [72], also indicating the association of these molecules with HCV
infection. However, more extensive in vivo studies are required to understand their use in
protective immune responses against HCV infections.

It has been reported that TLR7 can sense HCV RNA in exosomes released from infected
hepatocytes, inducing type I IFN response [73,74]. An in vitro study demonstrated that
TLR7 can induce HCV immunity not only by IFN induction but also via an IFN-independent
mechanism [75]. The antiviral roles of TLR7 and TLR8 have also been suggested in HCV
infection [76]. In a previous study, it was shown that HCV could be recognized and
inhibited by TLR7 and TLR8 via TNF-α production [77]. HCV genomic RNA-induced
TLR7- and TLR8-mediated anti-HCV immune responses have been reported in various
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antigen-presenting cells [78]. Polymorphisms in TLR7 and/or TLR8 genes have been shown
to modulate HCV infection outcomes [79–81], suggesting an association between these
molecules and HCV infection. The TLR9 rs187084 C allele was reported to be associated
with spontaneous virus clearance in women, suggesting the sex-specific effects of TLR9
promoter variants on spontaneous clearance in HCV infection and implying the role of the
DNA sensor TLR9 in natural immunity against HCV infection [82]. In a recent study, an
association between TLR9 gene polymorphisms and the outcome of the HCV-specific cell-
mediated immune response was reported [83], indicating a putative role of TLR9 in HCV
infection. A suitable small animal model is still lacking for HCV infection, which is essential
for a proper understanding of the TLR response to HCV infection. Tree shrews appear to
be a promising animal model for several important viral infections in humans, including
hepatitis C virus [84], and show a higher degree of genetic similarity to primates than to
rodents [85,86]. In an earlier study, we showed that HCV could trigger innate immune
responses in the livers of chronically infected tree shrews, with significant induction of
intrahepatic TLR3, TLR7, and TLR8 mRNA [87]. For simplicity, the findings obtained
in different studies are shown in Figure 1, without indication of cell type/system, and
highlight that various TLRs are implicated in HCV infection, which may influence viral
pathogenesis. Therefore, a complete understanding of the TLR response in HCV infection
is critical for designing new and successful therapeutic or preventive interventions.

 
Figure 1. TLR response to HCV infection. Red arrows indicate the induction/activation of compo-
nents of TLR signaling by HCV or its proteins; black lines indicate the inhibition of the host innate
immune response or inhibition of HCV replication, as appropriate.
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3. Inhibition of Innate Immune Response by HCV Infection

The host has evolved multifaceted innate immune mechanisms to sense and counteract
HCV infection. However, the success of innate IFN response in inhibiting HCV infection
remains low. In a large proportion of patients, HCV persistence has been observed for
decades despite the expression of hundreds of interferon-stimulated genes, indicating the
inability of the IFN system to clear HCV infection [30,88,89]. In addition, HCV has devel-
oped multiple strategies for innate immune regulation, including proteolytic cleavage of
molecules that play key roles in the induction of the IFN response, changes in IFN-induced
effector proteins, interference with the function of CD8+ T cells, and immune escape in T-
and B-cell epitopes [90]. HCV encodes several proteins, including core, NS3/4A, NS4B,
and NS5A, which play active roles in inhibiting the innate immune response [42,91–93].
HCV frameshift (F) protein, which is expressed by a translational ribosomal frameshift [94],
has also been suggested to play a role in the immune evasion mechanism [92].

NS3/4A plays a central role in HCV pathogenesis by cleaving several host
proteins [95–97]. HCV NS3/4A has the potential to cleave TRIF and impair the TLR3-
dependent signaling pathway [45,93,98]. It has also been reported that NS3/4A protease
can disrupt RIG-I signaling by cleavage or delocalization of IFN-β promoter stimulator
1, also known as mitochondrial antiviral signaling protein (MAVS), preventing down-
stream activation of IRF-3 and IFN-β induction [93,98–102]. Notably, cleavage of MAVS
by NS3/4A has been reported in the infected human liver, demonstrating the importance
of this cleavage in HCV infection in vivo [101,103]. HCV proteins may interfere with
IFN-induced intracellular signaling, which could be an important mechanism for viral per-
sistence and treatment resistance [104]. HCV core may inhibit the IFN-signaling pathway
by interfering with the Janus kinase/signal transducer and activator of the transcription
pathway [105–107]. Several studies have reported the inhibition or degradation of STAT1
by HCV core protein [104,108–111], which may inhibit the JAK/STAT-signaling pathway of
the host response. Reduced levels of STAT2 phosphorylation caused by HCV core proteins
have also been reported [112,113].

Several studies have shown the implication of HCV core protein in the activation of the
NF-κB pathway for inducing inflammatory response [114–117]; however, an implication of
HCV core protein in the suppression of the NF-κB pathway has also been reported [118].
STAT3 has been found to be downregulated in HCV-infected livers and in Huh7 cells [119],
which may favor viral replication. Impaired TLR4 signaling in HCV-infected dendritic cells
has been previously demonstrated [120]. It has been reported that NS4B can interact with
the stimulator of IFN genes (STING), which may cause inhibition of downstream signal-
ing [91,121,122]. HCV NS4A, NS4B, and NS5A may inhibit IFN-β induction, contributing
to the persistence of this virus [63]. NS5A can directly bind to MyD88, a major adaptor
molecule in TLR signaling, inhibiting the activation of TLR-mediated cytokine produc-
tion [123]. NS5A can induce IL-8 expression, associated with the interruption of IFN-α [124].
NS5A also blocks the antiviral activity of 2′–5′ oligoadenylate synthetase (2′–5′ OAS) [125].
It has been reported that HCV may utilize NS5A and E2 to inhibit PKR-mediated antiviral
defense [126–128]. A previous study also suggested a role for NS5A in the inhibition of the
IFN response that is activated by HCV via RIG-I and MDA5 [129]. NS5A may interact with
nucleosome assembly protein 1-like 1 (NAP1L1), a nuclear-cytoplasmic chaperone, which
may downregulate genes essential for innate immunity, such as RIG-I- and TLR3-mediated
responses [130].

Chronic HCV infection results in impaired TLR response in pDCs as well as impaired
activation of naive CD4 T cells, with reduced activation marker (HLA-DR) and cytokine
(IFN-α) expression upon R-848 stimulation [131]. Samrat et al. reported that HCV core and
F protein can induce poor T-cell responses, resulting in low granzyme B expression by CD4+
and CD8+ T cells [92]. It has been reported that HCV p7 protein has an immune evasion
function, which may suppress antiviral IFN function by counteracting IFN-inducible
protein 6-16 (IFI6-16) [132]. Based on these findings, it is assumed that HCV and its proteins
play a crucial role in inhibiting or suppressing the host innate immune response (Figure 2)
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by different known and unknown mechanisms; therefore, a clear understanding of immune
inhibition or evasion is critical for devising new therapeutic and preventive strategies to
control HCV infection.

Figure 2. An overview of the mechanism of the host innate immune response inhibition by HCV and
its proteins.

4. Potential of TLR Agonists as Immunomodulators

A large number of viruses have been shown to trigger innate immunity via TLRs,
which have been found important in the outcome of many viral infections [133–135],
suggesting manipulating the TLR response could serve as a therapeutic avenue against
viral infections. Although there is a great therapeutic success against HCV infection with
newly approved drugs, direct-acting antivirals (DAAs) [136], cirrhosis and HCC have been
reported in patients following viral clearance [137]. Moreover, current HCV treatment
approaches are not effective in preventing recurrent infections. Notably, high treatment
cost has restricted its use in economically weak countries. Therefore, there is an urgent
need to develop an alternative therapeutic approach as well as an effective, safe, and
affordable vaccine against HCV. There is a growing interest in the use of TLR agonists as
vaccine adjuvants [138], which are capable of stimulating innate and adaptive immune
responses, thereby improving vaccine efficacy. Recently, TLR agonists have received
much attention as immunomodulators with the ability to induce the production of IFN,
proinflammatory cytokines, and chemokines and have been found to be promising against
many viral infections, including hepatitis B virus and human immunodeficiency virus type
1 (HIV-1) [35,139–141]. Manipulating TLR response has also been found to be promising
against SARS-CoV-2 infection. In a ferret model, it has been shown that the injection
of TLR2/6 agonist INNA-051 significantly reduced SARS-CoV-2 viral RNA levels in the
nose and throat [142]. Additionally, it has been proposed that TLR agonists, including
imiquimod, an immune stimulator of TLR7, could serve as an effective therapeutic approach
in the early stages of COVID-19 [143].
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Chronic HCV infection induces weak cellular immune responses against viral anti-
gens, and viral clearance after acute hepatitis or therapy requires strong and multispecific
antiviral CD4+ and CD8+ T-cell responses [144,145]. TLR agonists may play an important
role in enhancing immunotherapeutic effects [33–35,138,146]. The use of TLR agonists as
immunomodulators to enhance the immune response in chronic HCV infection could be
of great interest for the control of HCV infection. Isatoribine, an agonist of TLR7, showed
dose-dependent changes in immunologic biomarkers and antiviral effects against HCV
infection [147]. The antiviral activity of the synthetic TLR7 agonist was shown to be as-
sociated with the stimulation of antiviral genes, such as IRF7, but not with the activation
of the IFN-responsive STAT-1 transcription factor [75]. A previous study demonstrated
that oral administration of resiquimod, a TLR 7/8 agonist, transiently reduced viral levels
but was associated with adverse effects similar to IFN-α [148]. Another study showed
that TLR3/4/7/8/9 agonists could induce anti-HCV activity in PBMC supernatants, corre-
lating with IFN-α and the IFN-induced antiviral biomarker 2′,5′-oligoadenylate synthase
induction. However, TLR4 and TLR8 agonists induce the proinflammatory cytokines IL-1β
and TNF-α at concentrations similar to those inducing antiviral activity, raising concerns
regarding adverse side effects [149]. In a randomized clinical trial, oral administration
of ANA773, a prodrug of the TLR7 agonist, resulted in an IFN-dependent response lead-
ing to a significant decrease in serum HCV RNA levels, with mild to moderate adverse
events [150].

It has been reported that TLR7/9 agonists may enhance the inhibition of infectivity
and IFN-α production by pDCs, suggesting pDCs could serve as a drug target against HCV
infection [151]. It also suggests the possibility of using TLR7/9 agonists in HCV vaccine
development. An earlier study showed that although a hepatitis C viral-like particle vaccine
adjuvanted with TLR2 agonists, R4Pam2Cys and E8Pam2Cys, induced higher antibody
titers in mice, it did not induce stronger NAb responses compared to vaccines without
adjuvants [152], suggesting the usefulness of TLR agonists as vaccine adjuvants for HCV
vaccines. Using appropriate adjuvants in HCV vaccine candidates, the induction of a
strong T- and B-cell immune response may be enhanced [153]. In an in vitro study with
an HCV-infected hepatoma cell line, Huh7.5, Dominguez-Molina et al. showed that TLR
agonists can enhance antiviral pDCs function primarily through IFN-α production against
HCV infection [151].

5. Conclusions

From the currently available data, it is understood that there is a differential expression
of TLRs in HCV infection. Moreover, TLR3 and TLR7 may play a protective role against
HCV infection. However, the exact role of the TLR response to HCV infection requires
further extensive study, which also requires a suitable small animal model. HCV has
developed multiple strategies to inhibit the innate immune response toward establish-
ing a chronic infection, which also requires additional investigation for developing new
therapeutic approaches. As there are mixed effects, an extensive study is still required to
select the best-suited TLR agonist for use as a vaccine adjuvant for HCV vaccine candi-
dates. Overall, a clear understanding of TLR interactions in HCV infection is critical for
providing new therapeutic and preventive approaches to fight the disease, including TLR
agonist-adjuvanted HCV vaccines.
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Abstract: Here, we link approved and emerging nucleic acid-based therapies with the expand-
ing universe of small non-coding RNAs (sncRNAs) and the innate immune responses that sense
oligonucleotides taken up into endosomes. The Toll-like receptors (TLRs) 3, 7, 8, and 9 are located in
endosomes and can detect nucleic acids taken up through endocytic routes. These receptors are key
triggers in the defense against viruses and/or bacterial infections, yet they also constitute an Achilles
heel towards the discrimination between self- and pathogenic nucleic acids. The compartmental-
ization of nucleic acids and the activity of nucleases are key components in avoiding autoimmune
reactions against nucleic acids, but we still lack knowledge on the plethora of nucleic acids that might
be released into the extracellular space upon infections, inflammation, and other stress responses in-
volving increased cell death. We review recent findings that a set of single-stranded oligonucleotides
(length of 25–40 nucleotides (nt)) can temporarily block ligands destined for endosomes expressing
TLRs in human monocyte-derived dendritic cells. We discuss knowledge gaps and highlight the
existence of a pool of RNA with an approximate length of 30–40 nt that may still have unappreciated
regulatory functions in physiology and in the defense against viruses as gatekeepers of endosomal
uptake through certain routes.

Keywords: oligonucleotide; TLR; sncRNA; endocytosis; broad-spectrum; antiviral agent; nucleolin;
virus entry; immunoregulation; RNA therapeutics

1. Introduction

Recent advances have identified a pool of single-stranded oligonucleotides (ssONs)
(either DNA or RNA) with features resulting in the capability to inhibit a broad range of
enveloped viruses by binding to, or shielding, viral entry receptors [1–5]. These oligonu-
cleotides do not target a specific sequence (hence, they are not antisense or sequence
mimics) and can be administered in vivo without using cell-penetrating peptides or other
delivery systems. One such class of ssDNA, oligonucleotides are the nucleic acid polymers
(NAPs), which act by facilitating interactions with un-complexed amphipathic alpha helices
(Reviewed in [1]). These NAPs are typically 40-mer phosphorothioate oligonucleotides
and have been shown to interact with HIV-1 gp41 [6], the surface glycoprotein of lym-
phocytic choriomeningitis virus [7], prion proteins [8], and hepatitis delta antigen [9] in a
sequence-independent manner. However, some NAPs act in other steps of the viral life
cycle such as REP 2139, which was reported to inhibit secretion of Hepatitis B surface
antigen (HBsAg) [10,11]. The proposed mechanism of action of REP 2139 is that blocked
replenishment of HBsAg in the circulation facilitates host-mediated viral clearance [10]. A
historical background with more in-depth introduction to the chemistry of nucleic acids
therapeutics was recently published [12].
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Another set of ssDNA, which are also acting in a sequence-independent manner,
was shown to inhibit TLR3 activation [13–15]. It was revealed that this class of ssONs
inhibits TLR3 activation by temporarily inhibiting clathrin-mediated endocytosis, thereby
preventing the uptake of the TLR3 ligand dsRNA [15]. Notably, the inhibitory concentration
(IC)50 of ssONs with a capacity to inhibit TLR3 activation, is around 125 nM [15]. In
addition, this class of ssONs were shown to inhibit infection of viruses such as respiratory
syncytial virus (RSV) [3] and HIV-1 [5] in low nM concentrations. These potent activities of
ssONs (in the low nM range) make us wonder whether there could be a role for naturally
occurring oligonucleotides in the extracellular space and if so, which are the potential
sources of such oligonucleotides? This review will focus on TLR activation requiring
endocytic uptake of ligands and mechanisms on how such TLR activation can be regulated.
Moreover, we review data showing that certain oligonucleotides possess antiviral activity
without requiring delivery systems for intracellular uptake. Lastly, this review will provide
information on the development of therapeutic approaches utilizing ssONs that act in the
extracellular space.

2. Characteristics of Therapeutic Oligonucleotides

2.1. ASO

Single-stranded antisense oligonucleotides (ASO) are small (approx. 15–30 nt long),
synthetic, nucleic acid polymers that often contain various chemical modifications to
improve their therapeutic efficacy (such as stability and cellular uptake). ASO sequences
are designed to bind to their target RNA by utilizing Watson and Crick base pairing in order
to modulate splicing, affect translation initiation, or promote recruitment endonucleases
such as RNase H to increase degradation of the disease-causing RNA. The first approved
ASO was fomivirsen, which was used to locally treat cytomegalovirus (CMV) infection [12].
There are currently two widely used classes of ASO; the “gapmers” (utilizing RNase H)
and the “splice-switching” (steric block) ASO. The current ASO that utilize the enzymatic
activity of endogenous RNase H follow a “gapmer” pattern, meaning that a middle region
of 6–10 DNA bases is surrounded by RNA bases that promote target binding. The RNase
H recognizes the RNA–DNA heteroduplex substrates that are formed when the DNA-
based oligonucleotide binds to the cognate mRNA transcript and causes RNA degradation.
RNase H can cleave the RNA strand of a DNA–RNA duplex in both the nucleus and
the cytoplasm. Hence, the function of gapmers is reliant on intracellular uptake of the
ASO. ASOs typically enter cells via endocytosis and after uptake into early endosomes,
they have to cross the endosomal lipid barrier to access their target in the cytoplasm
and/or nucleus [16]. However, the mechanism for so called “endosomal escape” is poorly
understood. Nevertheless, there are currently three different gapmers approved by the
FDA and/or EMA mipomersen, inotersen, and volanesorsen, and they are all 20-mers
(Table 1).

High affinity, sterically blocking ASO, are designed to bind to their target mRNA
thereby masking specific sequences within their target transcript, which causes interference
with RNA–RNA or RNA–protein interactions. ASO approaches often modulate alternative
splicing, which leads to selective exclusion or retainment of a specific exon(s). Splice
correction methods have often been used to restore the translational reading frame in order
to salvage the target protein production [17]. So far, five different splice-switching ASO
have been approved by the FDA; eteplirsen (30-mer), nusinersen (18-mer), golodirsen
(25-mer), viltolarsen (21-mer), casimersen (22-mer) (Table 1).
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Table 1. Characteristics of clinically approved therapeutic oligonucleotides.

Trade Name (Name),
Company

Class Chemistry
Indication, (Target),

Organ
FDA/EMA

Approval Year
Comment

Vitravene
(fomivirsen)

Ionis Pharma Novartis
ASO 21-mer PS DNA CMV renitis, (viral IE2

mRNA), eye 1998

First approved nucleic
acid drug [18].

Withdrawn from use
due to reduced clinical

need. Mechanism
unclear.

Macugen, (pegaptanib)
NeXstar Pharma
Eyetech/Pfizer

Aptamer
28-mer

2′-F/2′-OMe/pegylated
RNA [19,20]

Age-related macular
degeneration

(VEGF-165), eye
2004 Anti-angiogenic,

intravitreal injection.

Kynamro (mipomersen)
Ionis Pharma, Genzyme

Kastle Tx
Gapmer ASO 20-mer PS 2′-MOE [21]

Homozygous familial
hypercholesterolaemia,
(APOB mRNA), liver

2013

RNase H-mediated
cleavage of

apolipoprotein B
mRNA. Subcutaneous

(SC) injection.

Defitelio
(defibrotide), Jazz

Pharma

Mix of DNA isolated
from porcine mucosa

Mix of PO- ssDNA and
dsDNA

Hepatic veno-occlusive
disease [22], (NA), liver 2016

Sequence-independent
mechanism of action.
Intravenous injection

(IV) [23].

Exondys 51 (eteplirsen),
Sarepta Tx ASO 30-mer PMO

Duchenne muscular
dystrophy, (DMD exon

51), skeletal muscle
2016

Steric block,
splice-switching, [24] IV

injection.

Spinraza
(nusinersen)
Ionis Pharma

Biogen

ASO 18-mer PS 2′-MOE
Spinal muscular

atrophy, (SMN2 exon 7),
CNS

2016
Steric block,

splice-switching [25],
Intrathecal injection.

Onpattro (patisiran)
Alnylam Pharma siRNA 19+2¤-mer 2′-OMe, ds [26]

Hereditary
transthyretin-mediated

amyloidosis, (TTR),
liver

2018
Lipid nanoparticle

formulation, IV
injection.

Tegsedi
(inotersen)

Inonis Pharma
Akcea Pharma

Gapmer ASO 20-mer PS
2′-MOE [27]

Hereditary
transthyretin

amyloidosis, (TTR),
liver

2018

RNaseH mechanism of
action, leading to
reductions in TTR

protein [28], SC
injection.

Waylivra
(volanesorsen) Ionis

Pharma
Akcea

Pharma

Gapmer
ASO

20-mer PS
2′-MOE [29]

Familial
chylomicronaemia

syndrome, (APOC3),
liver

2019

Only approved by EMA
not FDA.

RNaseH mechanism of
action, leading to

reductions in apoC3
proteins,

SC injection.

Givlaari
(givosiran)

Alnylam Pharma
siRNA

21/23-mer
With partial

PS, 2′-F, 2′-OMe, ds [30]

Acute hepatic porphyria
(ALAS1), liver 2019

GalNAc conjugate to
target hepatocytes, SC

injection.

Vyondys 53
(golodirsen)
Sarepta Tx

ASO 25-mer PMO
Duchenne muscular

dystrophy, (DMD exon
53), skeletal muscle

2019 Splice-switching [31], IV
injection.

Viltepso
(viltolarsen)
NS Pharma

ASO 21-mer PMO
Duchenne muscular

dystrophy, (DMD exon
53), skeletal muscle

2020 Splice-switching [32], IV
injection.

Oxlumo
(lumasiran)

Alnylam Pharma
siRNA

21/23-mer
With partial

PS, 2′-F, 2′-OMe, ds [33]

Primary hyperoxaluria
type 1 (HAO1), liver 2020

GalNAc conjugate to
target hepatocytes, SC

injection.

Leqvio
(inclisiran)

Alnylam Pharma
Novartis

siRNA
21/23-mer

With partial
PS, 2′-F, 2′-OMe, ds *

Hypercholesterolemia
(PCSK9), liver 2021

GalNAc conjugate to
target hepatocytes, SC

injection.

Amondys 45
(casimersen)
Sarepta Tx

ASO 22-mer PMO
Duchenne muscular

dystrophy, (DMD exon
45), skeletal muscle

2021 Splice-switching, [34] IV
injection.

Amvuttra (vutrisiran)
Alnylam Pharma siRNA

21/23-mer
With partial

PS, 2′-F, 2′-OMe, ds ˆ

Hereditary
transthyretin

amyloidosis [35] (TTR),
liver

2022
GalNAc conjugate to

target hepatocytes, SC
injection.

Abbreviations: 2′-Ome, 2′-O-methyl; 2′-F, 2′-fluoro; PEG, polyethylene glycol; PO, phosphodiester; PS, phospho-
rothioate; PMO, phosphorodiamidate morpholino oligomer; 2′-MOE, 2′-O-methoxyethyl; ds, double-stranded;
ss, single-stranded; PCSK9, proprotein convertase subtilisin kexin type 9; GalNac, N-Acetylgalactosamine; IV,
intravenous; SC, subcutaneous. * LEQVIO® (inclisiran) injection, for subcutaneous use (fda.gov). ˆ Novel Drug
Approvals for 2022|FDA. ¤ duplex of two 21-mer RNA with 19 complementary bases and terminal 2-nucleotide
3′overhangs.
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2.2. siRNA

The antisense (or guide) strand of a double-stranded small interfering RNA (siRNA)
also binds its target mRNA by Watson–Crick base pairing and is likewise reliant on up-
take into cells. The other strand is designated by the passenger or sense strand. siRNA
work by guiding the Argonaute (AGO) 2 protein, as part of the RNA-induced silencing
complex (RISC), to the complementary target transcripts. Exact base pairing between the
siRNA and the target transcript results in cleavage of the antisense strand, leading to gene
silencing [17]. AGO2 protein and the RISC complex have specific structural requirements
that the oligonucleotide must possess in order to bind, which limits the extent of chemical
modifications that can be introduced and reflects in the stability and cellular uptake [16]. As
of October 2022, five siRNAs have received FDA approval; patisiran, givosiran, lumasiran
inclisiran, and vutrisiran (Table 1).

2.3. Others

Aptamers are ssONs typically approx. 20–200 nt that are folded into defined secondary
structures and act as ligands that bind to target proteins in a similar way as antibodies.
They can be generated by using an in vitro evolution methodology called SELEX (system-
atic evolution of ligands by exponential enrichment) [17]. Currently, the only approved
aptamer is pegaptanib, which is an RNA-based aptamer that targets the VEGF-165 vascular
endothelial growth factor isoform. Pegaptanib is used for its anti-angiogenic properties for
the treatment of neovascular age-related macular degeneration [19,20]. There are currently
more than 40 clinical trials listed at https://clinicaltrials.gov (accessed on 20 October 2022)
concerning investigations of aptamers.

The approved drug defibrotide is produced from porcine mucosa and is composed of
a mixture of ssDNA and dsDNA (hence phosphodiester (PO)-DNA) of different sizes [22].
The mechanism of action is poorly defined as of yet, however, it is not strictly sequence
dependent [23]. The use of naturally occurring PO-DNA in a drug like defibrotide, in-
dicates that there is still a considerable amount to be revealed, in terms of how pools of
oligonucleotides contribute to the regulation of normal physiological mechanisms.

The approved medicines shown in Table 1 demonstrate the significance of oligonu-
cleotides in current medical practice. The future importance of oligonucleotide-based
therapies is further demonstrated by the notion that there are more than 250 clinical trials
listed in https://clinicaltrials.gov (accessed on 20 October 2022) utilizing oligonucleotide
therapeutics and numerous studies have been performed over the years. The concepts
in progress include different types of CpG-oligodeoxynucleotide (ODN), NAPs, micro
RNA (miRNA) (using mimics or anti), CRISPR-based technologies, small nucleolar RNA
(snoRNA), Ribozymes, long non-coding RNA (lncRNA) (using antagoNATs or small acti-
vating RNA), and of course mRNA (vaccines, VEGF cardiac regeneration) approaches that
were boosted during COVID-19 with the success of these vaccines [12,16]. Hence, these are
exciting times for therapeutic oligonucleotides and there will likely be many more approved
within the next years. Yet, there are still many unanswered questions in terms of optimizing
delivery systems into cells of different organs and also how to exploit oligonucleotides that
act on the cell surface, circumventing the obstacles of intracellular delivery. The field of
therapeutic oligonucleotides is naturally directly linked to the identification and functional
characterization of new non-coding RNAs and also how the immune system is reacting to
oligonucleotides depending on their subcellular and/or extracellular location.

3. The Expanding Identification of Small Non-Coding RNAs

In the last decades, the existence of functional regulatory sncRNA has been revealed
in all kingdoms of life, e.g., from bacteria and archaea to various eukaryotes due to
transcriptome-wide studies and advances in high-throughput sequencing technologies [36].
Nevertheless, technical challenges still remain to accurately discover and measure the
plethora of such sncRNA. There is a substantial amount of information about siRNAs,
miRNAs, and PIWI-interacting RNAs (piRNAs) which act by base pairing to their respec-
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tive RNA and/or DNA targets to exert RNA-silencing effects (such as post-transcriptional
mRNA cleavage, decay or translational repression and transcriptional silencing) via AGO
or PIWI. PIWI is an abbreviation of P-element Induced WImpy testis in Drosophila and
are highly conserved RNA-binding proteins, which are present in both plants and ani-
mals. There are also emerging data on other non-canonical sncRNA that are often approx.
13–200 nt and derive from longer RNAs such as transfer RNA (tRNA), ribosomal RNA
(rRNA), Y RNA (yRNA), small nuclear RNA (snRNA), snoRNA, vault RNA (vtRNA) and
even mRNA as well as lncRNA. Several authors ascribe sncRNAs in the range of approx.
15–50 nt [37–39]. Similar to many non-coding RNAs in history, these emerging sncRNAs
were initially considered to be random degradation products without a defined functional
role, but increasing evidence shows their functional regulatory role in both health and
diseases. There are links to cancer, immunity, viral infection, neurological diseases, stem
cells, retrotransposon control, and epigenetic inheritance (recently reviewed in [38]).

The definition of “small” non-coding RNA is relatively subjective in different con-
texts and is likely to be more streamlined in the future when more insights are gained.
Nevertheless, the different sizes in terms of numbers of nt are important to keep track of
as certain features are linked to the length, and the current sequencing techniques used
to identify sncRNA are often biased based on sizes of captured RNA [38]. For example,
many protocols were focusing on sequencing miRNA and siRNA by using a pre-size
selection with a cut-off <30 nt RNA by recovering RNA from electrophoresed gels and
thereby prevented the discovery of sncRNAs, which were more than 30 nt [38]. The RNA
size selection was later extended to approx. 45 nt, which can include PIWI-interacting
RNAs (piRNA) and also led to the discovery of tRNA-derived-small RNA (tsRNA) and
yRNA-derived-small RNA (ysRNA) found at 30–40 nt (Table 2 nomenclature of fragments
in part from [38]). In addition, it was recently realized that many non-canonical sncRNAs
carry various RNA modifications, some of which can prevent their detection by traditional
RNAseq [38]. Hence, there is a need to develop novel sequencing techniques that can
directly sequence RNA and simultaneously identify modifications, which can be as many
as 150 types [40].

Another major challenge concerns the subcellular spatial compartmentalization in-
cluding measurements in the extracellular space of sncRNAs. Great advances have been
made to spatially map the transcriptome based on in situ hybridization, either through
multiplexed imaging [41], or sequencing [42], and the single-cell resolution is likely to be
further improved. However, these methods are optimized for long mRNA, whereas the
short length of sncRNAs limits nucleic acid probe design resulting in binding to multiple
targets [38]. It is going to be exciting times to follow the development of paradigm-changing
tools allowing for the spatial and compartmentalized high-resolution discovery of sncRNAs
in various tissues in health and disease. It was reported that the profile of ncRNAs can be
changed upon virus infections [43–45]. For instance, RSV infection can induce the upreg-
ulation of certain tRNA fragments that enhance the replication of the virus by affecting
the antiviral response [43]. It is conceivable that sncRNAs possess key functions both
inside and outside of cells if released from dying cells [46], extracellular vesicles (reviewed
in [16]), or hypothetically directly exported from cells. Notably, there are highly conserved
cytoplasmic non-coding yRNAs, which range in size from 70 to 115 nt, and typically form
Ro ribonucleoproteins (RNPs) by binding to Ro60 and La proteins. These RNPs are often
targeted by the immune system in autoimmune diseases, pointing towards an Achilles
heel to discriminate self-nucleic acids from foreign ones [46,47]. Although Table 2 is very
brief and will require updates on definitions of different types of sncRNAs, which is best
performed by the sncRNA field of experts, it points out some key differences in terms of
length intervals. siRNA, miRNA, piRNA, and also other types of relatively short ssONs are
working by base pairing and gene silencing using AGO proteins or PIWI. The somewhat
longer yet highly abundant pool of ssONs of approx. 30–40 nt do not have the features to be
able to work via AGO or PIWI and may not necessarily act in a sequence-dependent manner.
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Notably, fragments derived from lncRNA and mRNA may also fall into the category of
30–40 nt [39].

Table 2. Brief description * of different types of sncRNA.

sncRNA Length Comment on Mechanism and/or Function Ref.

siRNA 20–27 nt Base pairing and gene silencing with AGO. [48]

miRNA 21–23 nt Base pairing and gene silencing with AGO. [48]

piRNA 21–35 nt Base pairing and gene silencing with PIWI. [49]

tsRNA
-tRF-1
-tRF-3
-tRF-5
-3′tRNA halves
-5′tRNA halves

13–40 nt
13–30 nt
13–30 nt
13–30 nt
30–40 nt
30–40 nt

Gene silencing not always sequence dependent. Tumor
suppression, T cell inhibition, affect virus replication and influence
stress responses. Transfer RNAs are characterized by their typical
cloverleaf structure which can be processed into abundant
fragments.

[37]

rsRNA
-several names of identified fragments. Multiple lengths

Shorter 19–24 nt involved in gene silencing with AGO.
Longer 74–130 nt function unclear.
Often derived from 45S, 5S, and 28S rRNAs in PBMCs with
lengths of 15–42.

[37,50]

ysRNA Multiple lengths often 26–40 nt but
also 83–112 nt

Overexpression of a 57 nt increased IL-10 production and
administration in vivo in rats conferred cardioprotection.
Sequencing in human PBMCs revealed abundant ysRNAs of
approx. 26–40 nt. Often derived from YRNA-RNY4 and
YRNA-RNY1 in PBMCs

[50,51]

snsRNA Approx. 16–40 nt

SnRNA is as a family of highly conserved ncRNAs located in the
nucleus and associated with Sm ribonucleoproteins and other
specific proteins, to form small nuclear ribonucleoproteins. The
function of fragments is largely unknown.

[39,52]

snosRNA Often 20–24 nt but also 17–19 nt and
27–33 nt

Some were shown to be similar to miRNA and can use AGO for
gene silencing. [52,53]

vtsRNA
Full-length vRNA is approx. 100 nt
and can be processed into approx. 23
nt

RNA components of Vault ribonucleoprotein particles, which are
located in the cytoplasm. Control of apoptosis and autophagy,
lysosome biogenesis, and function in cancer cells.

[54]

* The list and definition of different sncRNAs will require substantial revisions by the field of experts in the
sncRNA field and this table is a very rough overview to put the universe of small (s)-derived non-coding RNA
into perspective. With improved sequencing including multiple lengths, the picture may change. Peripheral blood
mononuclear cells: PBMC.

4. Endosomal Immune Receptors Recognizing Nucleic Acids

The innate immune system employs an array of pattern recognition receptors (PRRs)
to recognize potentially dangerous microbes and particles. Accordingly, these groups of
receptors are specific for highly conserved features of foreign invaders termed pathogen-
associated molecular patterns (PAMPs) or host-derived molecules called danger-associated
molecular patterns (DAMPs). Infection and tissue damage can induce a rapid inflammatory
response due to the activation of the innate immune system via PRRs which recognize dif-
ferent PAMPs and DAMPs. PRRs are found in particular locations in the cell corresponding
to their ligand specificity; hence, the receptors that detect extracellular PAMPs are expressed
on the surface of the cell, while PRRs found in the cytosol, sense microbial infections and
include NOD-like receptors, RIG-like receptors (RLRs, (RIG-1, MDA-5, and DExD/H-box
helicases)), and cytosolic DNA sensors [55–57]. Other PRRs, including certain TLRs, are
expressed in endosomal compartments and can recognize foreign nucleic acids or microbes
that have been endocytosed by the cell [56,57]. Recognition and binding to cognate PAMP
or DAMP ligands by a specific PRR lead to the activation of a signaling cascade that culmi-
nates in a coordinated intracellular innate immune response designed to control infection
or heal a stress response; this includes type I and III interferons and pro-inflammatory
cytokines and chemokines, as well as factors that modulate the expression of innate genes
that promote an antiviral cellular state. These genes encode factors with direct antiviral
action or genes that modulate the metabolic or cell cycle state, which leads to restricted viral
production. Secreted interferons and cytokines will augment the innate response locally
and recruit immune cells to the site, which altogether results in the expression of a plethora
of interferon-stimulated genes (ISGs), facilitating additional antiviral activities [57].
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TLRs belong to a conserved family of transmembrane glycoprotein receptors, for
which humans possess 10 genes. All TLRs are similarly organized with an extracellular
leucine-rich-repeat domain, a transmembrane domain, and a cytosolic Toll-IL1R (TIR)
domain that extends into the cytosol and mediates downstream signaling after receptor
activation [58]. TLRs are highly expressed in many immune cells and endothelial cells
as well as epithelial cells, and keratinocytes. However, each cell type expresses a distinct
repertoire of TLRs [59]. As shown in more detail in Figure 1, the activation of TLRs triggers
a critical immune response for host defense that is specific for the respective TLR and
induces signaling that leads to the generation of different effector molecules including
interferons and pro-inflammatory cytokines. However, dysregulation of signaling or ligand
recognition by TLRs is associated with the pathogenesis of inflammatory and autoimmune
diseases [60]. Hence, there is a distinct requirement to downregulate the innate response to
avoid chronic inflammatory responses [56,61]. Yet, the response has a crucial role in not
only responding to the pathogens per se, but also taking part in the healing response and
clearance of DAMPs.

Figure 1. Schematic illustration of TLRs localized to endosomes and the downstream signaling
pathways modified from [57]. The expression pattern of endosomal TLRs differs between different
cell types and there are also species variations as well as differential up- and downregulation in
response to danger signals. TLR4 can localize both to the plasma membrane and the endosomes
depending on the cell type in response to ligands such as LPS. TLR3 recognizes dsRNA, TLR7
recognizes ssRNA on one binding site combined with binding to guanosine on the other site, while
TLR8 recognizes ssRNA combined with binding to uridine. TLR9 responds to unmethylated CpG
motifs that are present at high frequency in bacteria. TLR signaling begins once ligand binding has
induced receptor dimerization, which is followed by the engagement of the TIR domain-containing
adaptor proteins TRIF (right) or MyD88 (left). The engagement of adaptor proteins will initiate
downstream signaling cascades which will lead to phosphorylation and nuclear translocation of
transcription factors encoding for proinflammatory cytokines or type I and III interferons. Created
with BioRender.com.
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Foreign nucleic acids are specifically recognized by RLRs, cytosolic DNA sensors, and
a subgroup of TLRs [57]. The subgroup of TLRs that can recognize nucleic acids consists
of TLR3, 7, 8, and 9, which all primarily reside in endosomal compartments unlike other
nucleic acid sensors, which are found in the cytosol. In general, these TLRs can signal from
endosomes by binding to structures that are only accessible once they are taken up and
degraded or part of a virus utilizing a certain endocytic pathway to enter the cell. Notably,
each endosomal TLR recognizes a specific type of nucleic acid [57].

TLR3 recognizes dsRNA after uptake through clathrin-mediated endocytosis [62]. The
sources of dsRNA recognized by TLR3 have been reported to be long dsRNA [63,64] but
also ssRNA with stem-loop structures [65]. Although TLR3 seems to have limited sequence
specificity, the affinity increases proportionately to dsRNA length [63,64]. The dsRNA
has been suggested to bind through electrostatic interactions and hydrogen bonds and to
require a minimum length of 40–50 bp for TLR3 activation [63,64,66,67].

TLR7 and TLR8 detect ssRNA but also require binding of RNA degradation products
for signaling [68–72]. Hence, TLR7 and TLR8 have two ligand binding sites that have to
be occupied for activation and the presence of both products will activate TLR7 or TLR8
signaling. TLR7 has been shown to have a preference for binding to guanosine at the first
binding site and recognizes a 3-mer motif embedded within long stretches of polyU-ssRNA
at the second site, in which the critical residue is uridine [68,69]. TLR8, on the other hand,
has a preference for binding to uridine at the first site and has been suggested to recognize
GU-rich ssRNA at the second site [70,72].

TLR9 responds to unmethylated CpG motifs, which consist of a central unmethy-
lated CG dimer flanked by 5′ purines and 3′ pyrimidines, present at high frequency in
bacteria [55]. TLR9 is highly expressed in plasmacytoid dendritic cells but can also be
detected in B cells and keratinocytes [73,74]. Notably, there are differences between species
in TLR9 expression as rodents express TLR9 also in macrophages and myeloid-derived
dendritic cells. Therefore, studies in mice may overestimate the activity of TLR9. Four
distinct classes of CpG have been identified and used in multiple clinical trials as adju-
vants in vaccines or cancer treatment, recently reviewed in [73]. The K-type ODNs (also
referred to as B-type) contain 1–5 CpG motifs and have a PS backbone. The D-type ODNs
(also referred to as A-type) typically express a single CpG motif flanked by palindromic
sequences enabling the formation of a stem-loop structure. The central nucleotides in the
D-types are phosphodiester (PO) while the ends are capped with PS (polyG motifs at 5′,
3′or both ends).

The activation of nucleic acid sensing TLRs triggers the induction of numerous
molecules involved in the innate immune response. These include pro-inflammatory
cytokines such as IL-6 and TNF-α that are highly produced by macrophages, conven-
tional dendritic cells, and B cells, and type I interferons (IFNs), which are secreted in high
amounts by plasmacytoid dendritic cells [75]. As shown in more detail in Figure 1, the
binding of agonists to all TLRs, except TLR3, results in a signaling cascade depending
at least in part on adaptor myeloid differentiation primary response 88 (Myd88) [58,75].
While TLR7 and TLR9 downstream signaling is completely reliant on MyD88, TLR3 solely
utilizes the TIR domain-containing adaptor protein-inducing interferon-beta (TRIF). The
compartmentalization of nucleic-acid sensing TLRs to endosomal compartments is crucial
to their specialization as it allows the innate immune system to detect non-self, internalized
nucleic acids, and additionally assures protection from their activation by self-nucleic acids
and subsequent induction of autoimmunity [61].

For therapeutic oligonucleotide design, it is preferred to evade immune recognition
since unmodified oligonucleotides can activate RIG-I and PKR, which detect dsRNA in
the cytoplasm. However, it has been shown that certain chemical modifications such as
2′-OMe-modifications of uridine and guanidine residues in siRNA aid in immune eva-
sion [16]. Nevertheless, there is still a knowledge gap in our understanding of immunogenic
properties when designing therapeutic nucleic acids. It can be noted that oligonucleotides
with neutral backbones have so far not been implicated in immune activation [16].
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TLR3 is expressed in the endosomal compartments of diverse leukocytes such as myeloid
dendritic cells, natural killer cells, and macrophages as well as non-immune cells including
fibroblasts, endothelial cells, epithelial cells, keratinocytes, and neurons [14,59,74,76–79]. Due
to the notion that TLR3 recognizes dsRNA, which can be found in some viral genomes and is
produced during viral replication cycles, it constitutes a key component in the recognition and
clearance of certain viral infections [80,81]. The activation of TLR3 ensues after suitable ligand
binding and leads to the interaction and dimerization of TLR3 extracellular domains [60]. This
is followed by signal transduction which leads to the activation of nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB) and the production of pro-inflammatory cytokines.
Moreover, TRIF-mediated signaling can lead to the production of type 1 IFNs through the
phosphorylation and activation of interferon regulatory factor 3 (IRF3). [60,82]. The release of
pro-inflammatory cytokines and type I IFN by activated or infected cells is crucial in initiating
inflammatory and adaptive antiviral responses [60].

TLR3 activation is not limited to agonists of viral origin and can be induced by dsRNA
released by damaged tissue or the widely used synthetic dsRNA analog, polyI:C. While
TLR3 activation is important for an efficacious immune response towards viral infection,
in the course of which dsRNA accumulates throughout viral replication, it has the po-
tential to initiate undesirable effects. In principle, endogenous nucleic acids can trigger
TLR3-dependent immune responses, thereby contributing to inflammatory pathologies
and autoimmunity [83–85]. Further, excessive TLR3 activation has been shown to in-
crease pathology in some viral infections [86–88] and it has been implicated in undesirable
outcomes such as virus-induced asthma [89]. However, damage of the lung does not neces-
sarily have to be due to infection, but can also be enhanced by sterile cell death, e.g., during
oxygen treatment of patients with acute respiratory distress syndrome [90], organ trans-
plant complications, cardiovascular disease and diabetes or autoimmune reactions such
as arthritis [76,77,91–93]. All nucleic acid sensing endosomal TLRs have been implicated
in asthma, wherein TLR3 has been associated with induction, and TLR7, TLR8 and TLR9
are associated in disease exacerbation [94,95]. Human TLR3-mediated immunity, at least
in some individuals, is pivotal for protection against HSV-1 infection in the CNS [81] and
there is an increasing number of reports showing augmented disease severity in patients
with TLR3 deficiency [96–98], otherwise, TLR3 signaling is remarkably redundant.

Altogether, there is extensive support in the literature that over-reactivities involving
the recognition of nucleic acids, which are taken up into endosomes and trigger TLRs, have
a key role in the pathogenesis of several autoimmune and allergic reactions [14,46,47,80,99].

5. Discovery of SOMIE

We previously showed that a 35 mer CpG ssON (B-type) could inhibit TLR3 signal-
ing in primary human monocyte derived cells (moDC) that express TLR3/4/8, but lack
TLR7/9 [14]. This was a serendipity finding discovered when we were combining differ-
ent TLR agonists and measured moDC activation in order to disclose combinations with
additive and/or synergistic effects. As the moDC lacked TLR9 expression, we realized
that the inhibitory effect was not dependent on TLR9. Consequently, removal of the CpG
motifs and replacement with another nucleotide did not alter the inhibitory effect [14].
We provided evidence that polyI:C–induced DC maturation was inhibited by ssON on
all levels investigated: upregulation of maturation markers, production of type I interfer-
ons and proinflammatory cytokines, and phosphorylation of vital transcription factors
(NFkB, IRF-3). We also showed that polyI:C–induced cytokine production in the airways of
cynomolgus macaques was significantly blocked by ssON [14].

As a next step, we further elucidated mechanisms involved in the inhibition of TLR3.
It was previously found that ssONs containing TTAGGG motifs to mimic telomeric DNA
had a general immunosuppressive effect because of inhibition of STAT signaling [100],
while ssONs with polyG motifs inhibited TLR9 activation (and in some cases also TLR7
and TLR8), with the suggested mechanism of competitive antagonism [101–103]. However,
the ssONs discovered in [14] did not have such motifs.
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We synthesized a panel (varying sequences, modifications and length) of ssON to
identify the requirements for the inhibition of dsRNA-mediated activation [15]. We dis-
covered that ssON not only inhibited TLR3 activation, but also inhibited the activation
of TLR7 in PBMC making it unlikely that it was a direct TLR3 antagonistic mechanism.
Further, we found that ssON modulated TLR4 activation that was dependent on endosomal
uptake, while leaving TLR4 signaling from the plasma membrane unaffected in human
moDC [15]. Extracellular cargo destined for TLR3/4/7 signaling endosomes is taken up by
endocytosis. We therefore investigated whether the inhibition of TLR activation was due to
decreased uptake of ligands into endosomes. Indeed, we provided evidence that certain
ssON temporarily downregulate clathrin-mediated endocytic activity, thereby revealing a
gate keeping mechanism for TLR3/4/7 activation. We termed the ssON-mediated interfer-
ence of endocytosis SOMIE and showed that both single-stranded RNA and DNA, but not
dsDNA, have this capability [15] (Figure 2).

 

Figure 2. Schematic picture of ssON-mediated interference of endocytosis (SOMIE) modified
from [15]. TLR ligands LPS, dsRNA and ssRNA are taken up through clathrin-mediated endo-
cytosis into endosomes expressing TLR4, TLR3, and TLR7 in cells such as human moDC, which will
trigger TLR activation and secretion of cytokines and IFNs (left). In the presence of 35-mer ssON in
the extracellular space, clathrin-mediated endocytosis is temporarily inhibited until ssON is degraded
into smaller pieces and consequently endosomal TLR 4/3/7 activation is blocked in moDC (right).
Created with BioRender.com.

The endocytic inhibition was concentration dependent and not strictly sequence
dependent. However, there was a length requirement of at least 25 nt. It is conceivable
that not all cell types respond to the SOMIE effect, but we have shown inhibition of TLR3
activation in moDC, keratinocytes, epithelial cells and fibroblasts [14]. Whole cell proteomic
and transcriptomic analyses revealed that there were remarkably few cellular changes
occurring in moDC after SOMIE [15]. We further provided evidence that ssON modulate
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TLR3 activation in vivo in macaques [15]. This opens possible novel therapeutic avenues
for autoimmunity involving endocytosis-dependent TLR3/4/7 activation. Our findings
that either ssDNA or ssRNA of at least 25 nt have the capacity to temporarily shut down
clathrin-mediated endocytosis opens up intriguing questions in host–viral interactions,
RNA biology, and autoimmunity. Our data have implications for questions in several
fields such as (1) viral endocytosis, (2) cellular uptake of oligonucleotide therapeutics and
endogenous sncRNA (13–24 nt), (3) role of stabilizing modifications of endogenous 25–40 nt
pool of RNA, (4) immune regulatory function of non-coding RNAs, and (5) development
of ssON-based therapeutics acting in the extracellular space.

6. ssONs Acting as Attachment/Entry Inhibitors of Viruses

Clathrin-mediated endocytosis is a key step for cellular entry of many viruses that
can lead to the triggering of TLRs located in endosomes [104]. The development of entry
inhibitors aligns with a WHO incentive to target virus-associated host factors, which
are theoretically less prone to the development of resistance. As these host factors are
employed by multiple viruses, there is also the possibility to achieve a broad antiviral
coverage. Targeting virus entry is appealing [105] as it blocks the first step in the viral
life cycle and shuts off subsequent replication and pathogenic processes. We therefore
reasoned that it would be prudent to investigate whether ssONs with the capacity to
inhibit endocytosis could function as an antiviral agent. We indeed obtained data showing
reduced influenza A (H1N1) infection in vitro in human cells and in a murine in vivo
challenge model after ssON treatment [2]. We next investigated the capacity of ssONs to
inhibit RSV infection [3,4]. We found that the ability to block RSV infection was dependent
on the length of the oligonucleotide, but not strictly sequence dependent as a selection
of ssONs between 25–35 nt have the ability to inhibit RSV infection. Furthermore, we
discovered that inhibitory ssONs of either DNA or RNA origin effectively inhibited RSV.
We found that the effect to inhibit RSV was not dependent on the PS-modification and
PO-ssON could also inhibit RSV infection, although not as efficiently as the stabilized
version. Notably, we synthesized a selection of six different sncRNAs derived from yRNA,
rRNA, or tRNA, which were identified in the bronchoalveolar lavage of healthy individuals.
These sequences were randomly selected from a published data set [106], but they were
all in the range of 30–40 nt long. We found that these stabilized sncRNAs also possess
the capacity to inhibit RSV infection in a similar low nM range as the “parent” 35-mer
ssON [4]. These findings further highlighted the importance of oligonucleotide length,
but not necessarily an exact sequence or chemical modification, and revealed that this
inhibitory effect could be a naturally occurring phenomenon. We also demonstrated that
the likely mode-of action governing the inhibitory effect was acting at the viral entry step
by preventing the viral binding to nucleolin [3,4].

7. Nucleolin Is a Binding Partner for ssONs

Nucleolin is a nucleic acid-binding protein that exists abundantly in the cell nucleus,
but it is also present in the cytoplasm and the cell membrane [107]. Nucleolin is a mul-
tifunctional protein and plays key functions in processes such as chromatin remodeling,
transcription of rRNA, rRNA maturation, ribosome assembly, and ribosome biogene-
sis [107]. Nucleolin can bind to either DNA or RNA and was also reported to encompass
DNA and RNA helicase activity [107]. It has been indicated as a shuttling protein present in
endosomes and to be responsible for transporting proteins between the nucleus, cytoplasm,
and the cell surface [108–110]. Notably, a recent study showed that nucleolin located on
the surface of murine DC bound directly to A-type CpG ODN, B-type CpG ODN, and
polyI:C and promoted their internalization. In human DCs, nucleolin also contributed
to the binding and internalization of both type A and B CpG ODNs [111]. Intriguingly,
nucleolin has been reported to be involved in viral attachment and/or entry of not only
RSV [112,113], but also other viruses such as HIV-1, HSV-2, influenza, parainfluenza type 3,
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enterovirus 71, Crimean–Congo hemorrhagic fever virus, adeno-associated virus type 2,
coxsackie B virus, Seneca Valley virus [107,114–116].

Nucleolin is currently the only candidate that has fulfilled all requirements to be
defined as a functional receptor for RSV. It was demonstrated that pre-treating cells with a
nucleolin antibody reduced the infection and pre-treating the virus with soluble nucleolin
before infection similarly reduced infection. Furthermore, silencing nucleolin expression
by using siRNA, significantly reduced the RSV infection. Additional support for nucleolin
as a functional RSV receptor was obtained after the induction of nucleolin expression in
normally non-permissive cells, which enabled RSV infection [112,113]. Further studies
have shown that by utilizing the DNA aptamer AS1411, which binds nucleolin located
on the cell surface, RSV infection can be inhibited in epithelial cell lines and in vivo in
mice and cotton rats [117]. The RSV F protein has been shown to be the interacting partner
of nucleolin [112] and a recent study showed that the F protein binds specifically to the
RBD1,2 (RNA binding domain 1,2) binding site of nucleolin [113].

Several studies indicate that nucleolin is part of a multicomplex consisting of several
proteins, which participate in the binding and entry of RSV [113,118]. Furthermore, studies
have suggested that RSV facilitates its own uptake by triggering nucleolin to translocate to
the surface of cells upon viral binding [119]. A recent report showed that the interaction
of the RSV F protein with IGF1R triggered the activation of protein kinase C zeta, which
resulted in the recruitment of nucleolin to the cell surface, whereby nucleolin aided in
viral entry [120] (Figure 3, left). There is still a lack in our knowledge on which viral-cell
binding partners are involved in triggering translocation of nucleolin to the cell surface
upon contact with other viruses [116]. It also remains to be further established as to what
extent nucleolin is required for the viral entry of other viruses. It is conceivable that there
might be differential susceptibility to entry inhibitors targeting nucleolin depending on the
virus. Our finding that ssONs with the length of 30–40 nt have the capacity to interfere with
nucleolin is intriguing and opens up for additional testing of other viral families reliant on
nucleolin during the attachment and/or entry step (Figure 3, right). Notably, we were able
to reduce RSV infection in vivo in a murine model [3]. We also studied immune responses
occurring locally in the lungs in RSV-challenged mice with or without ssON treatment and
found that the ssON treated mice displayed a more profound upregulation of ISGs using
the Nanostring technology.

We used qPCR to validate that ssON treatment indeed upregulated expression of ISGs
such as Stat 1, Stat 2, Ccl2, and Cxcl10 [3]. Hence, it is conceivable that blocking one viral
entry pathway may force viruses to enter via another uptake route, which hypothetically
can trigger cytoplasmatic nucleic acid sensors, which are effective inducers of ISGs. Future
studies are required to investigate the cellular and molecular responses occurring locally in
the lungs upon ssON treatment, especially as it possesses both antiviral and immunomod-
ulatory properties. This is especially pertinent in an in vivo context as several cell types are
involved, both resident and recently infiltrating cells, in a finely tuned and orchestrated
immune response.

The finding that we may naturally have sncRNAs in, for example, bronchoalveolar
lavage with antiviral potential [4] hints towards a naturally occurring mechanism, although
it is conceivable that the PS-modifications may strengthen and prolong the effects.
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Figure 3. Schematic illustration of nucleolin (NCL) as an attachment receptor for virus and participa-
tion in clathrin-mediated endocytosis (left), which can be inhibited by 35-mer ssON (right). Initially,
certain viruses attach to the cellular membrane using heparan sulfate proteoglycan (HSPG) and/or
NCL. Next, viruses bind to specific receptors involved in viral entry, and may also trigger intracellular
signaling. Hence, viral glycoproteins, such as the RSV F-protein, binds to cellular receptors (IGF1R
for RSV) which initiates signaling (PKCζ for IGF1R) [120]. The signaling leads to translocation of
NCL from the nucleus to the cell surface. Cell surface NCL also interacts with the C-terminal residues
of clathrin light chain A, which is a key component in clathrin-dependent endocytosis. Upon specific
receptor binding, the viral entry process is initiated and often occurs through clathrin-mediated
endocytosis. Subsequently, viral fusion and virus disassembly may occur. Nucleolin regulates viral
attachment and binds nucleic acids as well as aptamer AS1411 through binding of the C-terminal
glycine/arginine-rich domain (yellow-green). However, viral proteins (such as RSV F-protein) may
also interact with NCL RBD for internalization [113]. The 35-mer ssON but not 15-mer ssON can
inhibit viral attachment by shielding NCL [3,4]. We hypothesize that the 35-mer ssONs confer steric
hindrance for the endocytosis to occur, while the shorter ssONs are unable to block the molecu-
lar movements and are instead readily taken up via clathrin-mediated endocytosis. Created with
BioRender.com.
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8. Therapeutic Approaches of ssONs Acting in the Extracellular Space

TLR3 is a key receptor for the recognition of dsRNA and the initiation of immune
responses against viral infections. However, hyperactive responses can have adverse
effects, such as virus-induced asthma but also in other diseases. An over-reactive TLR3
signaling driven by viral, or endogenous dsRNA from dying cells, has been implicated as
a common driver in several diseases including viral infections [86–88], acute respiratory
distress syndrome [90], asthma, organ transplant complications, cardiovascular disease,
and diabetes or autoimmune reactions such as arthritis [76,77,89,91–93]. Experimental
evidence supporting TLR3 involvement was often demonstrated by a diminished response
in TLR3 knock-out mice and/or exacerbation of the inflammatory condition by polyI:C.
As TLR3 is primarily located in the endosomes and is activated (in an acidic environment)
upon the binding of dsRNA taken up from dying cells or virus infected cells, it is not an
easy target for small molecule inhibitors or antibody-based therapies. New strategies for
drug development may therefore be required to prevent TLR3-mediated pathology.

Our results demonstrate that TLR3-triggered immune activation can be modulated
by the 35-mer ssON and provide evidence of dampening proinflammatory cytokine re-
lease in the airways of cynomolgus macaques and locally in the skin. Injection in the
skin led to a reduction in IL-6 (pro-inflammatory) production and induction of IL-10
(“anti-inflammatory”) [15]. In addition, the 35-mer ssON ameliorates certain itch in vivo
in mice and reduces mast cell degranulation [121]. These findings may open novel per-
spectives for clinical strategies to prevent or treat inflammatory conditions exacerbated by
TLR3 signaling.

We used well-known PS-modifications of the ssONs in the antiviral and immunoregu-
latory experiments, which enhance the stability of nucleic acid drugs by nucleus-mediated
degradation (recent review on different modifications [122]). Additionally, the PS backbone
confers protein-binding properties enhancing binding to plasma proteins and cell-surface
proteins involved in cellular attachment and/or facilitating uptake into cells [123]. Nu-
merous clinical trials have been conducted with PS-stabilized oligonucleotides (PS-ONs)
over the past two decades from which conserved class behaviors have been established.
After administration by intravenous infusion or subcutaneous injection, PS-ONs are rapidly
cleared from the blood (half-life <1 h), concomitant with accumulation in peripheral or-
gans, mostly liver and kidney. They are relatively resistant (compared with PO-ONs) to
nuclease-mediated degradation, but degrade slowly over time with the primary route of
elimination via the kidney [124]. Thus, further drug development of PS-stabilized ssON as
a broad-spectrum antiviral agent active against RSV [3,4], influenza A [2], and HIV-1 [5],
and hypothetically blocking nucleolin-dependent entry driven by various glycoproteins
of other pathogenic viruses for which there is still a significant medical need, is highly
warranted. It is conceivable that the antiviral mechanism acting in vivo is more complex
than inhibition of viral binding to cellular surfaces as differential immune responses may
also be evoked that may take part in the defense [3]. Hence, careful pharmacokinetic
and formulation studies are required to design future animal studies in combination with
mechanistic studies to reveal how antiviral 35-mer ssON´s act in vivo.

9. Conclusions and Future Prospects

Based on recent advances and progress in the field, there is little doubt that additional
nucleic acid-based therapeutics will be approved within the coming years. Currently,
the majority of oligonucleotide-based therapeutics are centered on base pairing to target
a specific sequence to achieve, for example, gene silencing (Table 1). Nevertheless, the
expanding field of non-coding RNA biology also teaches us about the plethora of different
RNA fragments of which some may exert functions that are non-sequence specific. It is
conceivable that they may have a secondary structure required for RNA–protein binding
and modifications to increase stability and/or increase affinity. There is a need to develop
techniques that can include sequencing of RNA modifications, and preferentially high-
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resolution spatial techniques, which can reveal the subcellular and/or extracellular location
of the non-coding fragments.

There is currently a lack in our understanding about the functions of the pool of
non-coding RNA with the approximate length of 30–40 nt. Recent years have explored
the functions of shorter fragments such as miRNA, siRNA, and piRNA but there is a still
much to reveal concerning the abundant pool of 30–40 nt that can be found to be derived
from different RNA such as tRNA, Y RNA, rRNA, mRNA, and lncRNA. One hypothetical
view of the 30–40 nt pool is that they confer a “buffering” system to regulate the uptake
of endocytic cargo into cells lining (keratinocytes, epithelial, and endocytic cells) and
patrolling (classical DC) the body for the detection of pathogenic intruders.

We have provided evidence that some ssONs have the capacity to temporarily inhibit
certain endocytic pathways [15] and have provided evidence of their immunoregulatory
functions [121] in experimental conditions based on endocytic uptake and triggering of
endosomal TLR3 [14,15]. In addition, this pool of 30–40 nt RNA may also have a role
in preventing entry of certain viruses [2–4]. There is still a gap in our understanding to
what extent they exert broad-spectrum antiviral capacities and if additional immunolog-
ical properties are associated with their antiviral effects. More knowledge on how the
immune system is dealing with extracellular oligonucleotides of different lengths will
aid in the design of ASO therapeutics and may also open up the field for a new type of
immunoregulatory and/or antiviral therapies.
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Abstract: Toll-like receptors (TLR) play an eminent role in the regulation of immune responses to
invading pathogens during sepsis. TLR genetic variants might influence individual susceptibility to
developing sepsis. The current study aimed to investigate the association of genetic polymorphisms
of the TLR2 and TLR4 with the risk of developing sepsis with both a pilot study and in silico tools.
Different in silico tools were used to predict the impact of our SNPs on protein structure, stability,
and function. Furthermore, in our prospective study, all patients matching the inclusion criteria in
the intensive care units (ICU) were included and followed up, and DNA samples were genotyped
using real-time polymerase chain reaction (RT-PCR) technology. There was a significant association
between TLR2 Arg753Gln polymorphisms and sepsis under the over-dominant model (p = 0.043).
In contrast, we did not find a significant difference with the TLR4 Asp299Gly polymorphism with
sepsis. However, there was a significant association between TLR4 Asp299Gly polymorphisms and
Acinetobacter baumannii infection which is quite a virulent organism in ICU (p = 0.001) and post-
surgical cohorts (p = 0.033). Our results conclude that the TLR2 genotype may be a risk factor for
sepsis in adult patients.

Keywords: TLR; polymorphism; infection; sepsis; septic shock

1. Introduction

Infection is one of the prominent causes of human morbidity and mortality, especially
in patients requiring critical care [1,2]. Moreover, in intensive care units (ICUs), a serious
complication of infection is sepsis and its maximal manifestation, septic shock [3]. Sepsis
is an infection-induced life-threatening organ dysfunction with mortality rates reaching
20–70% [4,5].

Infectious diseases have been found to be a major selective pressure [6]. Despite
the ambiguity of the precise etiology of sepsis, numerous studies have shown that gene
polymorphisms have an important role in affecting individual susceptibility to sepsis [7].
Some polymorphisms of the innate immune system are supposed to mediate a predispo-
sition to infectious complications including the outcome of patients with sepsis [8]. The
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innate immune system is of crucial importance for both the direct defense against micro-
organisms and the activation of the adaptive immune system [9]. The innate immunity
system is the main mediator of inflammation, and it recruits specific pattern recognition
receptors (PRRs) capable of recognizing micro-organisms through identifying conserved
pathogen-associated molecular patterns.

Toll-like receptors (TLR) are the most studied subtypes of pattern recognition receptors
with their critical importance in the immune system [10,11]. Among the members of the TLR
family, TLR2 and TLR4 are considered the most important PRRs that cover a wide range of
antigenic determinants [12]. TLR4 has a distinctive ability to recognize a very wide range
of microorganisms including Gram-negative bacteria through Lipopolysaccharide (LPS),
in addition to many viruses and Fungi. Meanwhile, TLR2 is regarded as a key molecule
in regulating our immune system with a crucial role in the recognition of Peptidoglycans
of Gram-positive bacteria, in addition to different ligands of yeast, fungi, viruses, and
parasites [12,13].

One of the most studied innate immunity polymorphisms is the TLR4 Asp299Gly
(rs4986790) polymorphism, which interferes with TLR4 signal transduction; thus, it is
supposed to affect host susceptibility to infections and microbial invasions [14]. Moreover,
structural analysis of TLR4 Asp299Gly has revealed evidence of a resulted impairment in
TLR4 binding to its ligands [15]. Meanwhile, one of the most important polymorphisms of
TLR2 is Arg753Gln; the presence of this SNP was found to impair the signaling pathway of
this key receptor [16], thus suggesting increased susceptibility to infections and sepsis.

Consequently, many studies have been conducted all over the world to reveal the
prevalence of these SNPs and their impact on infection and sepsis susceptibility, but a
varied pattern of prevalence was found for both TLR4 and TLR2 SNPs among different
populations [13,17,18]. In addition, conflicting results were found regarding their impact
on infection and sepsis susceptibility in different populations [19–21]. Therefore, a need
was felt for further investigation on these issues. The usage of computational approaches
in studying SNPs’ impact has gained momentum and importance in recent years [22–25].
Integrating the in silico approach with the experimental one provides great accuracy and
depth to the analysis.

In this study, we aimed to investigate the possible role of TLR2 and TLR4 polymor-
phisms in affecting sepsis susceptibility and survival in critically ill patients in the Egyptian
population using both in silico analysis and experimental methods.

2. Results

The study involved both a pilot study and in silico analysis. A scheme illustrating the
layout of the study plan is shown in Figure 1.

Figure 1. Scheme illustrating the outline of the study plan.
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2.1. In Silico Analysis
2.1.1. General Information: TLR2

TLR2 gene (ENSG00000137462) is a protein-coding gene located on 4q31.3. It is
composed of five exons with a length of 26,564 nucleotides. It is located on Chromo-
some 4: 153684080-153710643 according to the Genome Reference Consortium Human
Build 38 patch release 13 (GRCh38.p13) with NCBI Reference Sequence (NC_000004.12)
(https://www.ncbi.nlm.nih.gov/gene/7097 (accessed on 29 August 2021)). There are eight
transcripts for this gene (ensemble.org). This gene encodes Toll-like receptor 2 protein, a
member of the Toll-like receptor (TLR) family. Figure 2A shows the subcellular localiza-
tion of TLR2. The predicted network of protein–protein interactions of the TLR2 protein
is shown in Figure 2B and its Gene Coexpression matrix (Figure 2C) shows coexpres-
sion with CD14, CLEC7A, and LY96 with scores of 0.611, 0.281, and 0.130, respectively
(https://string-db.org (accessed on 29 August 2021)). Rs5743708 is an SNP located at
Chromosome 4, position: 153705165 (forward strand) with two alleles (G and A). G is
the ancestral allele and the minor allele frequency for A equals 0.01. This is a missense
variant that causes the replacement of amino acid Arginine with amino acid Glutamine at
position 753.

2.1.2. General Information: TLR4

TLR4 gene (ENSG00000136869) is a protein-coding gene located on 9q33.1. It is
composed of four exons with a length of 20,333 nucleotides. It is located on Chromosome
9: 117704403-117724735 according to the Genome Reference Consortium Human Build 38
patch release 13 (GRCh38.p13) with NCBI Reference Sequence (NC_000009.12) (https://
www.ncbi.nlm.nih.gov/gene/7099 (accessed on 29 August 2021)). There are four transcripts
for this gene (ensemble.org). This gene encodes the Toll-like receptor 4 protein, a member
of the Toll-like receptor (TLR) family as well. Figure 2D shows the subcellular localization
of TLR4. The predicted network of protein–protein interactions of TLR4 protein is shown
in Figure 2E and its Gene Coexpression matrix (Figure 2F) shows coexpression with LY86,
CD14, and LY96 with scores of 0.301, 0.264, and 0.176, respectively (https://string-db.org
(accessed on 29 August 2021)). Rs4986790 is an SNP located at Chromosome 9, position:
117713024 (forward strand) with three alleles (A, G, and T). A is the ancestral allele and
the minor allele frequency for G equals 0.06. This is a missense mutation that causes the
replacement of amino acid Aspartic acid with amino acid Glycine at position 299.

2.1.3. Predicting the Effect of SNPs on Protein Function

Five bioinformatics tools were used to predict the impact of rs4986790 and rs5743708
on the TLR4 and TLR2 proteins, respectively, to increase the accuracy of the results. For
TLR4, all used bioinformatics tools predicted this variation to be neutral or benign as shown
in Table 1. While for TLR2, all tools predicted this SNP to be damaging except SNPs and
GO which predicted it to be neutral (Table 1). Figure 3 shows the structural and functional
effects of SNPs.

Table 1. Predicting the effect of SNPs on protein function using bioinformatics tools.

SNP
Amino Acid

Change
SIFT Polyphen2 PANTHER PROVEAN SNPs and GO

rs4986790 D299G Tolerated Benign probably
benign Neutral Neutral

rs5743708 R753Q Deleterious Probably
Damaging

probably
damaging Deleterious Neutral
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2.1.4. Identifying SNP Location on Protein Domains

Using InterPro revealed that rs5743708 was found to be located on the Toll/Interleukin-
1 Receptor Homology (TIR) Domain (InterPro entry: IPR000157) in the TLR2 protein which
is an essential domain for protein function, while rs4986790 location was found to belong to
a superfamily called Leucine-rich repeat domain superfamily (InterPro entry: IPR032675).

2.1.5. Prediction of Protein Stability with SNPs

I-Mutant 2.0 web server analyzed the effects of rs5743708 and rs4986790 SNPs on the
stability of TLR2 and TLR4 proteins, respectively, by calculating free energy change values
(DDG) and the Reliability Index value (RI). For TLR4, rs4986790 was found to decrease
stability with RI = 3 and DDG = 0.38 Kcal/mol. While for TLR2, rs5743708 was found to
decrease stability with RI = 8 and DDG = −0.71 Kcal/mol.

Figure 3. Functional and structural consequences of SNPs (A). Predicting the impact of rs5743708 on
TLR2 function—the score ranged from benign (0) to damaging (1) (B). Table showing the transcripts
of rs5743708, allele (transcript allele), consequence type, amino acid fate, codons, and PolyPhen score.
R: Arginine, Q: Glutamine (ensemble.org). (C) Predicting the impact of rs4986790 on TLR4 function
the score ranges from benign (0) to damaging (1) (D). Table showing the transcripts of rs4986790,
allele (transcript allele), consequence type, amino acid fate, codons, and PolyPhen score. D: Aspartate,
V: valine, G: Glycine (ensemble.org).
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2.1.6. Conservation Analysis

TLR2 and TLR4 proteins were analyzed by the ConSurf server to perform an evolu-
tionary conservation analysis of their amino acid positions (Figures 4 and 5), respectively.
In TLR2, position 753 (R753) was found to be an exposed and functional residue with
high conservation. While in TLR4, position 299 (D299) was found to be an exposed and
variable residue.

Figure 4. Evolutionary conservation analysis of TLR2 by Consurf.
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Figure 5. Evolutionary conservation analysis of TLR4 by Consurf.
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2.1.7. Identifying the Structural Effects of SNPs

Using Project HOPE to analyze rs4986790 in TLR4, the new Glycine residue was found
to differ in size and charge from the wild residue (Aspartic Acid) which could lead to a
loss of interactions (Figure 6A). There was a difference in hydrophobicity too, which could
cause loss of hydrogen bonds with possible disturbance of correct folding. Moreover, this
replacement leads to an inability to form a Cysteine Bridge with its importance to protein
stability, thus affecting the 3D structure of the protein and protein stability. In addition,
Glycine flexibility affects the needed stability at that position. Meanwhile, analyzing
rs5743708 in TLR2 revealed differences in size and charge between wild and mutant amino
acids which could cause a loss of interactions (Figure 6B). Moreover, the different properties
could lead to disturbance and elimination of (TIR) Domain function with its importance for
protein function.

Figure 6. HOPE illustration of mutation structural impacts (A). Project HOPE illustration of the
structural replacement of Aspartic acid with Glycine at position 299 in the TLR4 protein (colored with
grey). The side chain of the wild type is colored in green while Glycine only has a hydrogen atom in
its side chain (B). Project HOPE illustration of the structural replacement of Arginine with Glutamine
at position 753 in the TLR2 protein (colored with grey). The side chain of the wild type is colored
green while the side chain of the mutant type is colored red.

2.2. Demographic and Microbiological Data

A total of seventy-five Egyptian unrelated patients were included in the study. All
participants had developed an infection. The patients were followed up to assess sepsis and
septic shock, and the demographic features and the clinical characteristics of ICU-admitted
patients according to developing sepsis are presented in Table 2. The two groups had
significant differences in age factor, APACHE score at admission, and some categories of
admissions. Causative organisms are listed (Table 2). There was no statistically significant
difference between any of the causative organisms and developing sepsis.

Table 2. Demographic and clinical features of ICU admitted patients with and without sepsis.

Variables All No Sepsis Sepsis p-Value OR (95% CI)

Demographic Characteristics

Number 75 (100%) 48 (64.0%) 27 (36.0%)

Age, years

Mean ± SD 60.0 ± 17.6 55.5 ± 18.9 68.0 ± 11.5 0.003

≤40 years 14 (18.7%) 14 (29.2%) 0 (0.0%) 0.002 Reference

≤60 years 20 (26.7%) 14 (29.2%) 6 (22.2%) 13.0 (0.67–252.6)

>60 years 41 (54.7%) 20 (41.6%) 21 (77.8%) 30.41 (1.7–543.6)
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Table 2. Cont.

Variables All No Sepsis Sepsis p-Value OR (95% CI)

Sex Male 47 (63.0%) 31 (64.6%) 16 (59.3%) 0.64 Reference

Female 28 (37.0%) 17 (35.4%) 11 (40.7%) 1.25 (0.48–3.30)

Vital signs HR 100.6 ± 21.3 101.2 ± 20.8 99.5 ± 22.4 0.75

MAP 81.7 ± 25 85.4 ± 27.4 75.2 ± 18.7 0.09

Concomitant diseases

Diabetes Positive 29 (38.7) 17 (35.4%) 12 (44.4%) 0.44 1.46 (0.56–3.82)

Hypertension Positive 42 (56.0%) 26 (54.2%) 16 (59.3%) 0.67 1.23 (0.47–3.20)

Vascular disease Positive 27 (36.0%) 15 (31.3%) 12 (44.4%) 0.25 1.76 (0.66–4.66)

Chronic lung disease Positive 6 (8.0%) 5 (10.4%) 1 (3.7%) 0.41 0.33 (0.04–2.99)

Chronic liver disease Positive 7 (9.3%) 2 (4.2%) 5 (18.5%) 0.09 5.23 (0.94–29.10)

Chronic renal disease Positive 17 (22.7%) 10 (20.8%) 7 (25.9%) 0.61 1.33 (0.44–4.02)

ICU assessment

APACHE score Mean ± SD 17.4 ± 8.3 15.8 ± 6.0 20.3 ± 10.8 0.024

Glasgow scale Mean ± SD 9.8 ± 4.4 9.4 ± 4.1 10.5 ± 4.8 0.29

Length of stay, days Mean ± SD 19.7 ± 15.9 17.6 ± 11.8 23.4 ± 21.1 0.13

Consequence
Discharge 27 (36.0%) 19 (39.58%) 8 (29.63%) 0.69 Reference

Transferred 5 (6.7%) 3 (6.25%) 2 (7.40%) 1.58 (0.22–11.3)

Death 43 (57.3%) 26 (54.17%) 17 (62.96%) 1.55 (0.56–4.34)

OS, days Mean ± SD 19.6 ± 17.2 17.5 ± 13.4 22.8 ± 22 0.33

Admission category

Renal Positive 2 (2.7%) 1 (2.1%) 1 (3.7%) 0.67 1.81 (0.11–30.1)

Cardiovascular Positive 3 (4%) 2 (4.2%) 1 (3.7%) 0.92 0.88 (0.08–10.2)

Infection Positive 21 (28%) 7 (14.6%) 14 (51.8%) 0.001 7.23 (2.42–21.6)

Neurology Positive 20 (26.7%) 17 (35.4%) 3 (11.1%) 0.022 0.27 (0.07–1.03)

Post-surgical Positive 11 (14.7%) 6 (12.5%) 5 (18.5%) 0.47 1.59 (0.44–5.80)

Respiratory Positive 10 (13.3%) 10 (20.8%) 0 (0.0%) 0.011 0.07 (0.00–1.19)

Trauma Positive 3 (4%) 3 (6.3%) 0 (0.0%) 0.54 0.24 (0.01–4.75)

Other causes Positive 5 (6.7%) 2 (4.2%) 3 (11.1%) 0.24 2.88 (0.45–18.4)

Variables All No sepsis Sepsis p-value OR (95% CI)

Causative organism in culture

Enterobacter spp. Positive 6 (6.3%) 3 (6.3%) 3 (11.1%) 0.45 1.88 (0.35–10.01)

Acinetobacter baumannii Positive 11 (11.5%) 7 (14.6%) 4 (14.8%) 0.97 1.02 (0.27–3.85)

Candida albicans Positive 3 (3.1%) 1 (2.1%) 2 (7.4%) 0.25 3.76 (0.32–43.53)

Escherichia coli Positive 15 (15.8%) 11(22.9%) 4 (14.8%) 0.40 0.59 (0.17–2.06)

Gram negative bacilli Positive 3 (3.1%) 2 (4.2%) 1 (3.7%) 0.92 0.90 (0.08–10.45)

Klebsiella pneumoniae Positive 20 (21.1%) 13 (27.1%) 7 (25.9%) 0.91 0.94 (0.32–2.75)

Pseudomonas aeruginosa Positive 12 (12.6%) 6 (12.5%) 6 (22.2%) 0.27 2.00 (0.57–6.96)

Staph spp. Positive 17 (17.9%) 12 (25.0%) 5(18.5%) 0.52 0.68 (0.21–2.20)

Streptococcus spp. Positive 4 (4.2%) 3 (6.25%) 1 (3.7%) 0.63 0.58 (0.06–5.84)

Aeromonas hydephila Positive 1 (1.1%) 1 (2.1%) 0 (0%) 1.00 0.58 (0.02–14.6)

Proteus spp. Positive 1 (1.1%) 1 (2.1%) 0 (0%) 1.00 0.58 (0.02–14.6)

Citrobacter spp. Positive 1 (1.1%) 1 (2.1%) 0 (0%) 1.00 0.58 (0.02–14.6)

Serratia spp. Positive 1 (1.1%) 1(2.1%) 0 (0%) 1.00 0.58 (0.02–14.6)

Data are shown as a number (percentage) or number ± standard deviation. HR: heart rate in beats per minute;
MAP: mean arterial pressure in mmHg, OS: Overall survival. Chi-square (χ2) or Fisher’s exact tests were used
for qualitative variables and student’s t-test was used for quantitative attributes. OR (95% CI), odds ratio, and
confidence interval. Statistical analysis at p-value < 0.05.
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2.3. Allele Frequencies of TLR2 and TLR4 Genes in the Study Population

Genotype and allele frequencies for TLR2 and TLR4 were detailed in Table 3. For
TLR4, the frequency of wild-type genotype AA was 91%, while the heterozygous genotype
AG was 8%, and the mutant genotype GG was 1%. The genotype frequencies followed the
genotype frequencies expected by Hardy–Weinberg equilibrium (p > 0.05). For TLR2 the
frequency of wild-type genotype GG was 92%, while the heterozygous genotype GA was
5%, and the mutant genotype AA was 3%. The genotype frequencies did not follow the
genotype frequencies expected by Hardy–Weinberg equilibrium (p < 0.05).

Table 3. Genotype and allele frequencies of TLR2 and TLR4 genes in the study population according
to developing or not developing sepsis.

Variables
TLR2 (rs5743708) TLR4 (rs4986790)

All Non-Septic Septic p-Value All Non-Septic Septic p-Value

Genotype frequencies

A/A 2 (3) 1 (2) 1 (4) 0.22 68 (91) 45 (94) 23 (85) 0.20

G/A 4 (5) 1 (2) 3 (11) 6 (8) 2 (4) 4 (15)

G/G 69 (92) 46 (96) 23 (85) 1 (1) 1 (2) 0 (0)

Allele frequencies

A 8 (5) 3 (3) 5 (9) 0.10 142 (95) 92 (96) 50 (93) 0.39

G 142 (95) 93 (97) 49 (91) 8 (5) 4 (4) 4 (7)

P HWE 0.009 0.032 0.180 0.180 0.063 1.00

Data are shown as a number (percentage). Fisher’s Exact tests were performed. Statistical analysis at
p value < 0.05.

Genotype association models for the risk of sepsis were analyzed and a significant
association was found between TLR2 Arg753Gln SNP and sepsis under the over dominant
model (p = 0.043), but in the TLR4 polymorphism this difference did not reach statistical
significance (Table 4).

Table 4. Genotype association models for sepsis risk assessment.

Model Genotype Non-Septic Septic Adjusted OR (95% CI) a p-Value

TLR2

Codominant b G/G 46 (95.8%) 23 (85.2%) Reference

A/G 1 (2.1%) 3 (11.1%) 11.42 (0.84–155.32) 0.12

A/A 1 (2.1%) 1 (3.7%) 1.65 (0.09–29.49)

Dominant G/G 46 (95.8%) 23 (85.2%) Reference 0.07

A/G-A/A 2 (4.2%) 4 (14.8%) 5.34 (0.77–36.96)

Recessive G/G-A/G 47 (97.9%) 26 (96.3%) Reference 0.79

A/A 1 (2.1%) 1 (3.7%) 1.48 (0.09–25.46)

Over-dominant G/G-A/A 47 (97.9%) 24 (88.9%) Reference 0.043

A/G 1 (2.1%) 3 (11.1%) 11.27 (0.83–152.94)

Log-additive — — — 2.42 (0.61–9.56) 0.18

TLR4
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Table 4. Cont.

Model Genotype Non-Septic Septic Adjusted OR (95% CI) a p-Value

Codominant b A/A 45 (93.8%) 23 (85.2%) Reference 0.11

A/G 2 (4.2%) 4 (14.8%) 7.23 (0.77–67.86)

G/G 1 (2.1%) 0 (0%) 0.00 (0.00-NA)

Dominant A/A 45 (93.8%) 23 (85.2%) Reference 0.16

A/G-G/G 3 (6.2%) 4 (14.8%) 3.68 (0.57–23.57)

Recessive A/A-A/G 47 (97.9%) 27 (100%) Reference 0.36

G/G 1 (2.1%) 0 (0%) 0.00 (0.00-NA)

Over-dominant A/A-G/G 46 (95.8%) 23 (85.2%) Reference 0.06

A/G 2 (4.2%) 4 (14.8%) 7.49 (0.79–71.02)

Log-additive — — — 1.90 (0.45–8.04) 0.37

Values are shown as numbers (%). Chi-square (χ2) or Fisher’s exact tests were used. OR (95% CI), odds ratio,
and confidence interval. a adjusted for confounding factors (age and sex). b represented both heterozygote and
homozygote comparison models.

2.4. TLR2 and TLR4 Polymorphisms in Relation to Clinical and Laboratory Data

The association of single nucleotide polymorphisms (SNPs) with clinical and labora-
tory characteristics data is studied in Table 5. There was a statistically significant association
between the TLR4 polymorphism (rs4986790) and infection with Acinetobacter baumannii
(p = 0.001) and infection with undetermined Gram (−) bacilli. Moreover, a statistically
significant association was found between the TLR4 polymorphism (rs4986790) and post-
surgical patients’ admission category referred to ICU (p = 0.033). In addition, the TLR4
polymorphism (rs4986790) had a significant association with the selection of Azithromycin
as an empirical antibiotic (p = 0.003), and Imipenem antibiotic (p = 0.024), while the TLR2
polymorphism (rs5743708) had an association with the selection of Teicoplanin (p < 0.001)
and with Ampicillin + Sulbactam (p = 0.022). The selected empirical antibiotic depended
on patient status and the severity of infection.

Table 5. Analysis for the association of variants with clinical and laboratory characteristics.

Variables
TLR2 (rs5743708) TLR4 (rs4986790)

p-Value p-Value

Demographic
Age, years 0.84 0.99

Sex 0.27 0.71

Vital signs

HR, beats/min 0.27 0.47

MAP, mm Hg 0.70 0.84

SBP, mm Hg 0.70 0.86

DBP, mm Hg 0.80 0.92

Concomitant diseases

Diabetes 0.80 0.08

Hypertension 0.95 0.06

Vascular dis 0.14 0.43

Chronic lung disease 0.75 0.71

Chronic liver disease 0.49 0.67

Chronic renal disease 0.31 0.80
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Table 5. Cont.

Variables
TLR2 (rs5743708) TLR4 (rs4986790)

p-Value p-Value

ICU assessment

APACHE score 0.75 0.70

Glasgow scale 0.89 0.24

Length of stay 0.84 0.36

Sepsis 0.22 0.20

Septic shock 0.74 0.44

Death 0.75 0.46

Overall survival 0.52 0.06

Admission category (cause of
admission)

Renal 0.91 0.90

Cardiovascular 0.87 0.25

Infection 0.07 0.38

Neurology 0.30 0.77

Post-surgical 0.70 0.033

Respiratory 0.22 0.55

Trauma 0.87 0.85

Other causes 0.79 0.75

Biochemical data

WBC, ×103 cells/μL 0.56 0.16

HB, g% 0.08 0.31

Creatinine, mg/dL 0.98 0.24

Causative organism

Enterobacter spp. 0.07 0.05

Acinetobacter spp. 0.70 0.001

Candida spp. 0.08 0.85

E. coli 0.44 0.38

Gram (−) bacilli 0.87 <0.001

Klebsiella spp. 0.30 0.69

Pseudomonas spp. 0.73 0.90

Staph spp. 0.63 0.80

Streptococcus spp. 0.83 0.80

Aeromonas spp. 0.95 0.94

Proteus spp. 0.95 0.94

Citrobacter spp. 0.95 0.94

Serratia spp. 0.95 0.94

Variables
TLR2 (rs5743708) TLR4 (rs4986790)

p-Value p-Value

Type of culture

Blood 0.68 0.76

Sputum 0.77 0.29

Urine 0.47 0.41

Pus 0.35 0.73

CSF 0.95 0.94
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Table 5. Cont.

Variables
TLR2 (rs5743708) TLR4 (rs4986790)

p-Value p-Value

No of infections 0.48 0.94

Empirical antibiotic

No of antibiotics 0.05 0.77

Cefoperazone 0.91 0.90

Ceftazidime 0.57 0.90

Levofloxacin 0.47 0.14

Cefepime 0.16 0.23

Ampicillin + sulbactam 0.022 0.70

Imipenem 0.22 0.024

Meropenem 0.95 0.94

Ertapenem 0.75 0.69

Azithromycin 0.95 0.003

Rifampicin 0.95 0.94

Teicoplanin <0.001 0.94

Cefotaxime 0.57 0.90

Piperacillin 0.95 0.94

Chi-square (χ2) or Fisher’s exact tests were used for qualitative variables and student’s t-test was used for
quantitative attributes. Statistical analysis at p value < 0.05.

2.5. Multivariate Analysis in Relation to Developing Sepsis

A multivariate analysis was performed to determine which variable was indepen-
dently associated with the risk of sepsis (Table 6). Only age was found to be independently
associated with the risk of sepsis with a p-value of 0.009.

Table 6. Multivariate analysis for the risk of sepsis in ICU-admitted patients.

Risk Factors OR 95% CI (Lower) 95% CI (Upper) p-Value

Age 0.940 0.897 0.984 0.009

Sex (female) 0.473 0.116 1.925 0.30

HR, beats/min 1.003 0.974 1.033 0.83

MAP, mm Hg 0.898 0.654 1.233 0.51

SBP, mm Hg 1.022 0.915 1.142 0.70

DBP, mm Hg 1.123 0.901 1.400 0.30

WBC, ×103 cells/μL 0.926 0.854 1.003 0.06

HB, g% 0.875 0.666 1.150 0.34

Creatinine, mg/dL 0.938 0.724 1.217 0.63

APACHE score 0.942 0.815 1.088 0.42

Glasgow scale 0.962 0.800 1.156 0.68

Length of stay 0.962 0.917 1.008 0.11

TLR2 (A/G) 0.082 0.001 6.474 0.26

TLR2 (G/G) 1.939 0.084 44.584 0.68

TLR4 (A/G) 0.090 0.005 1.785 0.11

TLR4 (G/G) NA NA NA 1.00

OR: odds ratio; CI: confidence interval. Binary logistic regression analysis was performed.
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2.6. Survival Analysis

Survival analysis was performed with the usage of Log-rank, Breslow, and Tarone–
Ware tests which showed significance only with the length of stay (0.001, 0.001, and 0.001),
respectively, and with the post-surgical category of admission with a log-rank test (0.03), as
shown in Table 7.

Table 7. Survival analysis in ICU-admitted patients.

Variables
Overall Comparisons

Log Rank Breslow Tarone–Ware

Demographic data Age 0.44 0.36 0.35

Sex 0.23 0.50 0.36

Vital signs HR 0.61 0.99 0.84

MAP 0.86 0.69 0.75

SBP 0.45 0.46 0.44

DBP 0.63 0.64 0.64

Concomitant disease Diabetes 0.87 0.62 0.85

Hypertension 0.12 0.26 0.17

Vascular disease 0.39 0.28 0.28

Chronic liver disease 0.58 0.50 0.50

Chronic renal disease 0.42 0.55 0.48

ICU assessment APACHE score 0.81 0.84 0.76

Glasgow scale 0.51 0.54 0.57

Length of stay <0.001 <0.001 <0.001

Sepsis 0.91 0.82 0.78

Septic shock 0.94 0.69 0.74

No empirical drug 0.06 0.09 0.06

Admission category Renal 0.53 0.54 0.54

Cardiovascular 0.30 0.56 0.44

Infection 0.79 0.86 0.82

Neurology 0.33 0.29 0.31

Post-surgical 0.030 0.09 0.06

Respiratory 0.61 0.74 0.62

Trauma 0.32 0.39 0.37

Other causes 0.26 0.59 0.40

Lab data WBC, ×103 cells/μL 0.66 0.93 0.84

HB, g% 0.51 0.69 0.61

Creatinine, mg/dL 0.71 0.42 0.55

No of infection 0.48 0.47 0.54

Molecular analysis TLR2 0.38 0.25 0.27

TLR4 0.63 0.39 0.43

Combined 0.12 0.35 0.22

Survival time is shown as mean and standard error, HR: Hazard ratio, CI; confidence interval. Log-rank, Breslow,
and Tarone–Ware tests were used to find Kaplan–Meier estimates for survival. Quantitative variables were
categorized by their medians.
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In addition, Cox regression analysis was applied to the data to determine if any of
these variables were independently associated with the duration of survival (Table 8).
Hazard risk for TLR2 was 1.89 and hazard risk for TLR4 was 2.25 but these results did not
reach significance, so the effect of TLR gene status during time remained constant.

Table 8. Multivariate analysis for the risk of mortality in ICU-admitted patients.

Variables HR 95% CI p-Value

Demographic data
Age 1.90 (0.47–7.57) 0.36

Sex 0.42 (0.09–1.93) 0.27

ICU assessment

APACHE score 1.41 (0.31–6.24) 0.65

Glasgow scale 1.86 (0.38–8.89) 0.44

Septic shock 0.55 (0.10–2.90) 0.48

No empirical drug 0.32 (0.04–2.06) 0.62

No of infection 1.76 (0.19–16.23) 0.23

Molecular analysis
TLR2 1.89 (0.08–43.58) 0.69

TLR4 2.25 (0.48–10.43) 0.30

HR: hazard risk, CI: confidence interval. Cox Proportional Hazard Regression analysis was performed.

3. Discussion

The remarkable importance of TLR2 and TLR4 in our immune system and in mod-
ulating our response to infection suggested potential roles of their important variants,
Arg753Gln and Asp299Gly, in increasing susceptibility to infection and sepsis as well.

Different bioinformatics approaches were utilized in our analysis. Investigating the
impacts of our variants depended on five various tools with various approaches to achieve
a high robustness and effectiveness. While rs4986790 was predicted to possess a benign
impact on TLR4 by all tools, rs5743708 was predicted by all tools except SNPs and GO to
possess a damaging impact on TLR2. Moreover, the SNPs’ positions on the domains of their
proteins were determined by InterPro, revealing the presence of rs5743708 on the important
TIR domain. The TIR domain has a crucial role in the activation of TLR pathways [26].
Therefore, it is anticipated that this mutation could affect its protein function. In addition,
since protein function and structure are critically dependent on its stability [27], the impacts
of rs5743708 and rs4986790 on their proteins’ stability were investigated revealing how
proteins’ stability was reduced by these SNPs. Furthermore, concerning the relationship
between high scores of conservation and functionally significant residues [28], the conser-
vation analysis was intended to anticipate those SNPs which could affect the significant
functions. Rs5743708 of TLR2 was found to be a functional residue with high conservation.
On the contrary, rs4986790 of TLR4 was found to be a variable residue. In addition, both
rs5743708 and rs4986790 were anticipated to induce structural impacts on TLR2 and TLR4,
respectively using the HOPE bioinformatics server.

In our prospective study, the genotype frequencies for TLR4 were in accordance with
Hardy–Weinberg equilibrium. On the contrary, the genotype frequencies for TLR2 were
not in accordance with the Hardy–Weinberg equilibrium, and this aberrant result was also
found by Saleh et al. in the Egyptian population, in his study about Toll-like receptor-2
polymorphisms and the susceptibility to pulmonary and peritoneal tuberculosis [29] which
may require further investigation. The different prevalence of these SNPs between different
populations have been steadily observed by different researchers [13,17,18] with obvious
differences between Asian, African, and European ethnicities for both SNPs. These different
distribution patterns between populations were suspected to be responsible for different
susceptibility patterns to infectious diseases and other serious diseases such as coronary
artery disease and type 2 Diabetes as well [18,30].
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In our study, there was a significant association between TLR2 Arg753Gln polymor-
phism and sepsis under the over-dominant model (p = 0.043), while the TLR4 polymorphism
did not show such significance. Some other investigators reached the same results in some
populations despite the observed conflict between studies. A meta-analysis study con-
ducted by Gao and colleagues found an association in this study between Arg753Gln SNP
and the risk of sepsis among critically ill adult patients in Europe. Meanwhile, this study
also shed light on the issue of the conflicting results regarding the TLR2 polymorphism and
developing sepsis [21]. The TLR4 polymorphism studies also showed conflicting results;
a study conducted in France by Lorenz et al. found that the Asp299Gly and Thr399Ile
polymorphisms of TLR4 might potentially be linked to Gram-negative septic shock [19]. On
the contrary, some studies showed an absence of association between TLR4 SNP and sepsis;
a study conducted by Kumpf et al. found no association between Asp299Gly and Thr399Ile
polymorphisms of TLR4 and the incidence of sepsis syndrome or the type of organisms
causing surgical infection in German adults [20]. In addition, another study by Shan Xo et al.
in Wenzhou found that the Asp299Gly and Thr399Ile polymorphisms may not correlate
with susceptibility to sepsis in Chinese Han children [31]. These conflicting results can be
seen frequently among different ethnic groups in these types of genetic association studies
investigating diseases that depend on several genetic factors [32], as sepsis is believed to
be initiated and augmented by multiple genes and there is no full control over sepsis by
a single gene [33,34]. Consequently, the various frequency of different SNPs in different
ethnic groups, and the difference in the penetration and the effect of SNPs because of other
factors such as gender or age variations in different studies could explain these conflicting
results among different populations.

Developing infection with Acinetobacter baumannii was found to have a statistically
significant association with the TLR4 polymorphism (p = 0.001). This finding is in agree-
ment with a recent study conducted by Chatzi et al. who found that the Asp299Gly and
Thr399Ile polymorphisms of TLR4 could play an essential role in developing multidrug
resistance to Acinetobacter baumannii in CNS infections [35]. In addition, other researchers
have confirmed the role of TLR4 in Acinetobacter baumannii infection in vitro and in vivo
and found that the production of IL-8 by epithelial A549 cells in the human lung as a
response to Acinetobacter baumannii required both TLR2 and TLR4 [36]. However, other
studies showed that the recognition of Acinetobacter baumannii depends on TLR4 rather
than TLR2, as TLR4 is the dominant receptor in this type of recognition. Knapp et al.
found that TLR4-deficient mice, not TLR2-deficient mice (with intranasal inoculation of
Acinetobacter baumannii Lipopolysaccharides) showed the impaired production of TNFa
in bronchi alveolar lavage fluid and the impaired recruitment of polymorph nuclear cells,
compared with Wild Type mice [37]. Moreover, Kim et al. found that the production of
Acinetobacter baumannii-induced cytokines was impaired with TLR4-deficient bone marrow-
derived macrophages or dendritic cells, while it was not the case with TLR2-deficient
macrophages [38]. Besides, Erridge et al. found that the activation of human monocytes
(resulting from phenol water re-extracted Lipopolysaccharides from Acinetobacter bauman-
nii) was the responsibility of the TLR4 signaling pathway [39]. This association between
the TLR4 polymorphism and this virulent bacterium could allow proper management and
prevention measures where high rates of Acinetobacter baumannii infection are found. This
could be an important step towards the individualization of host susceptibilities towards
virulent microorganisms in intensive care units.

Our study also found a significant association between the TLR4 polymorphism
(rs4986790) and the post-surgical category among patients referred to ICU. This role of the
TLR4 polymorphism in post-surgery was investigated by a clinical study conducted by
Koch and colleagues who found that the presence of a TLR4 polymorphism influenced the
immune–endocrine stress response which resulted from the systemic inflammation caused
by major surgery. They found decreased serum concentrations of ACTH, IL-8, IL-10, and
GM-CSF postoperatively in those surgical patients who carried that polymorphism [40].
This might explain this significant association found in our study.
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The multivariate analysis was also performed to analyze the effects of our variables
on the development of sepsis syndrome, but it was only the age factor that was found to
have an independent association with the risk of sepsis in our study group. The age factor
is a well-identified risk factor for developing this syndrome [41].

Survival analysis found that the length of stay and the surgical category of admission
had a significant association with time of survival in intensive care units. Our results are in
agreement with several studies that found an association between prolonged ICU stay and
higher hospital mortality as well. Those patients, with an ICU length of stay of 14 days or
longer, were found to have a mortality rate of more than 50% [42,43].

Overall, our study is characterized by the usage of both experimental and in silico
methods. Our investigation showed promising results regarding the analysis of the role of
TLRs variants in infection and sepsis. However, our study had its limitations as in most
genetic polymorphism studies, as the number of patients carrying the variant alleles was
relatively small due to the small number of these polymorphisms in the general population.
As a result, there is a need for multi-center studies conducted on a larger scale to validate
these findings.

4. Materials and Methods

4.1. Ethics Statement

The study protocol was approved by Scientific Research Ethics Commission at Suez
Canal University (reference No. 201709MH1). All subjects or their next of kin gave informed
consent before inclusion in the study.

4.2. In Silico Analysis
4.2.1. General Information

National Center for Biotechnology Information (NCBI) and Ensembl databases were
used to retrieve general information about TLR2 and TLR4 genes. Subcellular localization
was retrieved from compartments.jensenlab.org mainly and genecards.org. Gene coexpres-
sion and predicted protein–protein interactions were obtained from the String Biological
database. General information about rs5743708 and rs4986790 were brought from the
dbSNP and Ensembl databases. (https://web.expasy.org (accessed on 29 August 2021))
was used for retrieving data about the variants’ effect on sequences of our proteins with
these data gained from UniProtKB/Swiss-Prot databases.

4.2.2. Predicting the Effect of SNPs on Protein Function

Five bioinformatics tools were used to predict the effect of SNPs on protein function
to increase the strength and accuracy of results; 1-SIFT (Sorting Intolerant from Tolerant)
(https://sift.bii.a-star.edu.sg/ (accessed on 30 August 2021)). SIFT depends on sequence
homology in addition to the physical properties of amino acids to predict the effect of
missense mutations on protein function [44]. 2-PolyPhen-2 (Polymorphism Phenotyping v2)
(http://genetics.bwh.harvard.edu/pph2 (accessed on 30 August 2021)). PolyPhen-2 uses
comparative and physical approaches to predict the effect of amino acid substitution [45].
3-PANTHER (Protein Analysis Trough Evolutionary Relationship) (http://www.pantherdb.
org/tools/csnpScoreForm.jsp (accessed on 30 August 2021)). This method depends on
calculating the evolutionary preservation of an amino acid to predict the likelihood that a
nonsynonymous SNP could cause a functional impact on the protein [46]. 4- PROVEAN
(Protein Variation Effect Analyzer) (http://provean.jcvi.org/seq_submit.php (accessed on
30 August 2021)). PROVEAN uses blast hits to calculate the delta alignment score and
computes the PROVEAN score finally with a cutoff at −2.5 [47]. 5-SNPs and GO (https:
//snps.biofold.org/snps-and-go/snps-and-go.html (accessed on 30 August 2021)). SNPs
and GO depend on protein functional annotation to predict the impact of variations [48].
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4.2.3. The Identification of SNP Location on Protein Domains

The locations of SNPs on conserved domains on TLR2 and TLR4 proteins were identi-
fied using the InterPro bioinformatics tool (https://www.ebi.ac.uk/interpro/ (accessed on
30 August 2021)), a bioinformatics tool that could perform functional analysis of protein
and identify domains and functional sites [49].

4.2.4. The Prediction of Protein Stability with SNPs

We used I-Mutant 2.0 (https://folding.biofold.org/i-mutant/i-mutant2.0.html (ac-
cessed on 30 August 2021)) to predict the stability of the TLR2 and TLR4 proteins with
rs5743708 and rs4986790 SNPs, respectively [50]. I-Mutant 2.0 is considered a support
vector machine that was tested depending on the ProTherm database which contained the
largest experimental data about stability changes with protein mutations [51].

4.2.5. The Identification of Evolutionarily Conserved Positions in a Protein Sequence

This identification was performed using the ConSurf server (https://consurf.tau.
ac.il (accessed on 30 August 2021)) which depends on phylogenetic relations between
homologous sequences to identify the evolutionary conservation of amino acids in protein
sequences [28,52].

4.2.6. The Identification of Structural Effects of SNPs

Structural effects of rs5743708 and rs4986790 SNPs on TLR2 and TLR4, respectively,
were analyzed using HOPE (https://www3.cmbi.umcn.nl/hope/ (accessed on 30 August
2021)) which is a mutant analysis server that could analyze the effects of SNPs on protein
structure [53].

4.3. The Study Design

This was a prospective observational study that was conducted in intensive care units
in Suez Canal University Hospitals, Ismailia, Egypt, for seven months. All ICU Patients
who contracted infections with a positive culture or a chest X-ray were included in the
study group. All included patients were Egyptian adults of both sexes. Exclusion criteria
were patients younger than 18 years old, pregnancy, immune suppression, and patients
with radiation therapy or chemotherapy.

Once admitted, general examination and clinical status were assessed for patients;
both Acute Physiology and Chronic Health Evaluation (APACHE II) scores and sequential
organ failure assessment (SOFA) scores were measured. In addition to vital signs check
(blood pressure, heart rate, respiratory rate, central venous pressure, and temperature) and
laboratory analyses such as complete blood count, blood sugar, CRP, blood urea nitrogen,
serum calcium, potassium, sodium, aspartate aminotransferase, alanine aminotransferase,
and arterial blood gas analysis were carried out.

The patients were further followed up to assess infection, sepsis, and septic shock.
Routine cultures of sputum, blood, urine, and pus were collected to determine the presence
of infection and identify the causing organism. Assessment of sepsis and septic shock was
performed by daily evaluation for sepsis or septic shock. Sepsis and septic shock were
defined and diagnosed according to “The Third International Consensus Definitions for
Sepsis and Septic Shock (Sepsis-3)” [4].

4.4. Samples Collection

Two milliliters of venous blood sample were collected into EDTA tubes from all
admitted patients in the study group under complete aseptic conditions and stored at
−80 ◦C until processed for DNA extraction.

4.5. Genotyping

Genomic DNA was extracted from venous blood with a QIAamp DNA Blood Mini kit
(Cat. No. 51104; QIAGEN, Hilden, Germany) according to the manufacturer’s protocol. The
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measurement of both the concentration and purity of the extracted DNA was performed
by NanoDrop ND-1000 (NanoDrop Tech., Inc., Wilmington, DE, USA).

Genotyping for the TLR4 gene polymorphism (Asp299Gly; rs4986790) and TLR2 gene
polymorphism (Arg753Gln; rs5743708) was performed using real-time polymerase chain
reaction technology using TaqMan allelic discrimination assay. The required reagents for
the TaqMan assay including TaqMan genotyping assay and TaqMan genotyping master
mix were brought from Applied Biosystems (Foster City, CA, USA). The assay ID for
rs5743708 is C_27860663_10 and for rs4986790 is C_11722238_20. PCR was run with a total
reaction volume of 25 μL reaction volume. The components of PCR reaction were 12.5 μL
TaqMan genotyping master mix; No AmpErase UNG (2×), genomic DNA (20 ng) diluted
to 11.25 μL with DNase-RNase free water, and 1.25 μL TaqMan SNP genotyping assay mix
(Cat. No. 4351379, Applied Biosystems, Foster City, USA). Nuclease-free water was used as
a negative control.

The PCR amplification was carried out in a StepOne™ real-time PCR system (Applied
Biosystems, Foster City, CA, USA) according to the following conditions: a hold cycle
(95 ◦C for 10 min) followed by a 40-cycle PCR consisting of 95 ◦C for 15 s and 60 ◦C for one
minute. SDS software version 1.3.1 (Applied Biosystems) was used for allelic discrimination.
Genotyping was performed with blindness to sepsis/non-sepsis status.

4.6. Statistical Analysis

Statistical analysis was carried out using Microsoft® Excel 2010 and the “Statistical
Package for the Social Sciences (SPSS) for windows” software, version 24. Odds ratios
(OR) with a 95% confidence interval (CI) were calculated. Descriptive statistics were
expressed as percentages for qualitative variables and mean ± standard deviation (SD) for
quantitative variables. Testing differences between septic patients and no septic patients
were performed using Student’s t-test, Chi-square (χ2) test, or Fisher’s exact tests. p-value
was considered statistically significant below 0.05. The Hardy–Weinberg equilibrium (HWE)
was calculated by the Online Encyclopedia for Genetic Epidemiology (OEGE) software
(http://www.oege.org/software/hwe-mrcalc.shtml (accessed on 10 March 2019)). The
relationship between the risk factors including our polymorphisms and the development of
sepsis was further determined using logistic regression after adjustment of factors. Survival
analysis was performed as well. Log-rank, Breslow, and Tarone–Ware tests were used
to find Kaplan–Meier estimates for survival. Cox regression analysis was applied to the
data to determine if any of the variables were independently associated with the duration
of survival.

5. Conclusions

Rs5743708 was predicted by nearly all used bioinformatics tools to possess a dam-
aging impact on TLR2 which was not the case with rs4986790 of TLR4. Meanwhile, the
conducted pilot study concluded that the TLR2 genotype may be a risk factor for sepsis
in adult patients, Moreover, our study showed that Asp299Gly polymorphism in TLR4
may be associated with an increased risk of Acinetobacter baumannii infection. In addition, a
significant association was found between the TLR4 polymorphism and the post-surgical
category of patients admitted to intensive care units. Identification of the role of TLR2
and TLR4 polymorphisms in developing infection and sepsis could allow early prediction,
prevention, and management of these serious diseases.
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Abstract: The receptor of advanced glycation end products (RAGE) and Toll-like receptor 4 (TLR4)
are important receptors for inflammatory responses induced by high glucose (HG) and lipopolysac-
charide (LPS) and show crosstalk phenomena in inflammatory responses. However, it is unknown
whether RAGE and TLR4 can influence each other’s expression through a crosstalk mechanism and
whether the RAGE–TLR4 crosstalk related to the molecular mechanism of HG enhances the LPS-
induced inflammatory response. In this study, the implications of LPS with multiple concentrations
(0, 1, 5, and 10 μg/mL) at various treatment times (0, 3, 6, 12, and 24 h) in primary bovine alveolar
macrophages (BAMs) were explored. The results showed that a 5 μg/mL LPS treatment at 12 h had
the most significant increment on the pro-inflammatory cytokine interleukin 1β (IL-1β), IL-6, and
tumor necrosis factor (TNF)-α levels in BAMs (p < 0.05) and that the levels of TLR4, RAGE, MyD88,
and NF-κB p65 mRNA and protein expression were upregulated (p < 0.05). Then, the effect of LPS
(5 μg/mL) and HG (25.5 mM) co-treatment in BAMs was explored. The results further showed that
HG significantly enhanced the release of IL-1β, IL-6, and TNF-α caused by LPS in the supernatant
(p < 0.01) and significantly increased the levels of RAGE, TLR4, MyD88, and NF-κB p65 mRNA and
protein expression (p < 0.01). Pretreatment with FPS-ZM1 and TAK-242, the inhibitors of RAGE and
TLR4, significantly alleviated the HG + LPS-induced increment of RAGE, TLR4, MyD88, and NF-κB
p65 mRNA and protein expression in the presence of HG and LPS (p < 0.01). This study showed that
RAGE and TLR4 affect each other’s expression through crosstalk during the combined usage of HG
and LPS and synergistically activate the MyD88/NF-κB signaling pathway to promote the release of
pro-inflammatory cytokines in BAMs.

Keywords: TLR4–RAGE crosstalk; glucose; lipopolysaccharide (LPS); inflammatory; alveolar
macrophages

1. Introduction

Long-distance transportation is an essential part of the beef cattle industry, but trans-
portation stress caused by long-distance transportation can weaken cattle’s immune sys-
tems causing the occurrence of bovine respiratory disease complex (BRDC) [1]. During
the occurrence of BRDC, gram-negative bacterial infections are a major cause of pneu-
monia [2,3]. Lipopolysaccharide (LPS) and hyperglycemia were considered the most
common contributors to the pulmonary inflammatory response [4]. LPS, the primary
element of gram-negative bacteria’s outer membrane, can activate alveolar macrophages
(AMs) and promote the release of pro-inflammatory cytokines such as IL-1β, IL-6, and
TNF-α [5,6]. Furthermore, transportation stress elevates blood glucose in cattle, leading to
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hyperglycemia [7,8]. Hyperglycemia is not only related to the release of pro-inflammatory
cytokines in AMs, such as IL-1β, IL-6, and TNF-α [9–11], but is also associated with the pro-
duction of a cytokine storm [12]. Several studies have reported that HG and LPS promote
AM activation and that HG can exacerbate LPS-induced inflammatory response [4,13,14],
but the molecular mechanism needs to be further investigated.

TLR4 is an intrinsic immune receptor that is closely associated with inflammatory
responses and cytokine storm formation [15,16]. It is the receptor for LPS in triggering
myeloid differentiation factor 88 (MyD88) and nuclear factor kappa-B (NF-κB) inflamma-
tory signaling pathways and promoting the production and release of pro-inflammatory
cytokines IL-1β, IL-6, and TNF-α [17–20]. Dasu et al. [21] found that HG-induced upreg-
ulation of Toll-like receptor 2 (TLR2) and TLR4 expression in human monocytes further
promoted the activation of NF-κB. Mudaliar et al. [22] reported that inhibition of TLR2
or TLR4 significantly inhibited HG-induced NF-κB activation and the synthesis and re-
lease of pro-inflammatory cytokines and chemokines in human microvascular endothelial
cells. These studies suggested that TLR4 is also closely associated with the HG-induced
inflammatory response.

RAGE, another important receptor involved in the inflammatory response, can bind
with various ligands, including advanced glycosylation end products (AGEs) [23], high
mobility group box 1 (HMGB1) [24], and the S100A8/A9 heterodimer [25]. The ligands
mentioned above are increased in the HG-induced inflammatory response [26,27]. HG
induces significant upregulation of RAGE and its ligands, which then bind to RAGE to
enhance RAGE oligomerization and further activate the cellular inflammatory signaling
pathways [27]. Wang et al. [28] found that the use of RAGE-blocking antibodies effectively
inhibited LPS-induced NF-κB activation in endothelial cells, suggesting that RAGE plays
an important role in the LPS-induced inflammatory response.

Previous studies found that RAGE and TLRs have a similar mechanism of action
and similar ligands and inflammatory signaling pathways are shared by TLR4 and RAGE,
which have a synergistic activation effect on downstream signaling pathways when both
receptors are activated. The above phenomenon is called “cross-talk” or crosstalk [29,30].
Specifically, upon activation of RAGE and TLR4, downstream signaling pathways of the
two receptors converge and activate synergistically at multiple levels. The use of TLR4-
related signaling pathways to transduce activation signals from RAGE can activate a wider
range of signaling pathways as well as cause more intense signaling after RAGE binds to
ligands [29,31]. Both HG and LPS can activate RAGE and TLR4 and share downstream
inflammatory signaling pathways. However, it is unclear whether RAGE–TLR4 crosstalk is
involved in the combination treatment of HG and LPS-induced inflammation response in
BAMs. In addition, whether RAGE interacts with TLR4 to influence each other’s expression
at the receptor level and synergistic activation of the MyD88/NF-κB pathway in the
inflammatory response of BAMs needs to be further investigated.

In this experiment, we aimed to investigate the role of RAGE–TLR4 crosstalk in
the activation of the MyD88/NF-κB signaling pathway and release of pro-inflammatory
cytokines TNF-α, IL-1β, and IL-6 in BAMs induced by the combination of HG and LPS.
We used FPS-ZM1 (a RAGE inhibitor) and TAK-242 (a TLR4 inhibitor) to confirm the
involvement of the RAGE–TLR4 crosstalk in this inflammatory response. Our results
suggest that the crosstalk between RAGE and TLR4 plays a critical role in the inflammatory
response induced by the combination of HG and LPS in BAMs. These findings highlight the
potential therapeutic significance of targeting the RAGE–TLR4 crosstalk in the treatment of
inflammation-related diseases.

2. Results

2.1. LPS Increased Pro-Inflammatory Cytokine Release in Primary BAMs in a Dose- and
Time-Dependent Manner

BAMs were treated with LPS at a range of various doses (0, 1, 5, and 10 μg/mL)
for 12 h. The results are depicted in Figure 1A–C. Contrasted with the control group
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(0 μg/mL), all three LPS concentrations significantly raised the levels of IL-1β, IL-6, and
TNF-α (p < 0.05). In addition, 5 μg/mL of LPS showed the strongest increment in the
release of IL-6 and TNF-α (p < 0.01) compared to 1 μg/mL and 10 μg/mL LPS treatment
groups. In comparison to the control group, the 10 μg/mL LPS treatment significantly
raised the levels of IL-1β, IL-6, and TNF-α (p < 0.05), but there was no significant difference
with the 1 μg/mL LPS treatment (p > 0.05). Therefore, we selected 5 μg/mL as the LPS
concentration for subsequent experiments.

Figure 1. Effects of different LPS treatment times/doses on pro-inflammatory cytokine release in
BAMs. (A–C) Effects of various LPS concentrations (0, 1, 5, and 10 μg/mL) on the release of pro-
inflammatory cytokines IL-1β, IL-6, and TNF-α in BAMs. (D–F) Effects of different LPS treatment
times (0, 3, 6, 12, and 24 h) on the release of pro-inflammatory cytokines IL-1β, IL-6, and TNF-α in
BAMs. Each experiment was carried out at least three times, and the data were displayed using mean
± SD. *, p < 0.05; **, p < 0.01 vs. control group; #, p < 0.05; ##, p < 0.01 vs. other treatment groups;
One-way ANOVA.

Similarly, the BAMs were exposed to 5 μg/mL LPS at a series of times (0, 3, 6, 12, and
24 h), and the results are displayed in Figure 1D–F. The levels of IL-1β and IL-6 significantly
raised from the 6th h (p < 0.05) and reached their highest values at the 12th h and then
reduced (p < 0.05) (Figure 1D,E). In addition, the TNF-α level significantly increased from
the 3rd h (p < 0.05), reached its peak value at the 12th h, and then maintained. Therefore,
we selected 12 h as the treatment duration for the following trials.

2.2. TLR4, RAGE, and Their Interaction Were Involved in the Inflammatory Response Caused
by LPS

The levels of TLR4 and RAGE mRNA expression in the BAMs were tested, and the
results were shown in Figure 2A,B,D,E. The levels of TLR4 and RAGE mRNA expression
were dramatically elevated in groups with LPS treatment (p < 0.05), and the 5 μg/mL LPS
treatment group showed the most significant effects (p < 0.01). Intriguingly, there was no
effect on the levels of TLR4 mRNA expression from 10 μg/mL LPS treatment (Figure 2A).
In addition, the levels of RAGE and TLR4 mRNA expression significantly raised from the
6th h (p < 0.05) and reached the peak value at the 24th h after LPS treatment (p < 0.01)
(Figure 2B,E).
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Figure 2. TLR4, RAGE and their interaction were involved in LPS-induced inflammatory response in
BAMs. (A,D) Effects of different LPS concentrations (0, 1, 5, and 10 μg/mL) on the levels of TLR4
and RAGE mRNA expression. (B,E) Effects of different LPS treatment time (0, 3, 6, 12, and 24 h) on
the levels of TLR4 and RAGE mRNA expression. (C,F) Effects of pretreatment with FPS-ZM1 and
TAK-242 on the levels of TLR4 and RAGE mRNA expression. (G) Comparison of gel images and
grayscale for RAGE and TLR4 immunoblot detection. (H–J) The levels of IL-1β, IL-6, and TNF- α in
the supernatants of each group. Each experiment was carried out at least three times, and the data
were displayed using mean ± SD. *, p < 0.05; **, p < 0.01 vs. control group; #, p < 0.05; ##, p < 0.01 vs.
other treatment groups; One-way ANOVA.

The BAMs were pretreated with 10 μM TLR4 inhibitor TAK-242 and 1.0 μM RAGE in-
hibitor FPS-ZM1 for 1 h, respectively, and dimethyl sulfoxide (DMSO) treatment performed
as the solvent control group. According to Figure 2C,F, in the FPS-ZM1 pretreatment group,
not only did the level of RAGE mRNA expression significantly reduce but the level of
TLR4 mRNA expression also significantly decreased (p < 0.01). Similarly, in the TAK-242
pretreatment group, the levels of TLR4 and RAGE mRNA expression also significantly
decreased (p < 0.01). The results of the levels of RAGE and TLR4 protein expression are
displayed in Figure 2G. The levels of TLR4 and RAGE protein expression were considerably
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raised in the LPS treatment group (p < 0.01). As a result of the FPS-ZM1 pretreatment, the
levels of RAGE and TLR4 protein expression in the LPS treatment group were significantly
reduced (p < 0.01), and the TAK-242 pretreatment showed the same results (p < 0.01). The
mRNA and protein levels of RAGE decreased when TLR4 expression was inhibited with
TAK-242, and the mRNA and protein levels of TLR4 decreased when RAGE expression
was inhibited with FPS-ZM1, suggesting crosstalk between RAGE and TLR4. Then, the
levels of IL-1β, IL-6, and TNF-α were detected, and the results are displayed in Figure 3H–J.
Pretreatment with 1.0 μM FPS-ZM1 and 10 μM TAK-242 both significantly decreased the
levels of IL-1β, IL-6, and TNF-α in BAMs (p < 0.01).

Figure 3. RAGE and TLR4 synergistically activated the MyD88/NF-κB signaling pathway in the
inflammation caused by LPS. (A,D) Effects of different LPS concentrations (0, 1, 5, and 10 μg/mL)
on the levels of MyD88 and NF-κB p65 mRNA expression. (B,E) Effects of different LPS treatment
times (0, 3, 6, 12, and 24 h) on the levels of MyD88 and NF-κB p65 mRNA expression. (C,F) Effects
of FPS-ZM1 and TAK-242 pretreatment on the levels of MyD88 and NF-κB p65 mRNA expression.
(G,H) Comparison of gel images and grayscale for MyD88 and NF-κB p65 immunoblot detection.
Each experiment was carried out at least three times, and the data were displayed using mean ±
SD. *, p < 0.05; **, p < 0.01 vs. control group; #, p < 0.05; ##, p < 0.01 vs. other treatment groups;
One-way ANOVA.
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2.3. RAGE and TLR4 Synergistically Activate the MyD88/NF-κB Signaling Pathway in the
Inflammation Response Caused by LPS

The levels of MyD88 and NF-κB p65 mRNA and protein expression were detected.
Figure 3A,B,D,E showed that the 5 μg/mL and 24 h of LPS treatment group showed the
most significantly increased levels of MyD88 and NF-κB p65 mRNA expression compared
with the control group (p < 0.01). Similarly, in the inhibitor experiments, pretreatment
with FPS-ZM1 and TAK-242 blocked the LPS-induced increase in the levels of MyD88 and
NF-κB P65 mRNA expression (p < 0.01) (Figure 4C,F). The levels of MyD88 and NF-κB P65
protein expression were similar in the DMSO and control groups (p > 0.05), but, compared
to the control group, they are significantly increased in the LPS treatment group (p < 0.01)
(Figure 3G). However, in contrast to the LPS treatment group, pretreatment with FPS-ZM1
and TAK-242 significantly blocked the LPS-induced increases in MyD88 and NF-κB P65
protein expression levels (p < 0.01) (Figure 3G,H).

Figure 4. Effects of different glucose concentrations on LPS-induced pro-inflammatory cytokine
secretion and the RAGE/TLR4/MyD88/NF-κB p65 pathway in BAMs. (A–D) The impact of NG
and HG on the levels of RAGE, TLR4, MyD88, and NF-κB p65 mRNA expression in the presence of
different concentrations of LPS (0, 1, 5, and 10 μg/mL). (E–G) The impact of NG and HG on the levels
of IL-1β, IL-6, and TNF-α in the presence of various concentrations of LPS (0, 1, 5, and 10 μg/mL).
Each experiment was carried out at least three times, and the data were displayed using mean ±
SD.*, p < 0.05; **, p < 0.01 vs. control group; #, p < 0.05; ##, p < 0.01 vs. other treatment groups;
One-way ANOVA.
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2.4. HG Enhanced LPS-Induced Pro-Inflammatory Cytokine Secretion and Upregulated the
RAGE/TLR4/MyD88/NF-κB p65 Pathway in BAMs

The levels of RAGE, TLR4, MyD88, and NF-κB p65 mRNA expression in the HG group
and normal glucose (NG, 5.5 mM) group were assessed, and Figure 4A–D displays the
result. At 1 μg/mL and 5 μg/mL LPS stimulus, compared to the NG group, the levels of
RAGE, TLR4, MyD88, and NF-κB p65 mRNA expression in the HG group were significantly
increased (p < 0.01). Under 10 μg/mL LPS treatment, the levels of NF-κB p65 (p < 0.05) and
RAGE (p < 0.01) mRNA expression in the HG group were significantly increased compared
with the NG group, but the levels of TLR4 and MyD88 mRNA expression were comparable
to those of the NG group (p > 0.05). Additionally, the levels of IL-1β, IL-6, and TNF-α in the
HG and NG groups were tested, and Figure 4E–G showed the results. After 1 and 5 μg/mL
LPS treatment, the levels of IL-1β, IL-6, and TNF-α in the HG group were significantly
higher than those in the NG group (p < 0.05). Under 10 μg/mL LPS treatment, the level of
TNF-α in the HG group was significantly raised (p < 0.01) compared with the NG group,
although the levels of IL-1β and IL-6 were comparable to those of the NG group (p > 0.05).

2.5. RAGE–TLR4 Crosstalk Regulated the Synergism between HG and LPS on the Inflammatory
Response in BAMs

The levels of RAGE, TLR4, MyD88, and NF-κB p65 mRNA expression in each group
were detected, and the results are displayed in Figure 5A–D. In the HG group or LPS group,
the levels of RAGE, TLR4, MyD88, and NF-κB p65 mRNA expression were significantly
raised compared with the control group (p < 0.05) and were significantly lower than in the
HG + LPS group (p < 0.01). Similarly, pretreatment with FPS-ZM1 and TAK-242 significantly
blocked the HG + LPS-induced increase in RAGE, TLR4, MyD88, and NF-κB p65 mRNA
expression in the HG + LPS group (p < 0.01). The levels of RAGE, TLR4, MyD88, and
NF-κB p65 protein expression in each group were also detected, and Figure 5E–J displays
the results. The levels of RAGE, TLR4, MyD88, and NF-κB p65 protein expression in the
HG or LPS group were significantly increased compared to the control group (p < 0.05)
and were significantly reduced than those in the HG + LPS group (p < 0.01). In the HG
+ LPS group, pretreatment with FPS-ZM1 or TAK-242 significantly inhibited the HG +
LPS-induced increase in RAGE, TLR4, MyD88, and NF-κB p65 protein expression (p < 0.01).
Figure 5K–M displayed the results of IL-1β, IL-6, and TNF-α levels in each group. The
levels of IL-1β, IL-6, and TNF-α in the DMSO group were comparable to the control group
(p > 0.05). The levels of IL-1β, IL-6, and TNF-α levels in the HG group and LPS group were
significantly increased (p < 0.01) compared to the control group but considerably reduced
in contrast to the HG + LPS group (p < 0.01). Pretreatment with FPS-ZM1 and TAK-242
significantly ameliorated the HG + LPS-induced increase in IL-1β, IL-6, and TNF-α levels
in the HG + LPS group (p < 0.01).
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Figure 5. RAGE–TLR4 crosstalk regulated the synergism between high glucose and LPS on the
inflammatory response in BAMs. (A–D) The levels of RAGE, TLR4, MyD88 and NF-κB p65 mRNA
expression in each group. (E–J) The levels of RAGE, TLR4, MyD88 and NF-κB p65 protein expression
in each group. (K–M) The levels of IL-1β, IL-6, and TNF-α in each group. Each experiment was
carried out at least three times, and the data were displayed using mean ± SD. *, p < 0.05; **, p < 0.01
vs. control group; ##, p < 0.01 vs. other treatment groups; One-way ANOVA.

3. Discussions

Stress-induced hyperglycemia and gram-negative bacterial infections are two of the
primary factors contributing to severe pulmonary inflammation of bovine during long-
distance transportation [1,32]. RAGE and TLR4 are the main receptors for LPS and HG
leading to the development of cellular inflammatory responses, and RAGE–TLR4 crosstalk
occurs when RAGE and TLR4 are activated, thereby synergistically activating shared
downstream inflammatory signaling pathways [31]. However, it is not clear whether
RAGE–TLR4 crosstalk occurs during HG and LPS co-treatment-induced inflammation in
BAMs, and the effects of RAGE–TLR4 crosstalk on downstream-related signaling pathways
and specific mechanisms need to be further elucidated. Previous studies have demonstrated
that LPS can promote the synthesis and release of pro-inflammatory cytokines, such as TNF-

136



Int. J. Mol. Sci. 2023, 24, 7007

α, IL-1β, and IL-6, from a variety of cell types, including placental cells, endothelial cells,
and macrophages [33–35]. In our study, the levels of pro-inflammatory cytokines IL-1β,
IL-6, and TNF-α in the supernatant considerably elevated with the increased concentration
of LPS and the duration of treatment, indicating that LPS induces BAMs to release pro-
inflammatory cytokines in a dose- and time-dependent manner.

LPS promotes the release of pro-inflammatory cytokines from cells associated with
various transmembrane receptors on the cell surface, mainly TLR4 [18] and RAGE [28].
We assumed that the LPS-induced inflammatory response in BAMs via receptor crosstalk
occurred when RAGE and TLR4 were simultaneously activated. In our work, the levels of
TLR4 and RAGE expression were increased after LPS treatment. However, TAK-242 (TLR4
inhibitor) and FPS-ZM1 (RAGE inhibitor) inhibited TLR4 and RAGE expression as well as
the release of IL-1β, IL-6, and TNF-α in BAMs. These results indicated that both RAGE
and TLR4 are involved in LPS-induced inflammatory response in BAMs. Intriguingly,
we found that the inhibition of RAGE could down-regulate the level of TLR4 expression,
and inhibition of TLR4 could also down-regulate the level of RAGE expression, indicating
that RAGE and TLR4 mutually affect each other’s expression at the receptor level in the
inflammatory response of BAMs caused by LPS. Prior research has demonstrated that LPS
could trigger RAGE and TLR4 and cause RAGE–TLR4 crosstalk [36].

MyD88, a classical downstream signaling adaptor molecule of TLR4, is important for
triggering TLR4-related inflammatory signaling pathways [37]. However, some studies
have found that MyD88 could bind to RAGE and transduce a signal to downstream
molecules, blocking the function of MyD88 abrogated intracellular signaling from HMGB1-
activated RAGE [38], but the study had shortcomings. The HMGB1 used in the study
had been shown to bind not only to RAGE but also to TLR4; so, blocking MyD88 may
cause signal attenuation through the TLR4 pathway rather than the RAGE pathway. It
is still unclear whether MyD88 can be coordinately regulated by RAGE and TLR4. The
binding of LPS to TLR4 transmits inflammatory signals intracellularly through the MyD88-
independent (TRAM) and MyD88-dependent pathways, activating NF-κB and promoting
the synthesis and release of multiple pro-inflammatory cytokines [39,40]. Gąsiorowski
et al. [31] found that RAGE and TLR4 exert synergistic activation on common downstream
signaling pathways, such as NF-κB and AP-1. In the present study, the levels of MyD88 and
NF-κB p65 expression were significantly upregulated after LPS treatment. However, TAK-
242 and FPS-ZM1 significantly decreased the levels of MyD88 and NF-κB p65 expression.
These results indicated that RAGE and TLR4 synergistically activate the MyD88/NF-κB
signaling pathway in LPS-induced inflammatory responses of BAMs. With similar results
to ours, Byrd et al. [41] found that LPS induced upregulation of TLR4, MyD88, NF-κB
expression and pro-inflammatory cytokine TNF-α release in primary mouse macrophages.
Wang et al. [28] also found that LPS caused the upregulation of RAGE protein expression
and activated NF-κB, while inhibition of RAGE inhibited LPS-induced NF-κB activation in
venous endothelial cells.

Glucose is an important source of energy for mammals, and NG (mostly 5.5 mM in
in vitro experiments) ensures the energy demand and utilization of cells [29]. However,
when glucose concentration is elevated (mostly 25.5 mM in in vitro experiments), it has
a pro-inflammatory response to cells [42,43]. In our study, the co-treatment of LPS and
HG caused a significant increase in the levels of RAGE, TLR4, MyD88, and NF-κB p65
mRNA expression and the release of IL-1β, IL-6, and TNF-α. The results indicated that
HG enhanced the LPS-induced inflammatory response through further activation of the
RAGE/TLR4/MyD88/NF-κB p65 signaling pathway in BAMs. Consistent with our results,
Nielsen et al. [44] and Kong et al. [45] have reported that the co-treatment of HG and LPS
might cause a more intense inflammatory response in cells and organisms compared to HG
or LPS treatment alone, suggesting that HG and LPS had a synergistic pro-inflammatory
effect on the inflammatory response.

Crosstalk is an important direction to study the correlation between different signal-
ing pathways. Relevant studies reported that when RAGE and TLR4 were activated, a
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crosstalk phenomenon occurred between RAGE and TLR4, and the RAGE–TLR4 crosstalk
synergistically maintained and amplified the inflammatory response [31,46]. In previous
studies, Ayala et al. [47] found that HG can upregulate the protein level of TLR4 on the
cell membrane surface, which increases the sensitivity of cells to LPS and enhances the
intensity of the initial inflammatory signal after LPS binds to TLR4, thus intensifying the
LPS-induced inflammatory response. Nareika et al. [48] found that HG promoted CD14
expression, thereby amplifying the intensity of the initial inflammatory signal stimulated by
LPS. The mechanism was that HG significantly upregulated NF-κB and AP-1 activity, thus
promoting LPS-induced CD14 expression and inflammatory response. In the present study,
LPS + HG treatment further increased the levels of RAGE, TLR4, MyD88, and NF-κB p65
expression and the release of IL-1β, IL-6, and TNF-α. Meanwhile, TAK-242 and FPS-ZM1
blocked the HG + LPS-induced increase in RAGE, TLR4, MyD88, and NF-κB p65 expression
levels and the levels of IL-1β, IL-6, and TNF-α. These results suggest that HG and LPS exert
synergistic pro-inflammatory effects in BAMs through the RAGE/TLR4/MyD88/NF-κB
p65 pathway. Interestingly, the inhibition of RAGE could down-regulate TLR4 expression
levels, and the inhibition of TLR4 could down-regulate RAGE expression levels in the
presence of HG and LPS co-treatment in BAMs. These results indicate that RAGE–TLR4
crosstalk plays an important role in the activation of the RAGE/TLR4/MyD88/NF-κB
inflammatory signaling pathway and the release of pro-inflammatory cytokines IL-1β, IL-6,
and TNF-α in the inflammatory response of BAMs caused by HG and LPS co-treatment.
Consistent with our results, previous studies have demonstrated that different ligands,
such as S100A8/A9, LPS, and HMGB1 can cause RAGE–TLR4 crosstalk, which can further
upregulate NF-κB expression as well as pro-inflammatory cytokine release to cause more
severe inflammatory responses [46,49,50]. Collectively, when HG and LPS co-treatment-
induced inflammation occurred, the TLR4/RAGE levels on the surface of BAMs increased
and elevated levels of TLR4/RAGE via RAGE–TLR4 crosstalk. This further increased the
possibility of binding with the gram-negative bacteria derived LPS, HG-derived HGBM1,
and S100A8/A9 in the synergistic activation of downstream MyD88/NF-κB inflammatory
signaling pathways, thus promoting the inflammation response in BAMs. However, there
are still many gaps in the research on the mechanisms by which HG exacerbates the in-
flammatory response of cells induced by LPS. Although HG does not bind to RAGE or
TLR4 directly, it can induce the release of pro-inflammatory mediators such as HMGB1 and
AGEs and upregulate RAGE and TLR4 expression through the oxidative stress pathway.
This, in turn, leads to the binding of mediators to RAGE or TLR4 and the subsequent
activation of downstream inflammatory signaling pathways [23,31]. However, existing
studies tend to ignore the process of RAGE or TLR4 activation by HG and focus on the
changes in downstream signaling pathways after RAGE or TLR4 activation by HG. The
crosstalk mechanism involved in this study is also included in this list. Subdividing the
pro-inflammatory process of HG to investigate the involvement of additional HG-related
pro-inflammatory mediators or pathways in RAGE and TLR4 activation, as well as examin-
ing the impact of HG-related pro-inflammatory mediators such as HMGB1 and AGEs on
the promotion of inflammatory response by LPS through RAGE/TLR4, instead of treating
the HG pro-inflammatory process as a whole, could provide further insight into the molec-
ular mechanisms by which HG exacerbates the inflammatory response of cells induced by
LPS. In addition, whether pro-inflammatory mediators produced by HG through oxidative
stress such as HMGB1, AGEs, and S100A8/A9 can compete with LPS to bind RAGE and
TLR4, and whether they have antagonistic effects with LPS needs to be further investigated.
The possible mechanisms of RAGE–TLR4 crosstalk in the inflammatory response of BAMs
caused by LPS and HG co-treatment are illustrated in Figure 6.
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Figure 6. Schematic representation of the TLR4–RAGE crosstalk participates in the HG-enhanced
LPS-induced inflammation in BAMs (created with BioRender.com). HG firstly upregulated the levels
of RAGE and TLR4 genes and protein expression in the BAM membrane and the secretion of pro-
inflammatory-related mediators (such as HMGB1, S100A8/9, and AGEs) through the ROS/NF-κB
pathway. Then, pro-inflammatory-related mediators bind to RAGE and TLR4, causing RAGE–TLR4
crosstalk (increasing the levels of RAGE and TLR4) to synergistically activate the downstream
MyD88/NF-κB signaling pathway and promote the release of pro-inflammatory cytokines IL-1β,
IL-6, and TNF-α. When HG acts together with LPS, HG upregulates the levels of RAGE and TLR4
genes and protein expression, which can provide more receptor sites for LPS binding, and the LPS
also upregulates the levels of RAGE and TLR4 genes and protein expression that can offer more
receptor sites for pro-inflammatory-related mediators. The combination of HG and LPS through
RAGE–TLR4 crosstalk further activates the downstream MyD88/NF-κB signaling pathway and
exacerbates pro-inflammatory cytokine release in BAMs.

4. Materials and Methods

4.1. Isolation and Treatment of BAMs

BAMs were obtained from the intact bovine lungs of five healthy Chinese Simmental
cattle (400–500 kg b.w., male, the lung showed no signs of bacterial infection) from a
local slaughterhouse, and the isolation protocol was performed following the previous
description [51]. Briefly, the lungs were lavaged with approximately 2 L of high-glucose
Dulbecco’s modified Eagle medium (DMEM) (Solarbio, Beijing, China) 3 times, and the
irrigation fluid was filtered by 200 mesh sterile gauze to remove tissues. Cells were washed
with PBS three times and then were cultured in DMEM supplemented with 10% fetal
bovine serum (FBS) (ThermoFisher, Shanghai, China), 1% penicillin (100 U/mL), and
streptomycin (100 mg/mL) (Gibco, Shanghai, China). Cells were cultured with 5% carbon
dioxide (CO2) at 37 ◦C. The non-adherent cells were removed 3 h later by PBS washing.
Then, the remaining cells were digested, resuspended, and adjusted to 1 × 106 per mL. The
cells were dispensed into T25 cell culture flasks and incubated for 3 h to allow re-adherence,
pending subsequent processing.

In the LPS treatment experiments, BAMs were treated with (0, 1, 5, 10 μg/mL) LPS
(from Escherichia coli 055: B5, SIGMA-L6529, St. Louis, MO, USA) for 12 h or with 5 μg/mL
LPS for 0, 3, 6, 12, and 24 h. In the combined use of LPS and HG experiments, BAMs
were pretreated with inhibitors for 1 h before adding LPS (5 μg/mL), and inhibitors were
dissolved in 100% DMSO (Sigma-Aldrich, St. Louis, MO, USA) and then blended in a
culture medium. After adding HG or LPS, the same concentration of inhibitor was re-added

139



Int. J. Mol. Sci. 2023, 24, 7007

to the culture medium. Table 1 displays the grouping as well as the processing. FPS-ZM1
and TAK-242 were purchased from MCE, Shanghai, China.

Table 1. Experimental grouping of the combined effects of LPS and HG.

Group Treatment

Control 0 μg/mL LPS + 5.5 mM glucose
HG 0 μg/mL LPS + 25.5 mM glucose
LPS 5 μg/mL LPS + 5.5 mM glucose

HG +LPS 5 μg/mL LPS + 25.5 mM glucose
HG + LPS + FPS-ZM1 5 μg/mL LPS + 25.5 mM glucose +1 μM FPS-ZM1
HG + LPS + TAK-242 5 μg/mL LPS + 25.5 mM glucose +10 μM TAK-242

DMSO 0 μg/mL LPS + 5.5 mM glucose + DMSO

4.2. Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

A Trizol reagent was used to extract the total ribonucleic acid (RNA) from each
treatment in cultivated BAMs (ThermoFisher, Shanghai, China). Reverse transcription was
performed on the isolated total RNA using a kit to create complementary deoxyribonucleic
acid (cDNA) (Takara, Tokyo, Japan). The 96-well plate used for the RT-qPCR contained
4.0 μL diluted cDNA, 5.0 μL of TaKaRa SYBR Green PCR MIX, and 0.5 μL of upstream and
downstream primers. For RT-qPCR, the following amplification procedures were used:
95 ◦C pre-denaturation for 3 min, 95 ◦C for 10 s; 58 ◦C for 30 s, and 40 cycles. Using a Real-
Time PCR Kit (Takara, Tokyo, Japan), the CFX96 Touch Real-Time PCR Detection System
was used to perform the RT-qPCR experiments (Bio-Rad, CA, USA). Table 2 displays the
primer sequences that were utilized. The relative gene expression level was estimated
using the 2−ΔΔCt method with β-actin as a standard to normalize the RT-qPCR data.

Table 2. The primer sequence of genes for Real-Time PCR.

Gene Name Forward Primer Sequence (5′–3′) Reverse Primer Sequence (3′–5′)
β-actin GCCCATCTATGAGGGGTACG TCACGGACGATTTCCGCT
RAGE GACAGTCGCCCTGCTCATT CCTCTGGCTGGTTCAGTTCC
TLR4 TGCCTTCACTACAGGGACTTT TGGGACACCACGACAATAAC

NF-κB p65 GAGATCATCGAGCAGCCCAA ATAGTGGGGTGGGTCTTGGT
MyD88 AGAAGAGGTGCCGTCGGATGG TTGGTGTAGTCACAGACAGTGATGAAG

4.3. Immunoblot Assay

The cultured BAMs from each treatment were collected, and the total proteins were
extracted using the RIPA lysis buffer. After centrifuging the lysates, the supernatants were
analyzed using the BCA Protein Assay Kit (Beyotime, Shanghai, China). Each sodium
dodecyl sulfate-polyacrylamide gel (10%) lane was filled with identical quantities of protein
(20 μL), and the gels were electrophoresed to separate them. Using the Bio-Rad Trans-Blot
device, the separated proteins were subsequently transferred through an electron transfer
procedure to polyvinylidene fluoride membranes (Bio-Rad, Hercules, CA, USA). Next,
5% skim milk was used to soak the polyvinylidene fluoride (PVDF) membranes before
blocking. They were then incubated with RAGE antibody (ab37647, Abcam, 1:1000), TLR4
antibody (19811-1-AP, Proteintech 1:1000), MyD88 antibody (70R-50098, Fitzgerald 1:1000),
NF-κB p65 (C22B4, CST, 1:1000), and β-actin antibody (4970, CST, 1:5000) overnight at
4 ◦C. The membranes were then incubated with HRP anti-rabbit secondary antibodies
(SE134, Solarbio, 1:5000) for 1 h with moderate shaking. With the use of an enhanced
chemiluminescence (ECL) kit, blots were seen (Thermo Scientific, Rockford, UK). With
the help of the Tanon-5200 automated chemiluminescence imaging analysis system, the
band intensity of the pictures was assessed (Tanon, Shanghai, China). Image-Pro Plus
6.0 software was used to examine the integrated optical density (IOD) of each protein band
(Media Cybernetics, Inc., Rockville, MD, USA).
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4.4. Enzyme-Linked Immunosorbent Assay (ELISA)

Isolated BAMs were seeded in a 96-well plate at 1 × 105 cells per well and allowed to
settle for 3 h at 37 ◦C in a 5% CO2 incubator. Then, the levels of pro-inflammatory cytokines
IL-1β, IL-6, and TNF-α in the supernatants of cultured BAMs in different groups (grouping
processing steps as stated in Section 4.1) were measured using ELISA kits (double-antibody
sandwich method). All measurements were performed following the manufacturer’s
instructions (Jingmei Biotechnology, Jiangsu, China). All experiments were performed
three times independently, once in triplicate.

4.5. Statistical Analysis

All experiments were performed in triplicate, and the test results are expressed as
mean ± standard deviation (SD). The experimental data were sorted and unified in Excel,
and experimental data visualization was performed using GraphPad Prism 9.0 (GraphPad
Software, CA, USA). The SPSS 26.0 software (IBM, New York, NY, USA) was used to carry
out a One-way analysis of variance (ANOVA) test, followed by a least significant difference
(LSD) post hoc test. p < 0.05 and p < 0.01 indicate statistical significance.

5. Conclusions

In conclusion, this study demonstrated that RAGE–TLR4 crosstalk was critical in the
HG-enhanced LPS-induced inflammation response in BAMs. LPS and HG enhance the
inflammatory response of BAMs not only through activation of RAGE and TLR4 but also
through the crosstalk between RAGE and TLR4. The crosstalk between RAGE and TLR4
can regulate the genes’ transcription and translation at the receptor level and synergistically
activate the downstream MyD88/NF-κB inflammatory signaling pathway that enhances
the synthesis and release of pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 in BAMs.
These results highlighted the potential of disrupting the crosstalk between RAGE and TLR4
to mitigate the cellular inflammatory response triggered by HG and LPS, emphasizing that
simultaneous induction of inflammation responses by multiple pro-inflammatory factors
should be avoided.
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Abstract: Infections with Gram-negative bacteria are still among the leading causes of infection-
related deaths. Several studies suggest that the chalcone xanthohumol (XN) found in hop (Humulus
lupulus) possesses anti-inflammatory effects. In a single-blinded, placebo controlled randomized
cross-over design study we assessed if the oral intake of a single low dose of 0.125 mg of a XN derived
through a XN-rich hop extract (75% XN) affects lipopolysaccharide (LPS)-induced immune responses
in peripheral blood mononuclear cells (PBMCs) ex vivo in normal weight healthy women (n = 9)
(clinicaltrials.gov: NCT04847193) and determined associated molecular mechanisms. LPS-stimulation
of PBMCs isolated from participants 1 h after the intake of the placebo for 2 h resulted in a significant
induction of pro-inflammatory cytokine release which was significantly attenuated when participants
had consumed XN. The XN-dependent attenuation of proinflammatory cytokine release was less
pronounced 6 h after the LPS stimulation while the release of sCD14 was significantly reduced at
this timepoint. The LPS-dependent activation of hTLR4 transfected HEK293 cells was significantly
and dose-dependently suppressed by the XN-rich hop extract which was attenuated when cells were
co-challenged with sCD14. Taken together, our results suggest even a one-time intake of low doses of
XN consumed in a XN-rich hop extract can suppress LPS-dependent stimulation of PBMCs and that
this is related to the interaction of the hop compound with the CD14/TLR4 signaling cascade.

Keywords: CD14; LPS; hop; TLR4; inflammation

1. Introduction

Despite a large selection of antibiotics, infections with Gram-negative bacteria are still
among the leading causes of morbidity and mortality in the world, also as antibacterial
multidrug resistance (AMR) is constantly increasing. Indeed, it has been estimated that in
2019 4.95 million deaths worldwide were associated with AMR. From those, 2.2 million
deaths were related with AMR against the four most frequent Gram-negative bacteria
Eschericia coli, Klebsiella pneunomoniae, Acinetobacter baumannii and Pseudomonas aeruginosa [1].
Furthermore, results of studies in patients with metabolic diseases, e.g., type 2 diabetes
and non-alcoholic fatty liver disease (NAFLD) but also in patients with alcohol-related
liver disease suggest that Gram-negative bacteria and even more so components of their
outer cell wall, e.g., lipopolysaccharides (LPS), may also be an important trigger in the
development of these diseases [2]. For instance, it has been shown that the loss or blockage
of toll-like receptor 4 (TLR4), attenuates the development of NAFLD and alcohol-related
liver diseases and improves insulin signaling in settings of type 2 diabetes [3–5]. TLR4 has
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been shown to bind bacterial LPS through a complex interplay of cluster of differentiation
14 (CD14) and myeloid differentiation factor 2 (MD-2) [6]. Furthermore, in macrophages
and monocytes the LPS-dependent activation of TLR4 signaling has been shown to result
in a marked induction of cytokines such as interleukin-1β (IL-1β), interleukin-6 (IL-6) and
tumor necrosis factor α (TNF-α) [7,8].

Results of in vivo and in vitro studies suggest that secondary plant compounds
found in hop-like α-acids and β-acids as well as xanthohumol (XN) may possess anti-
inflammatory effects in various disease settings [9]. For example, despite having been
suggested to be poorly absorbed [10], XN has been shown to possess anti-inflammatory
effects in the development of NAFLD and insulin resistance but upon stimulation with
lipoteichoic acid derived from Gram positive bacteria [11,12]. Furthermore, XN has been
suggested to interfere with the TLR4 signaling cascades [13–15]. Specifically, in in vitro cell
and molecular docking studies it has been suggested that XN may suppress endotoxin-
induced TLR4 activation through interfering with endotoxin binding to MD-2 [13,16].
However, molecular mechanisms underlying the beneficial effects of XN on inflammatory
processes induced by LPS are still not fully understood. In addition, the doses of XN
used in most studies were within the pharmacological range, i.e., 12 mg/d per person or
higher [17,18]. If XN, when ingested at low doses (as they could be found in approximately
250 mL beer (XN concentrations vary between 0.002 and 0.69 mg/L, depending on the type
of beer [19,20]), also exerts beneficial effects in humans, e.g., attenuates the inflammatory
responses triggered by Gram-negative bacteria or LPS, has not yet been assessed.

In the present study, we therefore aimed to determine if, in healthy, normal weight
women, the intake of a low dose of XN (0.125 mg XN derived through a XN-rich hop
extract (75% XN), dose based on concentrations found in 250 mL beer [19,20] contained in a
beverage consumed along with a light breakfast affects LPS-dependent immune response of
peripheral blood mononuclear cells (PBMCs) isolated after the intake of the hop compound.
Furthermore, molecular mechanisms underlying the effects of XN on TLR4 signaling
cascade were assessed.

2. Results

2.1. Co-Culture Cell Assay

To determine if XN passes the intestinal barrier and binds or is taken up by blood
immune cells, a co-culture model, consisting of differentiated Caco-2 cells and isolated
human PBMCs obtained from buffy coats, was employed (for experimental design see
Figure 1a). PBMCs were spotted on glass slides and counterstained with DAPI (480 nm).
One hour after the exposure to 0.125 (Figure 1b), 0.375 and 0.750 mg/mL XN (data not
shown), respectively, autofluorescence of XN at 530 nm was detected in PBMCs seeded in
the basolateral compartment of the transwell system (indicated with white arrow) whereas
no fluorescence was detected at 530 nm in untreated cells. Merged pictures indicate that
XN is either bound or taken up by PBMCs. Based on these results, it was concluded that
that XN is rapidly taken up/passes through enterocytes and an exposure time of 1 h was
selected for the human intervention.

2.2. Effect of the Oral Intake of XN on LPS-Induced Inflammation

Of the 12 normal weight, healthy women enrolled in the study, 9 were analyzed.
The study design is summarized in Figure 2a,b. Three women had to be excluded from
the analysis as, for some time points, the numbers of cells obtained were not sufficient
for the stimulation experiments. Characteristics of the analyzed participants and routine
laboratory parameters are shown in Table 1.

As expected, after a 2 h challenge with LPS, protein levels of IL-1β, IL-6, and TNF-α
in cell supernatant of PBMCs isolated before the intake of the beverages were significantly
higher than in cells only treated with plain cell culture media. In line with these findings, in
cell supernatant of LPS-treated PBMCs isolated after the intake of the placebo, protein levels of
the three pro-inflammatory cytokines were also significantly higher than in cells without the
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LPS challenge. In contrast, when PBMCs isolated 1 h after the intake of XN-rich hop extract
were challenged with LPS, protein levels of IL-1β IL-6 and TNF-α in cell supernatant were
not significantly different from those without the LPS challenge (Figure 3a–c). Furthermore,
when being challenged for 6 h IL-1β, IL-6 and TNF-α protein levels in cell culture supernatant
were still higher in LPS-stimulated cells isolated after the ingestion of the placebo than when
subjects had consumed the XN enriched beverages; however, differences were less pronounced
(Supplementary Figure S1). As protein levels of the three cytokines determined in untreated
cells after the ingestion of the placebo and the XN-rich hop extract, respectively, were similar,
only those measured after the intake of the placebo are shown.

 

Figure 1. Fluorescence imaging and XN determination of PBMCs isolated from buffy coat of healthy
donors co-cultured with Caco-2 cells incubated with XN. (a) Graphical illustration of the experimental
co-culture setup using Caco-2 cells and PBMCs. (b) Representative pictures of fluorescence of XN
in PBMCs cells after incubation of Caco-2 cells ± XN (0.125 mg/mL derived through a XN-rich
hop extract) for 1 h (magnification 400×) in a co-culture model. White arrows indicate autofluores-
cence of XN. PBMC, peripheral blood mononuclear cell, XN, xanthohumol. Data are expressed as
means ± SEM.

Figure 2. Graphical visualization of the study design. (a) Study design and (b) the procedure per-
formed on each day of the study. XN, xanthohumol derived though a xanthohumol-rich hop extract.
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Figure 3. Cytokine concentrations in supernatant of LPS−stimulated PBMCs obtained from healthy
study participants. Protein concentrations of IL−−1β (a), IL−−6 (b) and TNF−−α (c) in cell culture
supernatant of PBMCs stimulated with 0 or 100 ng/mL LPS for 2 h isolated from healthy study
participants receiving either a placebo or the study drink containing XN derived through a XN−rich
hop extract. IL, interleukin; LPS, lipopolysaccharide; PBMC, peripheral blood mononuclear cell; XN,
xanthohumol. Data are expressed as means ± SEM. * = p < 0.005.
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Table 1. Anthropometric and health characteristics of study participants. Data are expressed as means
± SEM. AST, aspartate amino transferase; ALT, alanine amino transferase; CRP, c reactive protein;
γ-GT, γ-glutamyltransferase; HDL, high density lipoprotein; and LDL, low density lipoprotein.

Parameter Healthy Participants

Sex (m/f) 0/12
Age (years) 26.1 ± 1.1

Body weight (kg) 60.9 ± 2.1
Height (m) 1.66 ± 0.02

BMI (kg/m2) 22.1 ± 0.5
Blood pressure

Systolic (mmHg) 126.6 ± 7.57
Diastolic (mmHg) 78.3 ± 3.6

Fasting glucose (mg/dL) 90.1 ± 2.2
Uric acid (mg/dL) 4.1 ± 0.2

AST (U/L) 29.8 ± 8.7
ALT (U/L) 33.7 ± 16.6
γ-GT (U/L) 12.2 ± 1.2

Cholesterol (mg/dL) 171.8 ± 8.4
HDL cholesterol (mg/dL) 66.4 ± 4.8
LDL cholesterol (mg/dL) 91.6 ± 6.1

Triglycerides (mg/dL) 77.6 ± 9.2
CRP (mg/dL) 0.03 ± 0.03

2.3. Effect of the Oral Intake of XN on MD-2, TLR4 and sCD14 Protein in PBMCs

As it has been reported before that XN may dampen the LPS-dependent TLR4-response
of immune cells through MD-2-dependent mechanisms [13,17], we next determined MD−2
and TLR4 protein levels in cells and sCD14 in cell supernatant. Neither protein levels
of MD-2 nor of TLR4 were altered by the LPS-challenge of cells isolated before or after
ingestion of the placebo and the XN enriched beverage, respectively (Figure 4a–c). In
contrast, protein levels of sCD14 were significantly higher in LPS challenged cells isolated
before the consumption of the beverages and those isolated 1 h after the intake of the
placebo. In contrast, concentrations of sCD14 protein were unchanged in cell supernatant
of LPS-challenged cells isolated after the intake of XN (Figure 4d).

2.4. Effect of XN on the LPS-Dependent Activation of TLR4 and the Effect of sCD14 Herein

To further delineate mechanisms underlying the suppressive effects of XN on the
LPS-dependent activation of PBMCs, we next determined if XN derived through a XN-rich
hop extract alters the LPS-dependent activation of a commercially available HEK blue
cells assay, in which cells are transfected with human TLR4, MD-2 and CD14. Results are
shown in Figure 5. The XN-rich hop extract attenuated the activation of cells in an almost
dose-dependent manner, with 4 μg/mL of XN diminishing the LPS-dependent activation
of cells by ~50%. To further determine if the suppressive effects on TLR4 signaling were
related to an interaction of the hop compound with MD-2, CD14 or TLR4, we adapted
the in vitro assay of Chen et al. [21]. None of the doses of XN (0–8 μg/mL) used affected
the binding of biotinylated LPS to MD-2 (Figure 6a) or TLR4 (Figure 6b). In contrast, the
binding of biotinylated LPS to CD14 was dose-dependently inhibited by XN (Figure 6c).
Furthermore, when stimulating the TLR4, MD-2 and CD14 transfected HEK blue cells with
increasing sCD14 concentrations in the presences of 0 or 4 μg/mL XN and 0 or 100 ng/mL
LPS, the ~50% suppression of the LPS-dependent activation of cells was attenuated when
1000 ng/mL sCD14 were added to the cell media (Figure 6d).
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Figure 4. Protein concentration of MD−2, TLR4 and CD14 in LPS−stimulated PBMCs obtained from
healthy study participants. Representative blots (a) and densitometric analysis of MD−2 western
blot (b), TLR4 protein concentration in total protein lysate (c) and sCD14 protein concentration in cell
culture supernatant (d) of PBMCs obtained from study participants either receiving a placebo or XN
stimulated with LPS (100 ng/mL) for 6 h. LPS, lipopolysaccharide; MD−2, myeloid differentiation
factor 2; PBMC, peripheral blood mononuclear cell; sCD14, soluble cluster of differentiation 14; TLR,
toll−like receptor; XN, xanthohumol derived through a XN−rich hop extract. Data are expressed as
means ± SEM. * = p < 0.05.

Figure 5. Receptor activities of HEK293 cells co-stimulated with LPS and XN for 12h. HEK293 cells
were stimulated with LPS (100 ng/mL) and increasing concentrations of XN (0–8 μg/mL) for 12 h. LPS,
lipopolysaccharide; XN, xanthohumol derived through a XN-rich hop extract. Data are expressed as
means ± SEM. a = p < 0.05 compared to 0 XN + LPS, b = p < 0.05 compared to 0.5 XN + LPS, c = p < 0.05
compared to 1 XN + LPS, d = p < 0.05 compared to 2 XN, e = p < 0.05 compared to 4 XN + LPS.
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Figure 6. Inhibitory effect of XN on LPS−binding to MD−2, TLR4 and CD14. Effect of increasing
concentrations of XN (0–8 μg/mL) on LPS−binding to MD−2 (a), TLR4 (b) and CD14 (c) as well as
receptor activity of hTLR4 HEK293 cells co−stimulated with LPS (100 ng/mL), XN (4 μg/mL) and
sCD14 (1000 ng/mL) for 12 h (d). LPS, lipopolysaccharide; MD−2, myeloid differentiation factor
2; sCD14, soluble cluster of differentiation 14; TLR, toll−like receptor; XN, xanthohumol derived
through a XN−rich hop extract. Data are expressed as means ± SEM. # = p < 0.05 compared to
unstimulated control (0 ng/mL LPS, 0 μg/mL XN). * = p < 0.05 compared to LPS−stimulated cells.

3. Discussion

Infections caused by bacteria are common and can lead to severe and even life-
threatening health condition frequently demanding extended and cost-intensive treatments.
Antibiotics are still the treatment option of choice for most bacterial disease. However,
antibiotic resistances are increasingly often limiting therapeutic options [22]. Here, we
determined the effect of an acute ingestion of low doses of a XN-derived through a XN-rich
hop extract on the LPS-dependent immune responses in isolated PBMCs of healthy young
women. The dose of XN used in our study was based on the average XN amount in
brewing of ~250 mL beer [19,20] and on studies employing a co-cultural model to mimic
the gut/blood barrier, where a clear permeation of XN through a Caco-2 cell monolayer
and binding to immune cells was shown when cells were exposed to 0.125 mg of XN.
Somewhat in line with the findings of others [10,23], we found that XN rapidly crosses
the intestinal barrier here mimicked by Caco-2 cells and binds or is taken up by some
cells in the PBMC fraction. Recently, we showed, that XN predominantly binds to the
monocyte/ macrophage fraction of PBMCs, while no binding to T- and B-cells were shown
in these experiments [14]. Furthermore, while using lower doses than other groups when
showing anti-inflammatory effects in mice and rats [11,24,25], in the present study, LPS-
dependent activation of PBMCs was dampened by XN derived through a XN-rich hop
extract when compared to the placebo. These results are in line with recent findings of
our own group showing that and oral intake of XN in doses alike can diminish the LTA-
dependent immune responses of PBMCs in humans [14]. Still, the immune response was
not completely diminished to that of unstimulated cells but rather, it was dampened by
~43–64% after 2 h and ~17–20% after 6 h, depending on the cytokine measured. Others
have suggested before that a total suppression of immune responses to viral or bacterial
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challenges may be deleterious and may even worsen the severity of the disease and extend
recovery [26]. Therefore, a dampening of the immune response may even be more wishful
than a total abolishment of the immune response. Taken together, our results suggest that
XN derived through a XN-rich hop extract when consumed at low doses may dampen
the LPS-dependent immune response of PBMCs in healthy and normal weight women.
However, as in the present study PBMCs were exposed to LPS only ex vivo after one acute
ingestion of the hop compound, further studies are needed to determine if (1) effects alike
are also present in humans suffering from an infection with Gram-negative bacteria and (2)
when the compound is consumed repeatedly and (3) when 100% pure XN is used.

Through which mechanisms does XN dampen LPS-dependent activation of PBMCs?
The mechanisms involved in the uptake of XN, and if blood cells bind or take up the

hop compound, are still not fully understood. Results of other groups have suggested
before that XN may bind to MD-2 and may thereby interfere and dampen endotoxin-
dependent activation of TLR4 in immune cells such as monocytes or macrophages [16].
Contrasting these findings, in the present study, while blocking LPS-dependent activation
of HEK blue cells transfected with TLR4, MD-2 and CD14, neither LPS binding to MD-2
nor protein levels of MD-2 in LPS stimulated PBMCs were altered by the presence of XN. In
contrast, we found that XN, almost in a dose-dependent manner, inhibited the bindings of
biotinylated LPS to CD14 in a cell-free in vitro assay and diminished the release of sCD14
from LPS-stimulated PBMCs. Furthermore, sCD14 attenuated the inhibitory effects of
XN derived through a XN-rich hop extract on the LPS-dependent activation of HEK blue
cells transfected with TLR4. Interestingly, similarly to MD-2, XN derived through the
XN-rich hop extract had no effect on TLR4 protein or LPS binding to TLR4. Somewhat in
line with these findings, we recently reported that XN also attenuated the LTA-dependent
stimulation of TLR2-signaling and that the protective effects of XN on the LTA-dependent
activation of TLR2 seemed also to depend upon its effects on CD14 [14]. Furthermore,
results of several studies have shown that LPS is bound to CD14 and then transferred to
TLR4/MD-2 [27]. It further has been shown that CD14 is critical for the recognition of
LPS by TLR4 and MD-2 [28,29]. In addition, other results suggest that CD14 is ”shedded”
from the cell surface [30] and that this may be critical in the inflammatory response to
bacterial toxins [31]. In summary, our data suggest that XN derived through a XN-rich
hop extract dampens the LPS-dependent activation of the TLR4 signaling cascade through
CD14-dependent mechanisms. Still, our results by no means preclude that XN may also
affect other (intra) cellular signaling cascades, especially, when consumed at higher doses
and/ or over an extended period of time. Rather, our results suggest, that when consumed
at non-pharmacological concentrations, XN derived through a XN-rich hop extract may
at least temporally attenuate the LPS/CD14-dependent activation of the TLR4-signaling
cascade in blood immune cells.

Limitations

When interpreting the data of the present study, some limitations need to be considered.
For one, all cell stimulation experiments were carried out ex vivo with cells stemming
only from healthy, normal weight women. Therefore, additional studies need to assess if
these effects are also found in patients infected with Gram-negative bacteria. Furthermore,
here, XN was only eaten once with PBMCs being isolated 1 h after the intake. Accordingly,
from the presented data, no estimations regarding persistence and long-term effects of XN
on bacterial toxin-triggered immune response can be made. Furthermore, in the present
study, for ethical and safety reasons, XN was presented to study participants in form of
a commercially available hop extract containing 75% XN but also other hop compounds
(e.g., prenylflavonoids and geranyl flavonoids). It has been shown before by others that
these by-products are so low in concentration, that physiological effects are considered
unlikely [32]. To be consistent within the study, the same extract used in the human
intervention was also employed in the cell culture experiments. In addition, in the present
study, we only assessed effects in healthy, normal weight women. If effects alike are
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also found in overweight and/or older individuals as well as male subjects needs to be
determined in future studies. Another limitation that needs to be taken in consideration is
the use of a commercially available transfected HEK blue cell system to assess the effects of
XN derived through the XN-rich hop extract on CD14/MD−2/TLR4 signaling. Indeed,
while these cells are transfected with CD14, MD−2 and TLR4 it cannot be ruled out that this
cell culture system does not resemble all molecular interactions found in isolated immune
cells and in vivo, respectively. Moreover, in the present study the blockage of LPS-binding
to CD14 by XN derived through the XN-rich hop extract was only shown in a cell-free
in vitro assay bearing some limitations when extrapolating results to the in vivo situation.

4. Materials and Methods

4.1. Co-Culture Cell Assay

To determine the uptake and binding of XN to PBMCs, a co-culture model of Caco-
2 cells and human PBMCs, isolated from buffy coat was employed (also see Figure 1a
for study design). In brief, Caco-2 cells were grown according to the instructions of
the manufacturer in a humidified, 5% carbon dioxide atmosphere to 100% confluence in
semipermeable transwells by using DMEM medium containing 10% fetal bovine serum
(FBS) (Pan-Biotech GmbH, Aidenbach, Germany), 100 μg/mL streptomycin and 100 U/mL
penicillin (Pan-Biotech GmbH, Aidenbach, Germany). Integrity of Caco-2 monolayer was
checked daily for 9 days by transepithelial electrical resistance (TEER). Once the Caco-2
cell monolayer had reached confluency and TEER was stable (day 9), PBMCs isolated from
buffy coats of healthy donors were isolated by gradient centrifugation as detailed before by
others [33] and were seeded in the basolateral compartment below the transwell containing
the differentiated Caco-2 cells. Caco-2 cells were then incubated with XN (0–0.750 mg/mL)
derived from a XN-rich hop extract for 1 and 2 h. Cell culture medium was collected in
the basolateral compartment and PBMCs were washed, fixed on glass slides via cytospin
and stained with DAPI (Sigma-Aldrich Corp., St. Louis, MO, USA). DAPI staining was
detected using DAPI filter system included in the microscope (Leica Camera AG, Wetzlar,
Germany). Binding of XN to cells was determined as detailed before by others [34,35]. In
brief, spotted cells were excited at 480/40 nm and emission was detected at 530 nm to
detect autofluorescence of XN.

4.2. Study Participants

Based on sample size calculations assuming 1–2 drop-outs, a total of 12 normal weight
healthy female subjects were enrolled in the study. As the yield of PBMCs for the ex vivo
stimulation experiments was insufficient at some time points, three of the subjects had to
be excluded from the final analysis. Previous studies of others [36] assessing the reduction
in pro-inflammatory cytokine release in human PBMCs were used to estimate the sample
size via power analysis (a priori) (Gpower, Version 3.1.9.2). Only participants not reporting
food intolerances or food allergies that would require a particular dietary intervention
were enrolled. All study participants confirmed the absence of metabolic diseases, chronic
inflammatory diseases or viral and bacterial infections within the last 3 weeks before the
study. Furthermore, the use of anti-inflammatory medication was defined as exclusion
criteria for the study. The study, which is part of a larger project assessing the acute
and chronic effect of the intake of hop compounds such as XN and iso-α-acids on the
immune response of bacterial-toxin-activated PBMCs (ClinicalTrials.gov: NCT04847193),
was approved by the Ethics Committee of the University of Vienna, Vienna, Austria (00367)
and was carried out in accordance with the ethical standards laid down in the Declaration
of Helsinki of 1975 as revised in 1983.

4.3. Intervention Study

Before the intervention the participants underwent a wash-out phase for 14 days
during which they refrained from all hops containing products such as beer. After the
wash-out, participants were then randomly and single-blinded assigned to receive a study
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drink containing 10 mL water, thickener (Nestlé S.A., Vevey, Switzerland), 70 mg skim
milk powder, and lemon flavor (Pepsico Inc., Purchase, NY, USA) enriched with 0.125 mg
XN (XanthoFlav, generous gift from Hopsteiner GmbH, Au an der Hallertau, Germany) or
a placebo. XanthoFlavTM consists of XN (75%) and other prenylated flavonoids (<25%)
occurring naturally in hops (for further details, also see: https://www.hopsteiner.com/wp-
content/uploads/2021/12/26_21_ls_xanthoflav.pdf, accessed on 10 August 2022). Among
these prenylated flavonoids kaempferol-3-O-β-D-glucopyranosid, cis-/trans-p-coumaric
acid methylester and n-multifidol-di-C-glucopyranoside are the quantitively most common
flavonoids next to XN. However, concentrations are very low and only reliably verifiable by
LC-MS [33]. The placebo was similar to the study drink but lacked the addition of XN. The
study drink was consumed within 15 min in combination with a standardized breakfast
containing 2 medium sized pretzels and 30 g butter. Before, in fasted state, and 60 min after
the intake of the study drink, blood was collected, and PBMCs were isolated as detailed
below. After a second wash-out phase lasting at least 7 days, in which the participants were
again asked to refrain from all hops containing foods and beverages, the intervention was
repeated in a cross-over design.

4.4. Isolation and Culture of PBMCs

Following the manufacturer instructions, a Vacutainer® CPTTM System (Becton Dick-
inson GmbH, Heidelberg, Germany) was used to isolate PBMCs from whole blood samples
acquired from each participant at fasted state and after the consumption of the combination
of study drink and the standardized breakfast. Isolated PBMCs were then cultivated in
RPMI-1640 medium (Sigma-Aldrich Corp., St. Louis, MO, USA) with 10% fetal bovine
serum (Pan-Biotech GmbH, Aidenbach Germany), 100 μg/mL streptomycin and 100 U/mL
penicillin (Pan-Biotech GmbH, Aidenbach, Germany) for 1 h. Subsequently, cells were
either challenged with 0 or 100 ng/mL LPS for 2 h and 6 h, respectively. Cell culture
supernatant was collected and PBMCs were lysed using RIPA buffer to obtain total protein.
Supernatant and protein were stored at −80 ◦C until further use.

4.5. Cell Culture Experiments with hTLR4 Transfected HEK Cells Response

To assess the effects of XN on CD14/TLR4 signaling, a commercially available reporter
gene assay with HEK-BlueTM TLR4 cells, co-transfected with human TLR4, human MD-2
and human CD14 as well as an inducible secreted embryonic alkaline phosphatase (SEAP)
fused to nuclear factor ‘kappa-light-chain-enhancer’ of B-cells (NF-κB) and activator protein
1 (AP-1) was used (InvivoGen, CA, USA, Cat.Number: hTLR4 = hkb-htlr4). Following
the instructions of the manufacturer, cells were grown in a humidified, 5% carbon dioxide
atmosphere and were grown up to 80% confluence using DMEM media (Pan-Biotech,
GmbH, Aidenbach, Germany). In a first set of experiments, cells were challenged with
100 ng/mL LPS for 12 h in the presence of 0–8 μg/mL XN derived through the XN-rich
hop extract. Activity of TLR4 was indirectly determined by measuring SEAP induced
color change of cell culture medium at 655 nm. In a second set of experiments, cells were
again grown to 80% confluence and challenged with 0 or 100 ng/mL LPS in the presence
of 0 or 4 μg/mL XN and 0–1000 ng/mL sCD14. The XN dose used in this experiment
was determined in the first set of experiments. After 12 h, color changes of medium were
determined at 655 nm.

4.6. Western Blot

RIPA buffer was used to extract total protein from cells as detailed before [37]. Protein
extracts and cell culture supernatant, respectively, were separated in a 10% polyacrylamide
gel and were transferred on a polyvinylidene difluoride membrane (Bio-Rad Laboratories,
Hercules, CA, USA). Membranes were blocked with either 3% skim milk powder or 5%
BSA for 1 h prior to the incubation with a specific monoclonal antibody for MD-2 (#NB100-
56655; Novus Bio, Centennial, CO, USA) followed by a 1 h incubation with an appropriate
secondary antibody (#7074S for MD-2, Cell Signaling Technology Inc., MA, USA). Bands
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were detected using Super Signal West Dura kit (Thermo Fisher Scientific, Waltham, MA,
USA). Densitometric analysis of bands was performed using Image Lab 6.0 Software
(Bio-Rad Laboratories, Hercules, CA, USA).

4.7. Enzyme-Linked Immunosorbent Assays (ELISA’s)

IL-1β, IL-6, TNF-α, TLR4 and sCD14 protein concentrations were analyzed in cell
culture supernatant and extract from total protein using commercially available ELISA kits
(IL-1β: Sigma-Aldrich Corp., St. Louis, MO, USA; IL-6: Bio-Techne Corp., Minneapolis,
MN, USA; TNF-α: BioVendor R&D®, Czech Republic; CD14: Sigma-Aldrich Corp., St.
Louis, MO, USA).

4.8. LPS Binding Assays

To determine if XN binds to MD-2, CD14 or TLR4, a LPS binding assay adapted
from Zhang et al. was used [38]. In brief, polystyrene 96 well plates (R&D Systems Inc.,
Minneapolis, MN, USA) were coated with MD-2 (#NB100-56655; Novus Bio, Centennial,
CO, USA), CD14 (#56082S, Cell Signaling Technology Inc, Danvers, MA, USA) or TLR4
(#NB100-56723SS; Novus Bio, Centennial, CO, USA) antibodies over night at 4 ◦C. Plates
were blocked with 3% BSA for 2 h followed by an incubation with their respective re-
combinant protein (MD-2: 1787-MD, Bio-Techne Corp., Minneapolis, MN, USA; CD14:
110-01, PeproTech, Cranbury, NJ, USA; TLR4: 160-06, PeproTech, Cranbury, NJ, USA)
(1 μg/mL) for 1.5 h. XN in concentrations ranging from 0–8 μg/mL derived through the
XN-rich hop extract was added to the plate in presence or absence of LPS-biotin (50 ng/mL,
InvivoGen, CA, USA,) for 1 h. After a 1 h incubation with HRP-Streptavidin (Bio-Techne
Corp., Minneapolis, MN, USA) plates were incubated with TMB (Thermo Fisher Scientific,
Waltham, MA, USA) for another 15 min. Excess antibody and streptavidin-HRP solution
was removed by washing with 0.05% PBST. To stop the reaction, 2 N H2SO4 was added to
the plate and absorbance was measured at 450 nm.

4.9. Statistical Analyses

Data are presented as means ± standard error of the means (SEMs). The Friedman
test with Dunn’s multiple comparison test and the Wilcoxon test was used to determine
statistically significant differences between interventions and one-way ANOVA was used
for all other comparisons (GraphPad Prism Software, CA, USA). p ≤ 0.05 was selected as
the level of significance.

5. Conclusions

Taken together, the results of our study suggest that the acute consumption of low
doses of XN derived through a XN-rich hop extract may dampen the LPS-dependent
immune response of PBMCs in healthy women. Our results further suggest that the
beneficial effects of the hop compound are related to an inhibition of the binding of LPS
to CD14. While in the present study it was shown that the immunosuppressed effects
of XN are found within 1 h after the oral intake of XN derived through a XN-rich hop
extract, further study is needed to determine dose- and time-responses as well as the exact
mechanisms underlying the inhibitory effects of XN.
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Abstract: Prolonged inflammation and impaired re-epithelization are major contributing factors to
chronic non-healing diabetic wounds; diabetes is also characterized by xerosis. Advanced glycation
end products (AGEs), and the activation of toll-like receptors (TLRs), can trigger inflammatory
responses. Aquaporin-3 (AQP3) plays essential roles in keratinocyte function and skin wound
re-epithelialization/re-generation and hydration. Suberanilohydroxamic acid (SAHA), a histone
deacetylase inhibitor, mimics the increased acetylation observed in diabetes. We investigated the
effects of TLR2/TLR4 activators and AGEs on keratinocyte AQP3 expression in the presence and
absence of SAHA. Primary mouse keratinocytes were treated with or without TLR2 agonist Pam3Cys-
Ser-(Lys)4 (PAM), TLR4 agonist lipopolysaccharide (LPS), or AGEs, with or without SAHA. We
found that (1) PAM and LPS significantly upregulated AQP3 protein basally (without SAHA) and
PAM downregulated AQP3 protein with SAHA; and (2) AGEs (100 μg/mL) increased AQP3 protein
expression basally and decreased AQP3 levels with SAHA. PAM and AGEs produced similar changes
in AQP3 expression, suggesting a common pathway or potential crosstalk between TLR2 and AGEs
signaling. Our findings suggest that TLR2 activation and AGEs may be beneficial for wound healing
and skin hydration under normal conditions via AQP3 upregulation, but that these pathways are
likely deleterious in diabetes chronically through decreased AQP3 expression.

Keywords: toll-like receptor-2 (TLR2); TLR4; advanced glycation end products (AGEs); aquaporin-3
(AQP3); histone deacetylase inhibitor; diabetes; inflammation; keratinocytes; skin

1. Introduction

Impaired wound healing is one of the major complications of diabetes mellitus. This
impairment creates an enormous financial burden on and stress to patients as well as ther-
apeutic challenges for physicians. Unlike acute wounds, wounds with impaired healing
do not progress through the four dynamic and overlapping phases necessary for proper
healing: hemostasis, inflammation, proliferation, and remodeling. Acute wound healing
shows a quick inflammatory response and rapid resolution. In contrast, chronic wound
healing is characterized by excessive inflammation and impaired re-epithelization [1,2].
Another characteristic of diabetes is xerosis, i.e., skin dryness resulting from reduced hy-
dration [3]. Aquaporin-3 (AQP3), a water channel that can also transport glycerol and
hydrogen peroxide [4–9], has been shown to play an important role in regulating prolifera-
tion, differentiation and migration of skin epidermal keratinocytes [10–20], as well as skin
function, including the water permeability barrier and skin hydration in vivo [20,21]. For
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example, Verkman and colleagues demonstrated that global AQP3 knockout mice exhibit
a skin phenotype of decreased water-holding capacity (hydration) and delayed water
permeability barrier recovery, as well as impaired skin wound healing [20,21]. Indeed,
in vivo studies have indicated that a diabetes-associated reduction in AQP3 levels may con-
tribute to the skin xerosis observed in diabetes [10,22]. The importance of changes in AQP3
in wound healing in diabetes has also been demonstrated, using a streptozotocin (STZ)-
induced diabetic rat model in which impaired re-epithelialization correlated with reduced
AQP3 expression during the wound healing process [23]. In addition, siRNA-mediated
knockdown of AQP3 in normal human keratinocytes reduces proliferation and migration in
wound healing in vitro [10]. Finally, it was recently shown that down-regulation of AQP3 in
STZ-induced diabetic mice was not the result of hyperglycemia per se, since one week after
STZ injection, serum glucose levels were increased without an accompanying reduction
in AQP3 expression. However, a week later (or two weeks after STZ injection), although
serum glucose was elevated to a similar level as at one week, AQP3 mRNA and protein
levels were decreased [24], suggesting that a diabetic product might need to accumulate to
induce AQP3 reduction. We hypothesized that this product might be advanced glycation
end products (AGEs).

AGEs are formed through a complicated biochemical process involving non-enzymatic
reactions between reducing sugars and free amino groups on proteins, lipids, or nucleic
acids. This process is accelerated under chronic hyperglycemic and oxidative stress con-
ditions, which results in AGEs accumulation in high amounts in diabetes [25,26]. In turn,
AGEs, through interaction with the receptor for AGEs (RAGE), can activate downstream
intracellular signaling pathways that lead to further oxidative stress and production of
pro-inflammatory mediators [25,27]. In a diabetic mouse model AGEs have been shown to
impair wound healing via delayed infiltration of inflammatory cells, sustained expression
of inflammatory mediators, and diminished re-epithelization, and these adverse effects can
be inhibited via the use of blockers of RAGE [28,29].

On the other hand, diabetes not only results in increased serum levels of AGEs but
has also been found to enhance protein acetylation in various cell types both in vitro and
in vivo [30–33]. This effect is presumed to be mediated by diabetes-related hyperglycemia-
induced increases in the generation of the acetyl-CoA required for lysine acetylation.
Protein acetylation can also be enhanced by treating cells with the pan-histone deacetylase
inhibitor, suberanilohydroxamic acid (SAHA). Therefore, it is possible that SAHA treatment
of mouse keratinocytes may mimic some of the effects of diabetes on protein acetylation.
Diabetes is also characterized by inflammation, as well as increased serum levels of high-
mobility group box 1 (HMGB1) protein [34], an endogenous protein reported to activate
toll-like receptors (TLRs), such as TLR2 and TLR4 [34]. TLR2 and TLR4 activation has been
demonstrated to both enhance and impair skin wound healing [35]. TLR2 or TLR4 activa-
tion during the early healing process improves wound closure, and long-term deficiency
of these TLRs delays normal wound healing [1,36,37]. In contrast, in diabetic wounds,
the observed extensive expression of TLR2 and TLR4 seems to contribute to increased
inflammation and impaired wound closure, while their knockout improves healing [38,39].

The link between AGEs, as well as TLR activation, and AQP3 expression has not been
explored. Therefore, we activated TLR2, TLR4, or RAGE with the triacylated synthetic
lipopeptide, Pam3CSK4 (PAM), lipopolysaccharide (LPS) or AGEs, respectively, in the
presence or absence of SAHA, to examine AQP3 expression in primary mouse keratinocytes
basally and in the presence of SAHA. Treatment with SAHA served to increase the low-
level basal expression of AQP3 [40], such that inhibitory effects might be more readily
detected. SAHA also enhances protein acetylation, which has been observed in the diabetic
setting [30–33].
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2. Results

2.1. AGE-BSA Used Initially Was Contaminated with Endotoxin

Our initial experiments using AGEs obtained from Sigma showed that this reagent
reduced the levels of the glycosylated form of AQP3 in mouse and human keratinocytes
either in the absence (human) or presence (mouse) of SAHA (Supplementary Figure S1).
In human keratinocytes, this reduction was accompanied by a decrease in its function, as
measured by glycerol uptake (Supplementary Figure S2). The question then arose as to
the mechanism by which the AGEs were affecting AQP3 levels. Reports in the literature
suggested that AGEs might serve as endogenous damage-associated molecular patterns
(DAMPs) to activate TLR4 [41,42]. To determine whether AGEs activated TLR4, we used a
TLR4 reporter cell line and incubated with different concentrations of AGEs or BSA (as a
control) obtained from Sigma (St. Louis, MO, USA). As shown in Figure 1a, Sigma AGEs
did, in fact, activate TLR4; however, Sigma BSA itself caused as much activation of TLR4 as
did the AGEs, suggesting that the Sigma BSA-AGEs (and the BSA from which the AGEs
are generated) might be contaminated with a TLR4 activator. In fact, when we measured
the amount of endotoxin in the Sigma AGEs using a PierceTM Chromogenic Endotoxin
Quant Kit, the AGEs (at both 25 and 100 μg/mL) showed endotoxin levels greater than the
highest concentration tested in the standard curve (4 EU/mL) (Figure 1b). These results
confirmed that the Sigma AGEs were contaminated with endotoxin, and it became unclear
whether the changes in AQP3 protein expression observed initially were due to the AGEs
themselves, to the contaminating endotoxin, or to both.

Figure 1. Sigma AGE-BSA Showed Contamination with TLR-Activating Endotoxin. (a) The TLR4
reporter cell line HEK-Blue hTLR4 was incubated with Sigma BSA or Sigma AGE-BSA at the indi-
cated concentrations and TLR4 activation measured as a change in absorbance at 620 nm after 24 h.
(b) Endotoxin contaminating the Sigma AGE-BSA was determined using a Pierce Chromogenic Endo-
toxin Quant Kit, according to the manufacturer’s directions. Shown are representative experiments
performed in duplicate.

2.2. TLR2 Activation Downregulated AQP3 mRNA Expression; TLR2/TLR4 Activation
Upregulated AQP3 Protein in the Absence of SAHA, and TLR2 Activation Downregulated AQP3
Protein in the Presence of SAHA in Primary Mouse Epidermal Keratinocytes

To test the relative importance of TLR activation in regulating AQP3 expression,
keratinocytes were treated with and without a TLR2 or a TLR4 activator in the presence
and absence of SAHA. Pam3CSK4 has been previously shown to increase inflammatory
mediator production and NF-κB activation in keratinocytes downstream of TLR2 [43,44];
LPS stimulates keratinocyte inflammatory mediator production downstream of TLR4.
TLR2, but not TLR4, activation significantly inhibited AQP3 mRNA expression either in
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the presence or absence of SAHA (Figure 2). Similarly, TLR2 activation decreased SAHA-
induced AQP3 protein expression (Figure 3b, right panel). In contrast, TLR2 and TLR4
activation significantly increased AQP3 protein level basally (Figure 3b, left panel). AQP3
presents as two bands upon Western analysis: an approximately 28 kDa non-glycosylated
form and an about 40 kDa glycosylated form [45] (Figure 3a). We, therefore, further
analyzed glycosylated and non-glycosylated AQP3 separately. We found that (1) TLR4
activation significantly increased non-glycosylated AQP3 protein expression in the absence
of SAHA (Figure 3c, left panel); and (2) TLR2 activation significantly increased both non-
glycosylated and glycosylated AQP3 protein expression without SAHA (Figure 3c,d, left
panels) but decreased non-glycosylated AQP3 levels in the presence of SAHA (Figure 3c,
right panel). Interestingly, we observed increased AQP3 protein levels, despite an inhibitory
effect of TLR2 activation on mRNA expression. Since reductions in protein levels tend to
lag behind decreases in mRNA expression, particularly if the protein is stable, it seems
possible that later time points might be required to observe a decrease in AQP3 levels with
PAM treatment.

Figure 2. TLR2 Activation Decreased AQP3 mRNA Expression. Mouse keratinocytes were treated
with 0 and 2.0 μg/mL LPS or 2.5 μg/mL PAM, in the presence or absence of 1 μM SAHA, for
24 h. mRNA expression of AQP3 was monitored by quantitative RT-PCR. The data are shown as
% maximal response and represent the means ± SEM from at least four independent experiments;
symbols represent individual experiments. * p < 0.05 and **** p < 0.0001 versus the control value.
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Figure 3. TLR2/TLR4 Activation Increased AQP3 Protein Expression Basally and TLR2 Reduced
SAHA-induced AQP3 Levels. Mouse keratinocytes were treated with 0 and 2.0 μg/mL LPS or
2.5 μg/mL PAM, in the presence or absence of 1 μM SAHA, for 24 h. Cells were lysed in 3% boiling
SDS lysis buffer and processed for Western analysis. (a) Representative Western blot showing APQ3
protein expression. (b) Left panel: total AQP3 protein expression in the absence of SAHA. Right
panel: total AQP3 protein expression in the presence of SAHA. (c) Left panel: non-glycosylated
AQP3 protein expression in the absence of SAHA. Right panel: non-glycosylated AQP3 protein
expression in the presence of SAHA. (d) Left panel: glycosylated AQP3 protein expression in the
absence of SAHA. Right panel: glycosylated AQP3 protein expression in the presence of SAHA. The
data are expressed as % maximal response among all six groups, with the values in the absence and
presence of SAHA analyzed separately and representing the means ± SEM from 3 to 4 independent
experiments; symbols represent individual experiments. Note that one data point corresponding
to the PAM treatment in the presence of SAHA from the total AQP3 protein expression ((b), right
panel) and one from the non-glycosylated AQP3 protein expression ((c), right panel) were identified
as significant outliers (p < 0.05) by the GraphPad Outlier Calculator and were removed from the
statistical analysis. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 versus the control value.

2.3. AGE-BSA from BioVision, Inc. Was Not Contaminated with TLR-Activating Endotoxin

The datasheet provided by BioVision, Inc., (Waltham, MA, USA) for their AGE-BSA
indicates endotoxin contamination of less than 0.1 IU/mg protein. To determine whether
uncontaminated AGEs can serve as TLR-activating DAMPs, the HEK-Blue TLR4 reporter
cell line was incubated with various doses of AGE-BSA from BioVision, Inc. Concentrations
of AGEs ranging from 10 to 50 μg/mL showed no activation of TLR4 compared to the
phosphate-buffered saline (PBS) control. Even at a concentration of 100 μg/mL, AGEs pro-
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duced minimal TLR4 activation (Figure 4). Therefore, the AGEs from BioVision, Inc. did not
serve as DAMPs to activate TLR4 and did not appear to be contaminated with endotoxin.

Figure 4. BioVision AGE-BSA Exhibited Little TLR4-Stimulating Activity. HEK-Blue hTLR4 reporter
cells were incubated with the indicated concentrations of BioVision AGE-BSA or LPS (as a positive
control), and TLR4 activation was measured as a change in absorbance at 620 nm after 24 h. Results
represent the means ± SEM of four independent experiments performed in duplicate.

2.4. AGEs Increased AQP3 Protein in the Absence of SAHA but Reduced AQP3 Protein in Its
Presence in Primary Mouse Epidermal Keratinocytes

We next investigated whether uncontaminated AGEs from BioVision, Inc. would
affect AQP3 expression in primary mouse keratinocytes at 24 h (Figure 5), 48 h (Figure 6)
and 72 h (Figure 7). Our results revealed that a 24- and 72-h treatment with AGEs at a
concentration of 100 μg/mL (AGEs100) tended to increase AQP3 protein levels in the
absence of SAHA (Figures 5b and 7b, left panels), although the results did not attain
statistical significance. For the 48-h treatment, AGEs100 significantly increased AQP3
protein levels without SAHA (Figure 6b, left panel). In contrast, AGEs100 significantly
reduced AQP3 protein expression in the presence of SAHA for each of the 24-, 48-, and
72-h treatments (Figures 5b, 6b and 7b, right panels). We further analyzed glycosylated
and non-glycosylated AQP3 separately with or without SAHA. We found that (1) in
the absence of SAHA, for the 48-h treatment, AGEs100 significantly increased both non-
glycosylated and glycosylated AQP3 protein levels (Figure 6c,d, left panels). For the
24- and 72-h AGEs100 treatment, AQP3 protein expression showed the same tendency
as the 48-h AGEs100 treatment even though statistical significance was not achieved
(Figures 5c,d and 7c,d, left panels); (2) in the presence of SAHA, AGEs100 significantly
decreased both non-glycosylated and glycosylated AQP3 protein (Figure 5c,d, right panels)
for the 24-h treatment and significantly reduced glycosylated AQP3 for the 48- and 72-h
treatment (Figures 6d and 7d, right panels). Our results suggest that AGEs affected AQP3
protein expression in a dose-dependent manner, with different effects basally versus under
conditions of enhanced protein acetylation as has been observed in diabetes [30–33].
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Figure 5. A 24-h Treatment with BioVision AGEs Altered Keratinocyte AQP3 Protein Levels. Western
blotting of mouse keratinocytes treated for 24 h with 50 or 100 μg/mL BioVision AGEs. (a) Represen-
tative Western blot showing AQP3 protein expression. (b) Left panel: total AQP3 protein expression
in the absence of SAHA. Right panel: total AQP3 protein expression in the presence of SAHA.
(c) Left panel: non-glycosylated AQP3 protein expression in the absence of SAHA. Right panel:
non-glycosylated AQP3 protein expression in the presence of SAHA. (d) Left panel: glycosylated
AQP3 protein expression in the absence of SAHA. Right panel: glycosylated AQP3 protein expression
in the presence of SAHA. The data are analyzed as in Figure 3 and expressed as % maximal response;
values represent the means ± SEM from four independent experiments, with symbols representing
individual experiments. * p < 0.05 and ** p < 0.01 versus the control value.
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Figure 6. A 48-h Treatment with BioVision AGEs Altered Keratinocyte AQP3 Protein Levels. Western
blotting of mouse keratinocytes treated for 48 h with 50 or 100 μg/mL AGEs. (a) Representative
Western blot showing AQP3 protein expression. (b) Left panel: total AQP3 protein expression
in the absence of SAHA. Right panel: total AQP3 protein expression in the presence of SAHA.
(c) Left panel: non-glycosylated AQP3 protein expression in the absence of SAHA. Right panel:
non-glycosylated AQP3 protein expression in the presence of SAHA. (d) Left panel: glycosylated
AQP3 protein expression in the absence of SAHA. Right panel: glycosylated AQP3 protein expression
in the presence of SAHA. The data are analyzed as in Figure 3 and expressed as % maximal response;
values represent the means ± SEM from four independent experiments, with symbols representing
individual experiments. * p < 0.05 versus the control value.

2.5. In Primary Mouse Epidermal Keratinocytes, AGEs, but Not SAHA, Increased Cell Number, a
Measure of Proliferation

We also determined the effect of a 48-h treatment with BioVision AGEs (50 and
100 μg/mL) on cell numbers in primary mouse keratinocytes treated with or without 1 μM
SAHA, as measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assays. The MTT assay provides information about metabolic activity; however,
since this activity is proportional to the number of viable cells, the intensity of the colored
product also yields data about cell number and thus cell proliferation [46]. In the absence
of SAHA, AGEs at a concentration of 100 μg/mL significantly enhanced proliferation. In
the presence of SAHA, AGEs at a concentration of 50 μg/mL but not 100 μg/mL, increased
proliferation. Our data also showed no effect of 1 μM SAHA on mouse keratinocyte
proliferation (Figure 8).
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Figure 7. A 72-h Treatment with BioVision AGEs Altered Keratinocyte AQP3 Protein Levels. Western
blotting of mouse keratinocytes treated for 72 h with 50 or 100 μg/mL AGEs. (a) Representative
Western blot showing AQP3 protein expression. (b) Left panel: total AQP3 protein expression
in the absence of SAHA. Right panel: total AQP3 protein expression in the presence of SAHA.
(c) Left panel: non-glycosylated AQP3 protein expression in the absence of SAHA. Right panel:
non-glycosylated AQP3 protein expression in the presence of SAHA. (d) Left panel: glycosylated
AQP3 protein expression in the absence of SAHA. Right panel: glycosylated AQP3 protein expression
in the presence of SAHA. The data are analyzed as in Figure 3 and expressed as % maximal response;
values represent the means ± SEM from four independent experiments, with symbols representing
individual experiments. * p < 0.05 versus the control value.
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Figure 8. AGEs, not SAHA, IncreasedProliferation in Primary Mouse Keratinocytes. Mouse primary
keratinocytes were treated with BioVision AGEs in the presence of absence of 1 μM SAHA for 48 h.
Cell proliferation was measured using MTT assays. The data are expressed as % maximal response
and represent the means ± SEM from three independent experiments; symbols represent individual
experiments. * p < 0.05 versus the control value.

3. Discussion

AQP3 is an important protein that regulates keratinocyte proliferation, differentiation,
and migration, as well as skin hydration and water permeability repair in vivo, and dysreg-
ulation of AQP3 leads to impaired wound healing [10–20] and xerosis [10,22]. The major
findings of this study are that TLR2 activation and AGEs (100 μg/mL) upregulated AQP3
protein levels in the absence of SAHA, but TLR2 activation and AGEs (100 μg/mL) down-
regulated AQP3 protein levels in the presence of SAHA in primary mouse keratinocytes.
Interestingly, both TLR2 activation and AGEs (100 μg/mL) had similar effects on AQP3
protein expression, suggesting a common pathway or potential crosstalk between TLR2
and RAGE. The principal mechanism(s) of how AQP3 is regulated by TLR2 activation
and AGEs is (are) currently unclear. Nonetheless, both TLR2 activation and AGEs can
activate the NF-κB pathway, leading to release of pro-inflammatory cytokines [28,35,47]. A
secondary finding of potential significance is our data demonstrating that AGEs that were
not contaminated with endotoxin did not activate TLR4, contrary to some reports in the
literature [48,49].

In the absence of SAHA, TLR2 stimulation or AGEs (100 μg/mL) treatment of mouse
keratinocytes enhanced AQP3 protein expression. The upregulation of AQP3 should en-
hance the transport function of AQP3, a water, glycerol, and hydrogen peroxide channel, as
shown by changes in glycerol transport with endotoxin-contaminated AGEs and SAHA in
Supplementary Figure S2. Through glycerol uptake and subsequent cell swelling, AQP3 can
promote NLRP3 inflammasome activation and pro-inflammatory cytokine production [50].
The activation of the NLRP3 inflammasome has been shown to enhance skin wound healing
by elevating pro-inflammatory cytokine production in the wound site [51,52]. Additionally,
increased AQP3 in keratinocytes should enhance their proliferation, differentiation, and
migration to contribute to wound healing, as has been shown in various studies in human
and mouse keratinocytes (reviewed in [13,53]). Indeed, AGEs (100 μg/mL) enhanced
the basal proliferation of primary mouse keratinocytes. This result is consistent with the
finding that AGEs (100 μg/mL) enhance wound healing in a human corneal epithelial
cell line via RAGE activation [54], and homozygous RAGE null mice exhibit delayed re-
epithelialization in mouse corneal wounds [55]. Our results therefore suggest that TLR2
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activation and AGEs may have a beneficial effect on acute wound healing in part through
upregulation of AQP3 under basal conditions.

On the other hand, in the presence of SAHA, AGEs (100 μg/mL) or the TLR2 agonist
PAM reduced AQP3 protein levels in mouse keratinocytes. As SAHA increases the low
basal AQP3 protein expression [40], treatment with this agent allows a greater ability to
detect decreases in AQP3 levels. SAHA-mediated HDAC inhibition may also mirror the
protein hyperacetylation observed in diabetes, although at this point it is unclear whether or
not SAHA affects the acetylation of the same or different proteins as in diabetes. In addition,
it is likely that HDAC inhibitors have distinctive effects on different cell types. Thus, some
studies report that HDAC inhibitors promote β-cell development and proliferation and
might potentially therefore be a novel treatment for diabetes [56–58], whereas our data
indicated no effect of 1 μM SAHA on mouse epidermal keratinocyte proliferation (Figure 8).
The ability of HDAC inhibitors to increase β-cell numbers might suggest their potential
therapeutic use in diabetes, despite the increased protein acetylation observed in other
tissues in individuals with this disease [30–33]. In addition, HDAC inhibitors exhibit
anti-inflammatory effects [59,60] that might be useful in treating diseases like diabetes.

There are limitations to our study. Thus, our study was restricted to in vitro experi-
ments examining cell growth only, and not migration. Another limitation of our study is
the fact that we have not defined the mechanisms by which downregulation of AQP3 might
affect wound healing in diabetes. However, based on the literature, we can speculate that
decreased AQP3 might inhibit reswelling-induced activation of NLRP3-inflammasome to
reduce production of pro-inflammatory mediators [50] and hinder the orderly progression
of inflammation at the wound site, contributing to delayed wound healing [51,52]. Indeed,
multiple lines of evidence support the idea that chronic increases in AGEs in diabetes impair
skin wound healing, a function of proliferation and migration, in vivo [61]. Thus, our data
support the hypothesis that accumulation of AGEs may downregulate AQP3 expression
in diabetes and may explain the findings of Ikarashi et al. [24] that an elevation in blood
glucose levels was not sufficient to decrease AQP3 expression but required time to develop
(to allow AGEs to form) in diabetic mice. Indeed, AQP3 knockout mice show impaired
wound healing accompanied by reduced proliferating keratinocytes, and siRNA-induced
AQP3 knockdown slows keratinocyte migration [10]. Our data thus suggest that TLR2
activation and/or AGEs formation in diabetes may be deleterious for wound healing, in
part via downregulation of AQP3 protein in this condition.

In this study, we also analyzed the effects of AGEs on glycosylated and non-glycosylated
AQP3 separately. Both glycosylated and non-glycosylated AQP3 were upregulated by
AGEs in the absence of SAHA but downregulated in the presence of this HDAC inhibitor.
The exact role of glycosylation in regulating AQP3 function is unclear but by analogy with
AQP2 [62], glycosylation may regulate plasma membrane localization of AQP3. Therefore,
this effect of AGEs may impair AQP3’s membrane localization and transport function,
although further studies are needed to examine this idea.

In conclusion, our study revealed that both TLR2 activation and AGEs treatment
(100 μg/mL) of mouse keratinocytes promoted AQP3 protein expression basally, and
elevated AQP3 protein should be protective in wound healing. However, with SAHA-
mediated HDAC inhibition, TLR2 activation and AGEs decreased AQP3 protein, which is
likely detrimental to wound healing, based on the important role of AQP3 in regulating
keratinocyte proliferation and migration [10–20]. Our data suggest a possible role for AQP3
in connecting the inflammatory and proliferative phases of wound healing. Further, we
speculate that AGEs-induced activation of RAGE acutely following injury may serve to
promote wound healing, at least in part through effects on basal AQP3 levels. However,
with prolonged elevations in AGEs levels and RAGE activation, as well as other changes ac-
companying diabetes (e.g., inflammation and enhanced protein acetylation), AGEs instead
down-regulate AQP3 to impair skin wound healing. These results suggest that further
investigation is warranted to determine the mechanisms by which AQP3 is regulated to
exert both beneficial and harmful effects in complex wound healing processes.
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4. Materials and Methods

4.1. Cell Culture and Treatment

Mouse keratinocytes were isolated from the skin of newborn ICR CD1 mice and
cultured as described previously [63], according to protocols approved by the Institutional
Care and Use Committees of Augusta University (Protocol #2017-0915) and the Charlie
Norwood VA Medical Center (Protocol #22-04-135). Keratinocytes were treated with 0,
2.0 μg/mL LPS (Sigma-Aldrich, St. Louis, MO, USA), or 2.5 μg/mL Pam3CSK4 (EMD
Millipore Corporation, Burlington, MA, USA) in the presence or absence of 1 μM SAHA
(Sigma-Aldrich, St. Louis, MO, USA) at 37 ◦C with 5% CO2 for 24 h; or with 0, 50, or
100 μg/mL AGE-BSA (Sigma-Aldrich or BioVision Incorporated, Milpitas, CA, USA),
in the presence or absence of 1 or 2 μM SAHA (based on our previous studies [40]) at
37 ◦C with 5% CO2 for 24, 48, and 72 h. Doses of AGEs were selected based on previous
literature [54,64–66]. Cells were then harvested for RT-qPCR or Western analysis. Cells
treated with SAHA were analyzed separately, to determine whether TLR2/TLR4 activation
or AGEs altered AQP3 expression and/or function under basal conditions and settings
analogous to diabetes (with enhanced protein acetylation).

4.2. Quantitative RT-PCR

Cells were harvested and RNA isolated using PureLink™ RNA Mini Kits (Ther-
moFisher Scientific, Waltham, MA, USA). Total RNA was reverse transcribed to cDNA
using High-Capacity cDNA Reverse Transcription Kits (ThermoFisher Scientific, St. Louis,
MO, USA). Gene expression was analyzed by quantitative RT-PCR using Taqman primer-
probe sets purchased from ThermoFisher Scientific according to the supplier’s instructions
and the delta-delta Ct method with GAPDH as the housekeeping gene, as described
previously [40].

4.3. Western Blotting

Western analysis was performed as described previously [40], using a primary anti-
AQP3 antibody obtained from Novus Biologicals (Littleton, CO, USA) and secondary
IRDye-conjugated antibody purchased from LI-COR Biosciences (Lincoln, NE, USA). Im-
munoreactive bands were visualized using a LI-COR Odyssey infrared imager and quan-
tified using the LI-COR software. AQP3 levels were normalized to β-actin levels, using
an antibody purchased from Sigma-Aldrich (St. Louis, MO, USA), and expressed as the
percent maximal response within each experiment and in the presence or absence of SAHA,
with results representing the means ± SEM of at least three separate experiments. AQP3
bands were identified in part based on molecular weight and in part on our previous results
using AQP3 knockout cells with and without re-expression of AQP3 [16] and up- and
down-regulation of the protein [40].

4.4. BSA-AGEs Contamination Test

Contamination of Sigma’s BSA-AGEs with TLR4-activated endotoxin was determined
using two assays. Initially, a TLR4 reporter cell line was used to monitor TLR4 activation.
The HEK-Blue hTLR4 cells (InvivoGen, San Diego, CA, USA) are HEK293 cells engineered
to express human TLR4, along with the TLR4 accessory proteins/co-receptors CD14 and
MD-2, as well as a secreted embryonic alkaline phosphatase (SEAP) under the control
of an interleukin-12 p40 minimal promoter with multiple AP-1 and NF-kB consensus
sequences. Thus, activation of TLR4 results in AP-1- and NF-κB-mediated transcription
of SEAP, the activity of which can then be measured using the chromogenic substrate in
HEK-Blue detection medium. Endotoxin contamination was also measured directly using
a PierceTM Chromogenic Endotoxin Quant Kit (ThermoFisher Scientific), according to the
manufacturer’s instructions.

170



Int. J. Mol. Sci. 2023, 24, 1376

4.5. MTT Assay

MTT assays were performed using Roche’s Cell Proliferation Kit I according to the
manufacturer’s instructions. Initially, experiments were performed to determine the initial
plating density necessary to ensure that the cells were still proliferating, i.e., they had
not achieved confluence, at the time of assay completion. Mouse keratinocytes plated
at the determined density in 96-well plates were then treated with 0, 50, or 100 μg/mL
AGE-BSA (BioVision Incorporated, CA, USA), in the presence or absence of 1 μM SAHA
and incubated at 37 ◦C in 5% CO2 for 48 h. Subsequently, MTT (3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide) obtained from Roche Diagnostics GmbH (Mannheim,
Germany) was added to each well at a final concentration of 0.5 mg/mL. Cells were incu-
bated for 4 h at 37 ◦C in 5% CO2 to allow purple formazan crystals to form in metabolically
active cells. An amount of 100 μL of solubilization buffer was then added into each well and
incubated overnight at 37 ◦C with 5% CO2 to dissolve the formazan crystals. Absorbance
at 550 nm was measured using a Gen5 96-well plate reader (BioTek Instruments, Winooski,
VT, USA).

4.6. Statistical Analysis

Results represent the means ± SEM of 3-6 separate experiments and are expressed
either as a fold over control or as the % maximal response. Group mean values were
compared using one-way analysis of variance (ANOVA) with Tukey tests. All statistical
analyses were performed using GraphPad software (San Diego, CA, USA).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24021376/s1.
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Abstract: Mechanical compression simulating orthodontic tooth movement in in vitro models induces
pro-inflammatory cytokine expression in periodontal ligament (PDL) cells. Our previous work shows
that TLR4 is involved in this process. Here, primary PDL cells are isolated and characterized
to better understand the cell signaling downstream of key molecules involved in the process of
sterile inflammation via TLR4. The TLR4 monoclonal blocking antibody significantly reverses
the upregulation of phospho-AKT, caused by compressive force, to levels comparable to controls
by inhibition of TLR4. Phospho-ERK and phospho-p38 are also modulated in the short term via
TLR4. Additionally, moderate compressive forces of 2 g/cm2, a gold standard for static compressive
mechanical stimulation, are not able to induce translocation of Nf-kB and phospho-ERK into the
nucleus. Accordingly, we demonstrated for the first time that TLR4 is also one of the triggers for
signal transduction under compressive force. The TLR4, one of the pattern recognition receptors, is
involved through its specific molecular structures on damaged cells during mechanical stress. Our
findings provide the basis for further research on TLR4 in the modulation of sterile inflammation
during orthodontic therapy and periodontal remodeling.

Keywords: monoclonal antibody TLR4; compression force; MAPKs; AKT; human PDL; sterile
inflammation

1. Introduction

Mechanical forces are used as a therapeutic tool enabling orthodontic tooth movement
(OTM) to improve functional and aesthetical malocclusions [1,2]. The mechanical stimula-
tion is transmitted from the teeth to the periodontal ligament (PDL) where it is translated
into a biochemical reaction, that leads to the remodeling of the alveolar bone [2–5]. The
tooth is anchored to the surrounding alveolar bone via the periodontium, which absorbs
the various shocks associated with mastication and provides tooth stability by continu-
ously remodeling its extracellular matrix, the periodontal ligament (PDL) [6]. It represents
a specialized connective soft tissue with viscoelastic properties, mainly comprised of fi-
broblasts and extracellular matrix (ECM) with the following main functions: anchoring
teeth by Sharpey’s fibers into the alveolar cavity [4], supply of tooth nutrients, home-
ostasis and tissue remodeling. Mechanical stimuli, initially directed to the ECM of the
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PDL, are transduced via mechanosensitive receptors, ion channels [7] and pattern recogni-
tion receptors (PRR) to biochemical responses. This leads to a local sterile inflammation
with pro-inflammatory cytokines, e.g., interleukins (IL-6, IL-8) [8–10], vascular endothelial
growth factor (VEGF) [11] and matrix metalloproteinases (MMP8 and 9) [10,12]. MMPs are
a group of enzymes that in concert are responsible for the degradation of most extracellular
matrix proteins during organogenesis, growth and normal tissue turnover and increase
significantly in various pathological conditions [13] and serve to accurately predict the level
of inflammation during OTM [14]. These factors trigger an immune response, resulting in
migration, adhesion and differentiation of monocytes and osteoclasts [15–17]. The mono-
cytes dislodge cellular debris and allow for the remodeling of periodontal architecture in
the initial phase and in the later phase during the tooth movement [18,19]. This is followed
by alveolar bone resorption in the compression area and bone formation in the tension area
of the periodontal ligament.

As shown in in vitro and in vivo studies, Toll-like receptor 4 (TLR4), a type of pattern
recognition receptors (PRR) family, is involved in osteoclastogenesis [20–22]. Furthermore,
TLR4 has been considered an important player in the initiation and progression of di-
verse inflammatory diseases. Our previous study has shown that the TLR4 expression
is significantly increased due to mechanical stimulation in periodontal cells [8]. TLR4
seems to play an important role in two common inflammation types of the periodontium.
Firstly, the sterile inflammation resulting from trauma or injuries is characterized by the
release of endogenous molecules termed damage-associated molecular patterns (DAMPs).
Secondly, the infectious inflammation, triggered by conserved structural motifs found in
microorganisms, called pathogen-associated molecular patterns (PAMPs), leads to peri-
odontal diseases, e.g., periodontitis. Furthermore, TLR4 has been well characterized to be
involved in the transduction of innate and adaptive host immune responses to microbial
pathogens, such as lipopolysaccharides (LPS) [23]. Nowadays, many DAMPs are reported
as TLR4 ligands, such as High Mobility Group Box 1 (HMGB1) which is described in PDL
fibroblasts during OTM [8,24,25]. Thus, HMGB1 can be defined as an accessory regulator
for bone remodeling during OTM. HMGB1 is a damage protein that is released in the
extracellular medium through traumatic events [26,27]. However, the effect of mechanical
cell stress in human PDL cells depends on variables such as force magnitude, duration
and constancy [25,27]. These findings underline the need for further investigation of the
signal transduction cascades involved in the mediation of mechanical cell stress into host
immune responses.

We hypothesized that the expression of TLR4 in human PDL cells may be involved
in the initial inflammation process in orthodontic tooth movement. In this study, we
want to evaluate the role of TLR4 in human periodontal ligament cells in an in vitro
compression model for OTM and TLR4 signaling during sterile inflammation. To this
end, we investigated the modulation of TLR4 under mechanical stress and its involvement
in key downstream molecules such as AKT, also known as protein kinase B, and the
highly conserved mitogen-activated protein kinase (MAPK) family, with its three important
members (extracellular signal-regulated kinase (ERK), p38 and c-Jun N-terminal kinase
(JNK)). The TLR4 modulation regulates the cells by transducing extracellular into cellular
responses and enables a better understanding of the molecular mechanisms underlining
sterile periodontal remodeling.

2. Results

2.1. Characterization of Primary Human PDL Cells

At first, three isolated PDL cells from the upper jaw were evaluated for stem cell
characteristics via surface characterization according to the Guidelines of the International
Society for Stem Cell Research. The percentages of specific stem cell markers were analyzed
by flow cytometry. All donors express stem cell markers (CD34−, CD45−, CD73+, CD90+
and CD105+), sharing in addition morphological and phenotypical features specific for
multipotent adult mesenchymal stem cells (MSCs). To demonstrate the multipotency of
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hPDLs, when cultured under the appropriate conditions, the mesodermal differentiation
towards adipocytes, osteoblasts and chondrocytes was induced in three separate donors.
The adipogenic induction results in the formation of lipid droplets, which were visualized
by Oil red O staining, on the culture plate. The first lipid droplets were observed after
14 days. hPDLs, which were cultured in standard media showed no formation of lipid
vacuole formation during the differentiation process. Chondrocytes produce large amounts
of extracellular matrix composed of collagen, proteoglycan, and elastin. The differentiation
towards chondrocytes was induced with CIM. Staining with Toluidine blue revealed
excessive production of extracellular matrix components and proteoglycans during the
culture process with CIM. In comparison with the control, the staining was darker and
hyaline structures appeared more organized. Osteogenic differentiation was induced with
OIM. hPDLs were seeded at a density of 31.000 cells/cm2 and stained with Alizarin red
after 14 days in culture. Alizarin red stains calcium depositions that are characteristic of
the osteogenic cell fate. Dark red formations represent the calcium depositions. Over the
whole culture period, no red staining was observed in the control group (Figure 1).

Furthermore, as shown in previous studies, PDL cells are characterized by their ability
to express inflammatory markers under mechanical compression [9,11]. Here, we also
observed the upregulation of inflammatory cytokines under compressive force. The pro-
inflammatory cytokines interleukin-6 (IL-6), interleukin-8 (IL-8) and cyclooxygenase-2
(Cox2) and the vascular endothelial growth factor A (VEGFA), a mediator of inflammation
and angiogenesis, are significantly upregulated (Figure 2A,B).

2.2. Changes in the TLR4 Production under Compressive Forces

To investigate the effect of compressive forces on the TLR4 protein production, the lig-
and HMGB1 (100 ng/mL) was used as a stimulator, and TLR4 blocking antibody (5 μg/mL)
as an inhibitor for the TLR4 downstream signaling. The TLR4 protein level was clearly
upregulated after a short-term culture (3 h) of mechanical stimulation and downregulated
after a long-term culture (24 h) (Figure 3). The same pattern was observed for all three
donors (Figure 3). TLR4 block antibody alone did not affect the basal TLR4 production, but
in combination with 3 h and 24 h compressive force, it was downregulated. The activation
of TLR4 with HMGB1 resulted in a slightly higher production after 3 h without having
an effect after 24 h. MyD88, a downstream adapter molecule, that plays a pivotal role in
immune activation through TLRs, showed just a slight decrease for all conditions, except
for a significant downregulation by compressive forces for 24 h (Figure 3).

2.3. Phospho-AKT Was Upregulated by Compressive Force

To investigate downstream signaling of TLR4, AKT and its phosphorylation status
was analyzed by Western blots under the same conditions. Under all conditions, AKT
showed no differences, while the phosphorylated AKT was significantly upregulated with
compressive forces (CF) for 3 h and 24 h. In particular, compressive forces with additional
blocking TLR4 monoclonal antibody led to a significant downregulation comparable to the
control (Figure 4).

2.4. Phospho-ERK and Phospho-p38 Were Significantly Upregulated under Compressive Force

Further, the phosphorylation status and production of MAP-Kinase (ERK, p38 and
JNK) were investigated by Western blots. The MAPK did not change in all conditions. How-
ever, the phosphorylation of ERK (3 h) and p38 (3 and 24 h) was significantly upregulated
under CF (Figure 5). The phosphorylation of ERK and p38 under 3 h compressive forces
with additional blocking TLR4 monoclonal antibody was reduced. The phosphorylated
form of JNK was not detected for PDL cells in any condition. The validation of antibody
phosphorylation of JNK, however, was confirmed by a positive control (Figure 5C).
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Figure 1. Characterization of primary human PDL cells. (A) hPDL cells were first characterized by
flow cytometry analysis of cell surface markers. The expression pattern for all donors is CD34−,
CD45−, CD73+, CD90+ and CD105+ (blue color: isotype control, red color: surface marker) and
(B) hPDLs differentiation towards adipocytes, chondrocytes and osteoblasts was performed. hPDL
cells were grown in osteogenic, adipogenic and chondrogenic differentiation media for 14 days and
then stained with alizarin red, Oil red O and Toluidin blue, respectively. The red color represented
mineralized calcium depositions after PDL cells differentiated into osteoblast-like cells. A large
number of orange lipid vacuoles were seen in PDL cells after culture in AIM and staining with Oil
red O. Staining with Toluidine blue revealed excessive production of extracellular matrix components
and proteoglycans during the culture process with CIM (scale: 200 μm).
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Figure 2. Inflammatory markers are upregulated by compressive forces in hPDL after 24 h. To
analyze the regulation of inflammatory cytokines under compressive forces, the expression of different
markers was analyzed on mRNA level (A) and protein levels (B) after mechanical stimulation. The
pro-inflammatory cytokines interleukin-6 (IL-6), interleukin-8 (IL-8) and cyclooxygenase-2 (Cox2)
are significantly upregulated. The vascular endothelial growth factor A (VEGFA), a mediator of
inflammation and angiogenesis, is also significantly upregulated. The data represent two independent
experiments in triplicates; normalization by ddCt method to RPL22 and control 100% statistical data
were tested for normal distribution by Shapiro–Wilk test and a t-test was performed. Statistically
significant differences are marked by an asterisk (* p < 0.05, **** p < 0.0001).

Figure 3. Compressive forces and TLR4 blocking antibody modulate TLR4 production and

MyD88 in primary PDL cells. (A) Protein levels of TLR4 and MyD88 were determined by Western
blot in different conditions: HMGB1 (100 ng/mL), TLR4 blocking antibody (5 μg/mL) (TLR4: TLR4
blocking antibody) and compressive force (CF) 2 g/cm2 for 3 and 24 h. Three different donors showed
similar patterns with reduction of TLR4 antibody. TLR4 production was upregulated under 3 h
compression forces. MyD88 production was reduced in all conditions. (B) Quantification of three
donors, normalized to the control with stain-free technology. Data were tested for normal distribution
by Shapiro–Wilk test. Afterward, a one-way analysis of variance (ANOVA) followed by Tukeys’ post
hoc test was performed.
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Figure 4. Compressive forces upregulate phosphor AKT in primary hPDL cells. (A) Protein pro-
duction levels and phospho-AKT were determined by Western blot in different conditions: HMGB1
(100 ng/mL), TLR4 blocking antibody (5 μg/mL) (TLR4: TLR4 blocking antibody) and compressive
force (CF) 2 g/cm2 at 3 and 24 h. Three different donors showed similar patterns. Under all con-
ditions, AKT showed no differences, but the phosphorylated AKT was significantly upregulated
with compressive forces (CF) for 3 h and 24 h. Compressive forces with additional blocking TLR4
monoclonal antibody led to significant downregulation comparable to the control. (B) Quantification
of three donors, normalized to the control with stain-free technology. CF conditions without TLR4
blocking antibody showed a significant upregulation. Data were tested for normal distribution
by Shapiro–Wilk test. Afterward, a one-way analysis of variance (ANOVA) followed by Tukeys’
post hoc test was performed. Statistically significant differences to control are marked by asterisks
(**** p < 0.0001) and hashtag show significant differences between CF and TLR4 +CF (## p < 0.01;
#### p < 0.0001).

180



Int. J. Mol. Sci. 2022, 23, 8062

 

Figure 5. Compressive forces upregulate pERK and p P38 in primary hPDL cells. (A) Protein levels
and phospho-MAPK (ERK, p38 and JNK) were determined by Western blot in different conditions:
HMGB1 (100 ng/mL), TLR4 blocking antibody (5 μg/mL) (TLR4: TLR4 blocking antibody) and
compressive force 2 g/cm2 at 3 and 24 h. Three different donors showed similar patterns. Under all
conditions, ERK, p38 and JNK showed no differences, but the phosphorylated ERK and p38 were
significantly upregulated with compressive forces (CF) as follows: ERK for 3 h and p38 for 3 h and 24 h.
(B) Quantification of three donors, normalized to the control with stain-free technology. CF conditions
without TLR4 blocking antibody showed a significant upregulation for phospho-ERK and phospho-
p38. (C) HEK-293 and MC3T3 cells were used as a positive control for phospho-JNK antibody. Data
were tested for normal distribution by Shapiro–Wilk test. Afterward, a one-way analysis of variance
(ANOVA) followed by Tukeys’ post hoc test was performed. Statistically significant differences to
control are marked by asterisks (* p < 0.05; ** p < 0.01).

2.5. Moderate Compressive Forces on PDL Cells Is Not Able to Translocate NF-kB and ERK to
the Nucleus

Inflammation is a process coordinated by the local secretion of adhesion molecules,
chemotactic factors and cytokines [28]. The nuclear factor-kB (NF-kB), a transcription factor,
is an important mediator for the activation of the IL-6 gene [29]. As shown in Figure 2,
PDL cells are able to express inflammatory markers, in particular IL6, under mechanical
compression. Based on this, we investigated, whether PDL cells under compressive force
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are able to translocate NF-kB or phospho-ERK to the nucleus and whether a TLR4 blocking
antibody plays a role in this process. To study the translocation of NF-kB, fluorescence
images and Western blot from cytoplasmic and nuclear fractions were performed. Fluores-
cence images for all conditions (control and 3 h compressive force with and without TLR4
blocking antibody) were not able to detect NF-kB translocation (Figure 6A). These results
correspond to the data of the fractionated Western blot. NF-κB, as well as phosho-ERK did
not lead to any changes in the cytosol and nuclear fraction (Figure 6B).

Figure 6. Fluorescence images of CF and TLR4 blocking antibody on PDL cells. (A) PDL cells
treaded with and without TLR4 blocking antibody (5 μg/mL) and compressive force 2 g/cm2 for
24 h. NF-kB was stained green (Alexa 488), blue areas represent nuclei (DAPI); scalebar 50 μm, CF:
compressive force NF-kB was not translocated to the nucleus in any condition. (B) Protein production
of NF-kB, ERK and phospho-ERK were determined by Western blot. (C) Quantification of three
donors, normalized to the control with stain-free technology. CF conditions without TLR4 antibody
showed a significant upregulation for phospho-ERK and phospho-p38.
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3. Discussion

The level of inflammatory markers in affected periodontal tissues during the orthodon-
tic tooth movement (OTM) plays an important role as a viable diagnosis tool in monitoring
the progression of the periodontium [14]. In our previous work, we reported that human
PDL cells modify gene expression and protein production of pro-inflammatory cytokines
via TLR4 signaling in an in vitro model, which represents the compressed periodontal
ligament in the initial phase of OTM [8]. Hence in this study, we further explored the
possible cell signaling downstream key molecules modulation via TLR4 caused by a sterile
inflammation in three new isolated and characterized human PDL cells. To this end, we
used the gold standard model for static compressive mechanical stimulation induced by
static compression forces of 2 g/cm2 [9,11,30]. Some studies use this model with PDL
cells to investigate mechanotransduction, i.e., the ability of a cell to actively sense, inte-
grate, and convert mechanical stimuli into biochemical signals that result in intracellular
changes, such as ion concentrations, activation of signaling pathways and transcriptional
regulation [31–33]. Concerning mechanotransduction, this model can be used to explore,
e.g., the mechanosensory protein complex and focal adhesion kinase (FAK) involved in
mechanotransduction and subsequent YAP/TAZ translocation into the nucleus [34] or
Wnt signaling responsive to mechanical loading [35], or mechanical strain modulating
the amount of the matrix metalloproteinase MMP-13 [36]. Additionally, to this, we want
to deepen the understanding of signal transduction cascades involved in mediating me-
chanical cell stress into host immune responses via TLR4 in a sterile inflammation by the
release of damage-associated molecular patterns (DAMPs), resulting from injuries during
OTM. TLR4 is very well investigated as a receptor involved in pathogenic models (LPS)
PAMPs described in PDL cells [37,38]. Although TLR4 has been considered an important
player in the initiation and progression of several inflammatory pathological conditions,
we hypothesized that there might be a strong interplay between TLR4 and cell signaling in
bacterial and sterile inflammation.

Differently from our previous work using a commercial primary cell—HPdLF [8], the
presented data are based on self-isolated human PDL cells from the upper jaw of three
different donors. Using only the samples from the upper jaw can help to avoid possible
variability from primary PDL cells and support the level of reliability of our results. With
newly isolated cells, we could confirm the gene expression and protein production under
24 h compressive force with results identical to our previous work. In our present study, it
was observed that the TLR4 production increased after 3 h, and not after 24 h.

The PDL cells showed similar characteristics in the evaluation of the stem cell char-
acter as described in the literature for periodontal ligament stem cells [39]. In terms of
morphology, surface epitopes and differentiation capacity towards adipocytes, osteoblasts
and chondrocytes, PDLs behave comparably to MSCs. Moreover, the protein levels and
phosphorylation status of different proteins analyzed in this study show very similar
profiles in all Western blotting analyses for all three donors.

On the basis of our previous work about gene expression, similar results could be
observed in this study, with TLR4 protein production increasing under compressive force
and reducing with TLR4 monoclonal blocking antibody in a short-term culture. Moreover,
the downstream signaling from TLR4 has clearly changed.

TLR4 can be activated by HMGB1 [40] and regulated under mechanical stress in PDL
cells [41,42]. Furthermore, the HMGB1–TLR pathway is linked to the MyD88-mediated
NF-κB pathway and activates downstream signaling pathways which in turn leads to the
induction of innate immune responses by producing inflammatory cytokines and other
mediators [43,44]. However, our results with HMGB1 show no significant changes in
TLR4 and downstream molecules. The activation of TLR4 via HMGB1 might better work
in a higher concentration or may be dependent on the complexes it forms with other
molecules, immunostimulatory complexes, or with the binding of cytokines and other
molecules [40,45–47]. HMGB1 binds to TLR4 with remarkably less affinity than LPS, and it
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activates gene expression of distinct signaling patterns after stimulation. Both HMGB1 and
LPS significantly increase the nuclear translocation of NF-κB [40].

MyD88 used in this work as a downstream activation of TLR4 showed in all conditions
a similar regulation pattern to the regulation of TLR4. After ligand binding, TLRs interact
with adaptor proteins as myeloid differentiation primary response gene 88 (MyD88) or TIR
domain-containing adaptor proteins and initiate signal transduction pathways that activate
NF-κB or MAP kinases.

AKT is also known to be regulated by mechanical stimulation leading to activated FGF-
2 production and to the involvement of FGF-2 in the PI3K/Akt or Rho pathway. In addition,
AKT can be related to pro-inflammatory responses [48,49]. Our data confirmed that AKT is
phosphorylated in response to a compressive force, being significantly upregulated with
the compressive force for 3 h and 24 h. What is more, we could very clearly demonstrate
that inhibition of TLR4 signaling via TLR4 monoclonal blocking antibody led to significant
downregulation comparable to control.

In addition to AKT, mitogen-activated protein kinases (MAPKs), and other key
molecules involved in signal transduction and localized downstream of TLR4, were evalu-
ated. Recently, it has been published, that MAPKs are involved in mechanotransduction
and resulting in inflammatory responses [50–54]. Our data also confirmed the modula-
tion of phosphorylation of ERK and p38 by mechanical stimulation in human PDL cells.
Additional blocking of TLR4 with a specific antibody reduced in a short-term culture, 3 h
under compressive force, the phosphorylation of these MAPKs following mechanical stress.
Interestingly, JNK does not seem to be regulated at all, which contrasts to several studies
that showed regulation of phosphor-JNK in PDL cells due to mechanical compression. Of
note, a phospho-JNK antibody recognized specifically the twice phosphorylated epitope at
Thr183 and Tyr185. This indicates that if phospho-JNK binds only in one phospho residue,
e.g., Tyr185, this antibody is not able to detect the phosphorylation of JNK.

LPS from Porphyromonas gingivalis leads to the activation of the TLR4/MyD88 com-
plex, triggering the secretion of pro-inflammatory cytokine cascades as: IL-1α, IL-8, TNF-α
and β and Eotaxin. Moreover, the upregulation of pERK/ERK signaling pathways and
Nf-kB nuclear translocation was evident [55]. In our study, we could see that the activation
of TLR4/MyD88 complex and modulation of phosphorylation of ERK and p38 trigger-
ing the secretion of pro-inflammatory cytokines work in a sterile inflammation during
mechanical stress too. The strong correlation between these two common inflammation
types of the periodontium triggered by PAMP or DAMP molecules might confirm that—as
hypothesized [56]—the activation of pattern recognition receptor TLR4 shares certain bio-
chemical actors that can regulate the inflammatory process in both types of inflammation.
Based on this, the translocation of Nf-kB and phospho-ERK to the nucleus was analyzed
by immunofluorescence as well as cytoplasmic and nuclear fractions by Western blotting.
In a short and long compressive force time with and without TLR4 blocking antibody, no
translocation of Nf-kB by immunofluorescence was observed. The same was observed in
the nuclear and cytoplasmatic fractions of Nf-kB and phospho-ERK. Taking both results
together, we could conclude that a moderate compressive force of 2 g/cm2 is not able to
induce translocation of Nf-kB and phospho-ERK into the nucleus. However, despite this,
inflammatory cytokines in gene expression, as well as protein levels of IL-6, were observed
in our experiments. The activation of TLR4 through damage proteins during mechanical
compression in this model may require less affinity compared with LPS. Another reason
could be that the effect of mechanical cell stress on TLR production in human PDL cells is
dependent on variables such as force magnitude, duration and constancy [25].

We could clearly demonstrate that in PDL cells under compressive forces, the inflam-
matory markers, as well as IL-6 protein production, are upregulated—as expected in line
with other publications. Further, we could see that the use of TLR4 monoclonal blocking
antibody significantly reverses the upregulation of phospho-AKT, caused by compressive
force, to levels comparable to controls. The inhibition of TLR4 may indicate that this modu-
lation is induced not only by mechanotransduction from mechanoreceptors as described by
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now. However, this study must be seen in the light of certain limitations since we could not
describe or suggest a cell signaling mechanism independent from NF-kB or phosphor-ERK
translocation for explaining the upregulation of inflammatory markers.

4. Materials and Methods

4.1. Reagents and Methods

Primary antibodies p38 MAPK (8690S), Phospho-p38 MAPK (9216S), p44/42 MAPK
(Erk1/2) (3A7) (9107S), Phospho-p44/42MAPK (Erk1/2) (Thr202/Tyr204) (D13.14.4E)
(4370S), SAPK/JNK (9252), Phospho-SAPK/JNK (Thr183/Tyr185) (G9) (9255S), Akt (pan)
(40D4) (2920S), Phospho-Akt (Ser473) (D9E) (4060S) and MyD88 (D80F5) (4283) were pur-
chased from Cell Signaling and TLR4 (MA5-16216) from Thermo Fisher Scientific, Waltham,
MA, USA. Secondary antibodies StarBright Blue 700 (12004158) and StarBright Blue 520
(12005869) were purchased from Bio-Rad, Hercules, CA, USA. For flow cytometry APC,
FITC and PE-labeled antibodies were purchased from eBiosciences, San Diego, CA, USA
(FITC-labeled anti-human CD34 (11-0349-42), APC-labeled anti-human CD45 (17-0459-42),
APC-labeled anti-human CD73 (17-0739-42), FITC-labeled anti-human CD90 (11-0909-42),
PE-labeled anti-human CD105 (12-1057-42)). For Western blotting, RIPA buffer (Thermo
Fisher Scientific, Waltham, MA, USA) complemented with cOmplete Tablets Mini and
PhosStop (Roche, Basel, Switzerland), Neutralization monoclonal blocking antibody TLR-
4 (HTA125) (14-9917-82) 5 μg/mL from Thermo Fisher Scientific, Recombinant Human
HMGB1 Protein (1690-HMB) R&D Systems was used.

4.2. Primary Human Periodontal Ligament (hPDL) Cell Isolation

Primary human periodontal ligament (hPDL) cells were cultured from periodontal
connective tissue, isolated from the middle root section of healthy human teeth. Only decay-
free teeth from healthy donors, which needed to be extracted for medical reasons were
used for human PDL cell isolation. Immediately after extraction, the teeth were transferred
into an isolation medium of DMEM high-glucose (Gibco, Billings, MT, USA), 10% Fetal
Bovine Serum (FBS), qualified heat-inactivated (Gibco), 50 mg/L ascorbic acid (Sigma, Saint
Louis, MO, USA), antibiotic-antimycotic (Gibco) and stored at RT until isolation was started
within 24 h after extraction. For isolation, residual tissue was mechanically scraped off and
incubated in a solution of 3 mg/mL collagenase type I (Worthington Biochem, Freehold, NJ,
USA) for 1 h at 37 ◦C. After incubation, cells were plated into 6-well plates. After the first
splitting, the isolation medium was replaced by a culture medium of DMEM high-glucose
(Gibco), 10 % FBS (Gibco), 50 mg/L ascorbic acid (Sigma), Penicillin/Streptomycin (Gibco).
Human PDL cells (upper jaw, third molar, 28) from three different patients were used
(1 male, 2 females, age: 19–22 years). Collection and usage of hPDL cells from discarded
patient samples were approved by the ethics committee of the RWTH Aachen, Germany
(approval number EK374/19), and all experiments were carried out in accordance with the
relevant guidelines and regulations. Informed consent was obtained from all participants
and/or their legal guardian/s. In this work, human PDL cells were used from passages
two to five.

4.3. Characterization of hPDL Cells Flow Cytometry Analysis of Cell Surface Markers

To characterize the cells from the three different donors, the expression of specific stem
cell markers was analyzed by flow cytometry. Briefly, 250,000 isolated hPDL cells were
trypsinized and resuspended in FACS buffer (PBS + 0.1% FCS) and centrifuged for 5 min at
300× g at 4 ◦C. Afterwards, the cells were incubated for 30 min in the dark with primary
PE/FITC/APC-coupled antibody CD34, CD45, CD73, CD90, and CD105 in a concentration
of 0.5 μg, 0.06 μg, 0.125 μg and 1 μg per 250,000 cells, respectively. Cells were centrifuged
for 5 min at 300× g and resuspended in 300 μL FACS buffer before measurement with
BD FACSCalibur™ Flow Cytometer (BD Science, Franklin Lakes, NJ, USA). Analysis was
performed using BD Cell Quest Pro Software from BD Science, USA.
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4.4. PDL Cell Differentiation

Differentiation towards adipocytes: To induce the differentiation into an adipogenic
phenotype, PDL cells were seeded in a density of 80.000 cells/cm2 on TCPS incubated at
37 ◦C with 5% CO2 in a humidified atmosphere for 14 days. The medium was changed the
next day to an adipogenic induction medium (AIM) containing DMEM high-glucose (Gibco,
Darmstadt, Germany), 10% FCS (PAN-Biotech, Aidenbach, Germany) and the following
supplements: 1 μM Dexamethasone, 0.2 μM Indomethacin, 0.5 mM IBMX, 0.01 mg/mL
human Insulin (all Sigma Aldrich, Steinheim, DE, Germany) and 1% LGPS (80 U/mL
Penicillin; 80 μg/mL Streptomycin; 1.6 mM L-Glutamine; Gibco, Germany). Medium
change was performed two times a week, alternating with adipogenic induction medium
(AIM) and adipogenic maintenance medium (AMM) containing DMEM high-glucose
(Gibco, Germany), 10% FCS (PAN-Biotech, Germany), 0.01 mg/mL human Insulin (Sigma
Aldrich, Germany) and 1% LGPS (80 U/mL Penicillin; 80 μg/mL Streptomycin; 1.6 mM
L-Glutamine).

Oil red O Staining: To prove the success of adipogenic differentiation, Oil red O
staining was performed. The staining solution was prepared by mixing 35 mL 0.2%
(w/v) Oil red O powder (Sigma Aldrich, Darmstadt, Germany) in 100% ethanol (Merck,
Darmstadt, Germany) with 10 mL 1 M NaOH (Merck, Germany) and filtrated. Cells were
fixed in 50% ice-cold ethanol (4 ◦C) for 30 min and stained with Oil red O for 10 min. The
supernatant was removed and cells were rinsed with 50% ethanol and aqua ad iniectabilia
(B. Braun, Melsungen, Germany). Cell nuclei were stained blue by hemalum (Abcam,
Cambridge, UK) and rinsed with tap water afterward.

Differentiation towards chondrocytes: Differentiation toward chondrocytes was in-
duced with a chondrogenic induction medium (CIM) containing DMEM high-glucose
(Gibco, Germany) and the following supplements: 100 nM Dexamethasone, 0.17 mM L-
Ascorbic-Acid-2-phosphate, 100 μg/mL Sodium pyruvate, 4 μg/mL L-Proline (all Sigma
Aldrich, Germany), 10 ng/mL TGF-β3 (R&D Systems, Wiesbaden, Germany), 1% LGPS
(80 U/mL Penicillin; 80 μg/mL Streptomycin; 1.6 mM L-Glutamine; Gibco, Germany) and
5% ITS-Plus Premix (6.25 μg/mL Bovine Insulin, 6.25 μg/mL Transferrin, 6.25 μg/mL
Selenium acid, 6.25 μg/mL Linoleic acid, 6.25 μg/mL BSA; Life Technologies, Darmstadt,
Germany). Cells were seeded as pellet cultures in a density of 250,000 cells/0.5 mL and
transferred to a 15 mL centrifuge tube, centrifuged for 7 min at 500 g and incubated at
37 ◦C with 5% CO2 in a humidified atmosphere for 14 days. The medium was changed
from standard medium to CIM the next day after seeding and changed three times per
week. The growth factor TGF-β3 was added freshly to the medium (0.5 μL/mL).

Toluidine blue staining: Cell pellets were fixed in 4% formalin (Morphisto, Karlsruhe,
Germany) overnight at 4 ◦C and embedded in 3% agarose (Sigma Aldrich, Germany),
dehydrated in an ascending ethanol series, treated with xylol and histoplast in a tissue
processor. Pellets were embedded in paraffin and sectioned with a rotating microtome
into slices of 2 μm thickness. Afterward, paraffin sections were incubated at 60 ◦C for
10 min. Paraffin residues were removed by placing the slides in xylene for 5–10 min and
a descending alcohol series was performed (10 min each in 100%, 96%, 70% ethanol and
aqua dest. (B. Braun, Germany)). Pellets were stained with toluidine blue (2 g toluidine
blue powder (Sigma Aldrich, Germany) in acetate buffer (Merck, Germany), pH 4.66) for
2 min. Next, an ascending alcohol series was applied (96%, 100% ethanol and xylene for
1 min each). Finally, the samples were encapsulated in Vitro-Clud® (R. Langenbrinck,
Emmendingen, Germany) and investigated under a light microscope.

Differentiation towards osteoblasts: Induction towards osteoblasts was performed by
osteogenic induction medium (OIM) containing DMEM low glucose (Gibco, Germany),
10% FCS (PAN-Biotech, Germany) and the following supplements: 100 nM Dexamethason,
10 mM Sodium-β-glycerophosphate, 0.05 mM L-Ascorbic-Acid-2-phosphate (all Sigma
Aldrich, Germany) and 1% LGPS (80 U/mL Penicillin; 80 μg/mL Streptomycin; 1.6 mM
L-Glutamine; Gibco, Germany). Cells were seeded in a density of 31.000 cells/cm2 on TCPS
and cultured at 37 ◦C with 5% CO2 in a humidified atmosphere for 14 days. The medium
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was changed three times a week. Cells were quantified with Alizarin red to visualize
possible calcium deposits as a result of the osteogenic differentiation.

Alizarin red staining: Staining solution was prepared by dissolving 1.37 g Alizarin red
powder (Sigma Aldrich, Germany; 342.3 g/mol) in 100 mL aqua ad iniectabilia (B. Braun,
Germany) and filtrated. Cells were fixed for 1 h at room temperature with 70% ethanol and
washed three times with aqua ad iniectabilia for five minutes. Samples were stained with
alizarin red for 10 min and washed three times with PBS (Gibco, Germany) for 5 min before
visualization by light microscopy.

4.5. Isolation and Purification of RNA

For RNA isolation, cells in each well were first washed with 2 mL phosphate-buffered
saline (PBS; Gibco) and the cells were harvested with 0.5 mL TRIzolTM Reagent (Thermo
Fisher Scientific, USA), two wells were pooled. This leads to biological triplicates for each
condition. After isolation according to the manufacturers’ instructions, the RNA yield
of each sample was verified photometrically at 280 nm and 260 nm (Nanodrop OneTM,
Thermo Fisher Scientific, USA). Afterward, RNA purification was performed with Quick-
RNA MicroPrep kit (Zymo Research Europe GmbH, Freiburg, Germany) following the
producers’ protocol including an on-column DNA digestion. In order to control the success
of the purification and to ensure a uniform cDNA synthesis, each sample was measured
again (Nanodrop OneTM).

4.6. Quantitative Realtime-RT-PCR Analysis (RT-qPCR)

The RNA was transcribed into cDNA (SuperScript III RT, Thermo Fisher Scientific,
USA) with a final concentration of 25 ng/μL. All steps from RNA isolation to cDNA
synthesis were performed in parallel for all samples of each experiment in order to avoid
experimental variations. RT-qPCR was performed in technical duplicates using 2.5 ng/μL
cDNA in each reaction and a primer concentration of 0.5 μM. The qTower3 (Analytik
Jena, Jena, Germany), High Green Mastermix (Thermo Fisher Scientific, USA), qPCRSoft
3 (Analytik Jena, Germany) and self-designed intron spanning primers were used (Eurofins
Genomics, Luxembourg). Primers were designed by using Primer-BLAST (NCBI, Bethesda,
MD, USA) followed by a PCR-Check (Eurofins Oligo Analyse Tool, Luxembourg) to ensure
in silico PCR specificity. RT-qPCR protocol was performed as follows: 2 min 50 ◦C for 2 min,
95 ◦C for 10 min followed by 40 cycles of 95 ◦C/15 s, 60 ◦C/30 s and 72 ◦C/30 s. After 95 ◦C
for 15 s as the last step, a melting curve (60–95 ◦C). Gene, primer and target/amplicon
information for the reference and target genes are displayed in Table 1.
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4.7. ELISA

To analyze the level of IL-6, a commercially available enzyme-linked immunosorbent
assay (ELISA) kit for IL-6 (CSB-E04638h, Cusabio Wuhan Huamei Biotech Co., Wuhan,
China) was used following manufacturers’ instructions with fresh cell culture supernatant.

4.8. In Vitro Compressive Stimulation Model

The hPDL cells were cultured in high-glucose Dulbecco’s Modified Eagle’s Medium
(DMEM; Gibco, USA), containing 100 units/mL of penicillin, 100 g/mL of streptomycin
(Gibco, Gaithersburg, MD, USA), 10% FCS (Gibco, USA) and 50 mg/l L-ascorbic acid
(Sigma-Aldrich, USA) at humidified 37 ◦C and 5% CO2. Cells were trypsinized and
centrifuged at 300× g and 90,000 cells were seeded into 6-well plates and cultured for
4 days till 90% cell density was reached. After the incubation of 24 h, a static force of
2 g/cm2 (=0.02 N/cm2) was applied to the monolayer with sterile round-glass cylinders
(34 mm Ø; 18 g), as described and established by Kanzaki et al. [27].

4.9. Isolation of Total Protein Respective Cytoplasmic and Nuclear Fractions

After the treatment, cells were analyzed by immunoblotting. Cells were washed and
lysed with (100 μL/well) RIPA buffer. Alternatively, to acquire protein fractions from the
cytoplasm and nucleus, the NE-PER™ Nuclear and Cytoplasmic Extraction Reagents kit (ne-
per TM Thermo Fischer, nuclear and cytoplasmic extraction reagents Thermo Fisher, USA)
was used, according to manufacturers´ instructions. The protein amount was quantified by
Bradford assay (Bio-Rad, USA) and 25 μg total protein was used for gel electrophoresis,
respective 10 μg for fractionated gel electrophoresis.

4.10. Immunoblotting Analysis

The protein lysates from hPDL cells were separated by gel electrophoresis (TGX Stain-
FreeTM FastCast™, 12%, Bio-Rad, Hercules, CA, USA) and transferred to nitrocellulose
membranes (Trans-Blot Turbo ®Turbo TM RTA Transfer kit, Nitrocellulose, Bio-Rad, USA).
Membranes were blocked for 1 h at RT in 1× Tris-buffered saline containing 0.05% Tween-
20 (TBST) supplemented with 5% BSA. Incubation with the primary antibodies occurred
overnight at 4 ◦C and subsequently with the respective secondary antibody for 1 h at
RT. Immunoblot was detected by fluorescence, quantified and normalized by means of
a ChemiDoc MP Imaging System (Bio-Rad, USA) with Stain-Free technology and Image
Lab™ Software (Version6.01 Bio-Rad, Hercules, CA, USA).

4.11. NF-kB/DAPI Staining

To investigate the translocation of Nf-kB, cells with and without compressive mechan-
ical stimulation, as well as with HMGB1 and TLR4 AB were fixed with 3.7% formaldehyde
suspension (Carl Roth, Karlsruhe, Germany). Afterward, the cells were permeabilized with
PBS, supplemented with 0.1% Triton X-100. Subsequently, samples were blocked in PBS
containing 1% BSA (Carl Roth, Karlsruhe, Germany), and incubated overnight with NF-kB
antibody (#8242, Cell Signaling Technology, USA) followed by ProLong Gold Antifade
Mountant with DAPI (Thermo Fisher Scientific, USA), according to the manufacturer’s
protocol. Afterward, the monolayer was covered for preservation with coverslips and
examined by immunofluorescence imaging microscopy (Observer 7, Zeiss, Germany).

4.12. Statistical Analysis

Graphs show mean ± standard deviations (SD). Data were tested for normal distribu-
tion by the Shapiro–Wilk test. Afterward, a t-test or one-way analysis of variance (ANOVA)
followed by Tukeys’ post hoc test was performed in GraphPad Prism (version 9.0; San
Diego, CA, USA). A p-value < 0.05 was considered statistically significant.
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5. Conclusions

In this work, it has been shown for the first time that mechanical compression mod-
ulates phosphorylation of AKT and MAPKs (phopho-ERK and phospho-p38) via TLR4
in an in vitro model simulating orthodontic tooth movement in human periodontal lig-
ament cells. Furthermore, the inhibition of TLR4 through a TLR4 monoclonal blocking
antibody hinders the upregulation of phospho-AKT caused by compressive force to levels
comparable to the control. Therefore, it can be assumed that these signaling pathways are
modulated not only by mechanotransduction from mechanoreceptors as described in other
works but also by TLR4 via transduction of pattern recognition receptors through specific
molecular structures on damaged senescent cells during mechanical stress. Additionally, a
moderate compressive force is not able to induce the translocation of Nf-kB and phospho-
ERK into the nucleus and the signaling of inflammatory cytokine IL-6 may be induced
differently. The present findings provide evidence that TLR4 modulating strategies seem
to be effective to regulate clinical orthodontic therapy and might have the potential to
treat its inflammatory-related side effects such as mechanical or trauma-induced tooth root
resorption and periodontal degeneration.
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Abstract: Recognition of RNA by receptors of the innate immune system is regulated by various
posttranslational modifications. Different single 2′-O-ribose (2′-O-) methylations have been shown to
convert TLR7/TLR8 ligands into specific TLR8 ligands, so we investigated whether the position of
2′-O-methylation is crucial for its function. To this end, we designed different 2′-O-methylated RNA
oligoribonucleotides (ORN), investigating their immune activity in various cell systems and analyzing
degradation under RNase T2 treatment. We found that the 18S rRNA-derived TLR7/8 ligand, RNA63,
was differentially digested as a result of 2′-O-methylation, leading to variations in TLR8 and TLR7
inhibition. The suitability of certain 2′-O-methylated RNA63 derivatives as TLR8 agonists was further
demonstrated by the fact that other RNA sequences were only weak TLR8 agonists. We were thus
able to identify specific 2′-O-methylated RNA derivatives as optimal TLR8 ligands.

Keywords: TLR7; TLR8; 2′-O-ribose-methylation; RNase T2; immune activation

1. Introduction

As the first line of host defense, the innate immune system recognizes molecular
danger signals and subsequently triggers signal transduction and secretion of interferons
(IFN) and proinflammatory cytokines [1,2]. This function is enabled by pattern-recognition
receptors (PRRs), which recognize pathogen-associated molecular patterns (PAMPs) char-
acteristic of a particular group of pathogens. Among these PAMPs are bacterial and viral
nucleic acids, which are recognized not only by their structure and composition, but also by
their intracellular localization [3]. For example, single-stranded RNA (ssRNA) in human
endosomes is recognized by the two related Toll-like receptors (TLRs) 7 and 8, inducing
diverse cytokine patterns in different cell types and species. In humans, TLR7 is strongly
expressed in plasmacytoid dendritic cells (pDCs) and B cells, where its activation leads
to B cell activation and IFN-α release from pDCs [3–7]. In contrast, TLR8 is primarily ex-
pressed in the myeloid compartment and its activation induces proinflammatory cytokine
and IFN-β release [3–5,8]. In mice, TLR7 also functions similarly in pDCs and B cells [9–11].
However, it is further expressed in the myeloid compartment, where it induces a similar
cytokine profile to human TLR8 [12,13]. In contrast, murine TLR8 does not induce cytokine
release, and its function remains largely unknown [9,10].

Early reports stating that TLR7 and TLR8 preferentially recognize uridine-rich se-
quences were followed by structural analyses showing that both receptors bind single
nucleosides and short ssRNA sequences at two distinct binding sites [14–19]. Recent stud-
ies have shown that the activities of endosomal ribonuclease (RNase) T2 and RNase 2
are essential for TLR8 activation; RNase activity generates both single uridines and short
ssRNA fragments as degradation products that bind TLR8 and initiate signal transduc-
tion [20–22]. It was also reported that 2′-O-ribose methylation of phosphodiester ssRNA
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impairs RNase digestion, and thus, influences TLR8 activation [20]. This observation ne-
cessitates further research on the influence of 2′-O-methylations on TLR8 activity, as the
importance of therapeutic TLR8 ligands has greatly increased in recent years [23–26]. For
this purpose, the use of 2′-O-ribose methylation may be useful, as it can both stabilize RNA
and lead to adequate control of the immune response.

Several groups have reported that RNA methylations can prevent activation of
TLR7 [27–30]. Remarkably, a single 2′-O-ribose methylation is sufficient to prevent TLR7
signaling and convert a TLR7/TLR8 ligand into a sole TLR8 ligand; however, the influence
of the positioning of 2′-O-methylation has not yet been explored in much detail [31–33].
Therefore, it is important to determine whether the position of 2′-O-methylation matters, as
it may be of both technical and immunological relevance for the most efficient generation
of TLR8 ligands.

The aim of this study was to investigate whether a known TLR8 ligand could be
further optimized by alternating the position of the 2′-O-ribose methylation. Taking the
importance of RNase activity into account, 2′-O-ribose methylation may alter the preferred
RNA cleavage site to different positions, thus generating RNA degradation products with
strong differential effects on TLR7 and TLR8 activity. As TLR7 activation should be avoided,
we focused only on guanosine methylations, because binding of both single guanosine
nucleosides and guanosine-rich sequences is essential for TLR7 activation [14,16,18,19,34].
To this end, we designed different oligoribonucleotides (ORNs) that were methylated
at different guanosine positions and derived from different naturally occurring RNA
sequences. Following RNase digestion, we monitored the effect of 2′-O-methylations on
RNA degradation patterns. TLR8 activation by methylated and unmethylated ORNs was
investigated by immunostimulations with primary human immune cells, murine pDCs,
and TLR8-transfected HEK293 reporter cells. We observed a flexibility in TLR8 activation
with respect to the position of 2′-O-methylation on its ligands. The results presented here
contribute to the generation of optimal TLR8 ligands under different requirements and for
diverse clinical applications.

2. Results

2.1. 2′-O-Ribose Methylation Prevents TLR7 Activation Independent of the Position

We aimed to investigate whether the conversion of a TLR7 and TLR8 ligand into a
sole TLR8 ligand was a universal effect of 2′-O-ribose methylation or whether this effect
was mediated only by a small group of naturally occurring methylation patterns, located
at specific positions. Therefore, we first employed the previously characterized TLR7 and
TLR8 ligand, RNA63, derived from 18S rRNA (position 1488–1499), as its immunostimula-
tory properties have already been confirmed in previous publications (Figure 1a) [30,32].
Under natural conditions, this ligand is 2′-O-ribose methylated at the first guanosine
(RNA63M1) [35]. To investigate the influence of the position of the methyl group on pref-
erential RNase cleavage sites and immune activation, we designed four different RNA63
derivatives, each with a 2′-O-ribose methylation at one of the four guanosines (RNA63M1
to RNA63M4). RNaseT2 activity has been shown to be necessary for TLR8 activation and
affected by 2′O-methylation [20,21]. Thus, we compared methylated and unmethylated
RNA63 with and without RNase T2 treatment and observed that RNA methylation indeed
resulted in altered RNA fragmentation patterns (Figures 1b and A1). In particular, RNase
T2-digested RNA63M1 and RNA63M3 showed a slightly differential fragment pattern
compared with RNA63M2 and RNA63M4. Specifically, RNase digests of RNA63M1 and
RNA63M3 demonstrated at least five fragments with a prominent double band (marked
by an arrow ). In contrast, the analysis of RNA63M2 and RNA63M4 digests showed an
altered pattern in this region resembling a single band or two co-migrating bands. Further-
more, digested RNA63M1 and RNA63M3 showed two additional small bands (compared
with a single smaller band in digested RNA63M2 and RNA63M4), which is marked with a
line (( ). Overall, these patterns suggest a difference in ORN fragments created by RNase
T2 digestion.
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Figure 1. Methylation by 2′-O-ribose prevents IFN-α but not IL-6 secretion, independent of the
position. (a) Sequences of unmethylated RNA63 (U) or methylated derivatives (M1, M2, M3, and
M4): 2′-O-ribose-methylated guanosines are indicated with an X. (b) RNA63 derivatives were either
treated with 0.005 units of RNase T2/μg RNA (+) or mock treated (−), and RNA fragmentation
was visualized in polyacrylamide gel electrophoresis. Position of the RNA fragments of interest are
indicated with an arrow ( ) and a line (( ). (c,d) PBMCs were stimulated with RNA63 derivatives
at a final concentration of 10 μg/mL: 1 μM CpG ODN 2216 or 5 μg/mL RNA40. Supernatants
were harvested 20 h post-stimulation (h p. s.) and both (c) IFN-α and (d) IL-6 concentrations were
measured in ELISA. Graphs depict six independent experiments with PBMCs obtained from six
individual donors, each in biological duplicates (twelve measurements per data point, mean + S.D).
Data were analyzed using paired t-tests. **** p < 0.0001, *** p < 0.001.

It has been reported that human TLR7 induces both IFN-α and interleukin-6 (IL-6) re-
lease, whereas human TLR8 leads to IL-6 release but not IFN-α [5,15,36,37]. We then tested
whether 2′-O-methylations at different positions on the RNA would lead to changes in the
observed cytokine response. To this end, we stimulated human peripheral blood mononu-
clear cells (PBMCs) with the different ORNs, and both IFN-α and IL-6 release was measured
by ELISA (Figure 1c,d). The previously described unmethylated oligodeoxynucleotide
(CpG ODN 2216), which is a well-known TLR9 ligand that contains CG dinucleotide, was
used as a TLR7-independent positive control for pDC activation [6,7,38]. RNA40, a well
characterized TLR7 and TLR8 ligand, was used as a specific TLR7/8 control agonist [14].
In human PBMC, CpG2216 induced IFN-α release, but not IL-6. This is consistent with
previously descriptions [38] of the functional activity of the pDCs present within the iso-
lated PBMC [6,7]. In contrast, RNA40 induced both IFN-α and IL-6 release, in line with
previous studies on TLR7 and TLR8 in human pDCs and monocytes [14]. In contrast,
we observed that while RNA63 induced IFN-α secretion, each 2′-O-ribose-methylation
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that was applied strongly decreased IFN-α release (Figure 1c). In contrast, RNA63M1-M4
derivatives induced a robust IL-6 signal (Figure 1d). Comparing the differentially methy-
lated RNA63 derivatives, we observed that RNA63M2 and RNA63M4 still induced slight
IFN-α release (Figure 1c) and caused a slightly weaker IL-6 induction than both RNA63M1
and RNA63M3 (Figure 1d). Nonetheless, our data suggest that human TLR7 activation
can be inhibited by guanosine methylation in RNA63, irrespective of the position, whereas
TLR8 activation remains unaffected

In mice, TLR7 can also induce both IFN-α and IL-6 release, whereas TLR8 activation
does not induce these cytokines [9,10,12,13]. To examine murine TLR7 activity, we gen-
erated FMS-like tyrosine kinase 3 ligand-differentiated dendritic cells (FLT3L DCs) from
the bone marrow of wildtype (wt) and Tlr7-deficient (Tlr7−/−) mice and stimulated these
cells with both RNA63 and methylated RNA63M1-M4 derivatives (Figure 2). As in human
PBMC, induction of both IFN-α and IL-6 secretion by CpG ODN 2216 confirmed the activity
and responsiveness of FLT3L DCs, in both wildtype and Tlr7−/−, to nucleic acid stimuli.
In contrast, IFN-α and IL-6 secretion was completely abrogated in Tlr7−/− after RNA40,
demonstrating the expected functional activity of this ligand in mice.

Figure 2. Methylation by 2′-O-ribose of a different guanosine prevents TLR7 activation. FLT3L
DCs from wt or Tlr7−/− mice were stimulated with 1 μM CpG ODN 2216 and 5 μg/mL RNA40 or
RNA63 derivatives (U, M1, M2, M3, or M4) at a final concentration of 10 μg/mL. Supernatants were
harvested 20 h p. s. and concentrations of (a) IFN-α and (b) IL-6 were determined by ELISA. Graphs
depict six independent experiments each in biological duplicates (twelve measurements per data
point, mean + S.D). Data were analyzed using Wilcoxon tests. ** p < 0.01, * p < 0.05.
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Whereas RNA63 induced a significant IFN-α and IL-6 response in FLT3L DCs of
wt mice, the Tlr7 knockout completely abolished RNA63-dependent cytokine secretion
(Figure 2). Of note, each 2′-O-ribose-methylation of RNA63 abrogated both IFN-α and IL-6-
release. Consequently, murine TLR7 activation was inhibited by guanosine methylations of
RNA63, independent of the position of the modification.

2.2. Impact of 2′-O-Ribose Methylation on TLR7 Activation by Naturally Methylated and
Unmethylated Sequences

We then investigated whether the generation of a strong TLR8 ligand could only be
achieved by 2′-O-methylation of specific RNA sequences such as the optimized RNA63,
or whether this effect could be universally achieved using GU-containing ORNs. We used
two additional RNA sequences in their unmethylated and methylated derivatives: RNA28,
which is derived from 28S rRNA (position 2409–2420 on 28S rRNA, XR_007090848.1) and
carries a 2′-O-methylation at the first guanosine under natural conditions, and RNA66,
which is derived from 18S rRNA (position 773–784 on 18S rRNA, NR 003286.2) and is
not methylated under natural conditions (Figure 3a) [35]. The TLR7/TLR8 stimulatory
activities of these RNA sequences have not been previously described, and these particular
sequences were selected due to their high uridine content, natural occurrence in ribosomal
RNA, and presence of a guanosine at position 3. PBMCs were stimulated with the ORNs,
and RNA-induced cytokine release was determined by ELISA (Figure 3b,c).

Figure 3. Impact of 2′-O-ribose methylation on cytokine induction by naturally methylated and un-
methylated sequences. (a) Sequences of applied RNA derivatives. 2′-O-ribose methylated guanosine
are indicated with an X. (b,c) PBMCs were stimulated with RNA66 or RNA28 derivatives at a final
concentration of 10 μg/mL, with 1 μM CpG ODN 2216 or 5 μg/mL RNA40. Supernatants were
harvested 20 h p. s. and both (b) IFN-α and (c) IL-6 concentrations were measured by ELISA. Graphs
depict six independent experiments with PBMCs obtained from six individual healthy donors each in
biological duplicates (twelve measurements per data point, mean + S.D). Data were analyzed using
paired t-tests; IL-6-data of RNA66 and RNA66M were analyzed using Wilcoxon tests. **** p < 0.0001,
*** p < 0.001, ** p < 0.01.

As shown in Figure 1, CpG2216 induced IFN-α, providing a TLR7-independent control
of pDC activity. Moreover, RNA40, as well as both RNA28 and RNA66, induced IFN-α
and IL-6 release, as was observed for RNA63 (Figure 3b,c, compare Figure 1). In contrast,
RNA28M induced the release of IL-6 only, as observed for the methylated derivatives
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of RNA63, whereas RNA66M did not induce IFN-α or IL-6 release, indicating that this
particular 2′-O-methylation blocked both TLR7 and TLR8 activation.

To examine RNA28- and RN66-induced immune activation in murine cells, we studied
TLR7 using wt and Tlr7−/− murine dendritic cells.

In murine FLT3L DCs, as shown in Figure 2, CpG2216 and RNA40 acted as TLR7-
independent and TLR7-dependent controls, respectively. However, both RNA28 and
RNA66 were weak agonists of TLR7 in comparison with RNA40 and RNA63 (Figure 4a,
compare Figure 2). Nonetheless, IFN-α release was induced by RNA28 and RNA66 in
a TLR7-dependent manner. Moreover, in line with what was observed for RNA63M1-4,
neither RNA28M nor RNA66M induced IFN-α (Figure 4a). RNA28 also only induced
low levels of IL-6, which were inhibited by 2′-O-methylation (RNA28M), as seen for
RNA63M1-4. However, RNA66 stimulation did not induce IL-6 release from murine FLT3L
DCs (Figure 4b).

Figure 4. Methylation by 2′-O-ribose of different sequences prevents TLR7 activation. FLT3L DCs
from wt or Tlr7−/− mice were stimulated with 1 μM CpG ODN 2216, 5 μg/mL RNA40, and RNA66
derivatives or RNA28 derivatives at a final concentration of 10 μg/mL. Supernatants were harvested
20 h p. s. and concentrations of (a) IFN-α and (b) IL-6 were determined in ELISA. Graphs depict
six independent experiments each in biological duplicates (twelve measurements per data point,
mean + S.D). Data were analyzed using Wilcoxon tests. *** p < 0.001, * p < 0.05, ns = not significant.

2.3. Activation of TLR8 by 2′-O-Ribose Methylated ORNs

Our previous data demonstrating IL-6 but not IFN-α induction after stimulation with
2′-O-ribose methylated ORNs only provide an indirect indication that TLR8 is activated by
2′-O-ribose methylated ORNs. To provide direct evidence of TLR8 activation, we used a
HEK reporter cell line stably overexpressing TLR8 (HEK-TLR8) and stimulated it with the
different methylated and unmethylated ORNs.

Immune stimulation of TLR8 reporter cells resulted in activation of the transcrip-
tion factor nuclear factor ′kappa-light-chain-enhancer′ of activated B-cells (NF-κB), which
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resulted in the release of secreted embryonic alkaline phosphatase (SEAP) and was nor-
malized to the SEAP activity induced by the synthetic TLR8-specific agonist TL8-506 [39]
(Figure 5). Although mock treatment of cells (mock) without ORN did not lead to NF-κB-
activation, transfection of all methylated RNA63 derivatives upregulated SEAP activity
(Figure 5a). However, the strength of immune activation differed between the individual
RNA63 derivatives, and 2′-O-methylation at position 3 (RNA63M1) resulted in the weakest
signal transduction in TLR8 reporter cells. In contrast, TLR8 activation by the other ORNs
was different; although RNA66 and RNA28 led to distinct TLR8 activation, RNA66M and
RNA28M only led to weak NF-κB activation (Figure 5b,c).

Figure 5. Oligoribonucleotides with 2′-O-ribose methylation activate TLR8. HEK-TLR8 cells
were stimulated with TLR8-specific TL8-506 at 0.5 μg/mL and different derivatives of (a) RNA63
(U = unmethylated), (b) RNA66, or (c) RNA28 at a final concentration of 20 μg/mL or mock-treated.
Cell supernatant was mixed with QUANTI-Blue™ medium at 20 h p. s. for 15 min at 37 ◦C. Secreted
embryonic alkaline phosphatase (SEAP) activity, reflecting NF-κB activation, was determined by col-
orimetric measurement at 650 nm and results were normalized to TL8-506-induced NFκB activation.
Graphs depict six independent experiments each in biological duplicates (twelve measurements per
data point, mean + S.D). Data were analyzed using Wilcoxon tests. *** p < 0.001.

In summary, a single 2′-O-methylation, tested at different positions within the RNA,
converted RNA63 from a TLR7/TLR8 ligand into an exclusive TLR8 ligand. However,
2′-O-methylations at different guanosine positions resulted in different strengths of TLR7
inhibition and TLR8 activation, although it was observed for all positions tested. In addition,
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the switch from TLR7 and TLR8 activation to sole TLR8 activation worked particularly
well for the optimized RNA63 derivatives and seemed to be a coordinated process, as some
methylated sequences showed only weak TLR8-activating properties.

3. Discussion

The application of RNA as a therapeutic agent has become increasingly important
in recent years [23–26]. Just as important as the production of stable ORNs that lead to
sufficient immune activation is the targeting of the innate immune response to avoid an
excessive or misdirected danger signal. For this reason, it is essential to design optimal PRR-
ligands and gain knowledge about the optimal localization of ORN methylation, especially
for cases with technical limitations. Consequently, we aimed to design an optimized
TLR8 ligand by investigating the influence of 2′-O-methylations at different positions on
TLR8 activity. We first investigated different derivatives of the previously described ORN
RNA63 [32]. This sequence was converted from a TLR7/TLR8 ligand to a TLR8 ligand
by a single ribose methylation at position 3. We designed several RNA63 derivatives that
were methylated at different guanosine positions and applied them in PBMC stimulations
(Figure 1). All RNA63 derivatives with a single ribose methylation strongly decreased
or abrogated IFN-α release from human PBMCs but still induced robust IL-6 release. Of
note, RNA63M2 and RNA63M4, which showed residual IFN-α induction and weaker IL-6
release from human PBMCs, also exhibited a different RNA fragmentation pattern than
RNA63M1 and RNA63M3 derivatives, which induced a strong IL-6 signal only. Therefore,
we speculate that a single 2′-O-methylation may indeed direct RNase activity, thereby
aiding the development of optimal TLR8 ligands essential for TLR8 activation [20–22].

To demonstrate the prevention of TLR7-dependent immune activation by 2′-O-ribose
methylation, we stimulated DCs differentiated from the bone marrow of both wt and
Tlr7−/− mice (Figure 2). These experiments proved that unmodified RNA63 is a TLR7
ligand, and TLR7 activity was inhibited by 2′-O-methylation at all positions tested. Thus, we
demonstrated the flexibility of TLR7 inhibition with respect to the position of 2′-O-methylation.

As our data did not allow us to draw conclusions about whether the conversion from
TLR7 to TLR8 by 2′-O-methylation was transferable to other sequences, we designed two
additional ORNs, RNA28 and RNA66, as well as their methylated derivatives. The RNA28
sequence, similar to RNA63, is methylated under natural conditions [35]. Unmethylated
RNA28 appears to be only a weak TLR7 activator, as stimulation of both human PBMCs
and murine FLT3L-differentiated DCs with RNA28 resulted in only weak IFN-α release.
Nevertheless, RNA28M proved to be a good TLR8 inducer in primary human immune cells,
as it led to a comparably strong IL-6 induction as its unmethylated derivate and RNA63. In
contrast, RNA66 but not RNA66M led to marked cytokine release. This provided initial
evidence that RNA66M is not a strong TLR8 ligand.

We used murine FLT3-differentiated DCs to confirm the TLR7 dependence of RNA28
and RNA66. Indeed, both sequences were shown to be TLR7 ligands (Figure 4). The
observation of weak RNA28-mediated cytokine release in the murine system supports
the hypothesis that RNA28 is a low-potency TLR7 activator (compare Figure 3). RNA66,
on the other hand, was a strong IFN-α inducer in the murine system, as it is in humans,
but did not induce IL-6. At this point, the question arises why the RNA66 sequence, which
was already a weak IL-6 inducer in human PBMCs and is not methylated under natural
conditions [35], was not recognized as a pattern that requires a proinflammatory danger
signal. For this reason, it seemed necessary to directly verify which RNA sequences were
TLR8 ligands.

Therefore, we tested the TLR8 specificity of the different RNA sequences in TLR8-
expressing HEK reporter cells (Figure 5). Indeed, all unmethylated and methylated ORNs
induced significant TLR8-dependent NF-κB activation, which was weak in the cases
of RNA63M1, RNA66M, and RNA28M. Nevertheless, we assume that RNA63M1 and
RNA28M are TLR8 ligands because they induced a robust IL-6 response in PBMCs (com-
pare Figure 1). In contrast, RNA66M-induced IL-6 release was significantly reduced in
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PBMCs compared with RNA66, so we hesitate to conclude that RNA66M is also a TLR8
ligand. With respect to our objective of identifying an optimal and specific TLR8 ligand, we
would choose the newly designed RNA63M3. the previously described RNA63M1 would
be a second choice, as it showed no TLR7 activity and robust TLR8 activity in all systems
tested. The fact that randomly selected ORNs such as RNA28M and RNA66M only had
weak TLR8 activity or lacked it completely highlights the importance of RNA63M3.

The differences in TLR7 and TLR8 activity of RNAs methylated at different posi-
tions are probably because 2′-O-methylation can protect against RNase digestion of the
phosphodiester bond between the methylated and 3′ nucleotide [20,40]. In our case, 2′-O-
methylation occurred at only a single variable position, leaving wide stretches of ssRNA ac-
cessible to RNase digestion, which was reported to be essential for TLR8 activation [20–22].
However, 2′-O-methylations at different positions within the RNA most likely also directed
preferential RNA cleavage to different positions, resulting in an RNA fragmentation pattern
that was also variable between individual RNA63 derivatives. Consequently, both short
single-stranded RNA stretches and single nucleosides reported to be essential for TLR7
and TLR8 activation can be generated from all methylated derivatives, but methylation at
the optimal site presumably results in the generation of RNA degradation products that
activate TLR8 and not TLR7 [18–22,34]. Here, the base composition of the resulting RNA
fragments and their methylation status both play a role, as 2′-O-methylations have been
reported to prevent TLR7 and TLR8 activation by ssRNA [20,30,41]. However, a balance
between stability and accessibility to RNases seems to be required, as it has also been re-
ported that some ORNs lead to better TLR7 and TLR8 activation when made more resistant
to nuclease-mediated digestion by modification [42].

Consistent with our data, specific TLR8 activation by ORNs with single methylations
has been reported previously [27,31,32]. However, these publications only investigated
naturally occurring 2′-O-methylations, and not the influence of position, which we have
investigated here.

To verify the specificity of our potential optimal TLR8 ligands in our systems, we also
examined other naturally methylated and unmethylated RNA segments for their TLR7
and TLR8 activity. An influence of the sequence context of the 2′-O-methylation on the
silencing of TLR7 and TLR8 has already been discussed in previous publications [28,29].
In this context, we observed that RNA66, compared with RNA63 and RNA28, was no
longer a strong TLR8 ligand after ribose methylation. However, unlike RNA63 and RNA28,
RNA66 does not contain AU segments, which were reported to be important for a TLR8
ligand [16]. However, it should be noted that all ORNs tested (including RNA66) con-
tained GU segments, which have been described to induce TLR8 activation [14]. Of note,
we observed strong TLR8 activity after ribose methylation in ORNs RNA63M1–M4 and
RNA28M. Therefore, we conclude that only RNA sequences which are strong TLR8 ligands
per se still induce NF-κB activation after a single 2′-O-methylation.

In summary, we have shown that a single 2′-O-methylation at any position can con-
vert a TLR7/8 ligand to an exclusive TLR8 ligand, but with varying efficiency. Here,
the RNA63M3 derivative turned out to be a particularly suitable TLR8 ligand, as 2′-O-
methylation at other positions or other methylated sequences resulted in less potent TLR8
ligands or less potent inhibition of TLR7 signaling. These findings could facilitate the
generation of therapeutic TLR8 ligands.

4. Materials and Methods

4.1. Kits and Reagents

TL8-506 was purchased from Invivogen (Toulouse, France) and RNA40 (GCCCGU-
CUGUUGUGUGACUC) was purchased from IBA (Göttingen, Germany). Phosphodiester-
linked ORNs with the following sequences were synthesized by Metabion (Planegg, Ger-
many): RNA63 (caggucugugau), RNA63M1 (caxgucugugau; “x” depicts 2′-O-methyl-
guanosine), RNA63M2 (cagxucugugau), RNA63M3 (caggucuxugau), RNA63M4 (caggu-
cuguxau), RNA28 (caguugaacaug), RNA28M (caxuugaacaug), RNA66 (cugagugucccg),
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and RNA66M (cuxagugucccg). CpG ODN 2216 was obtained from Biomol (Berlin, Ger-
many). Poly-dT-phosphorothioate (PTO) was provided by Metabion (Martinsried, Ger-
many). Recombinant human FMS-like tyrosine kinase 3 ligand (FLT3L) was obtained from
H. Hochrein (Bavarian Nordic GmbH, Martinsried, Germany).

4.2. Cells

Human peripheral blood mononuclear cells (PBMCs) were purified from buffy coats
by Ficoll gradient centrifugation (PAA Laboratories GmbH, Cölbe, Germany) and cul-
tivated in RPMI1640 (PAN Biotech GmbH, Aidenbach, Germany), supplemented with
2 mM glutamine (Merck, Darmstadt, Germany), 100 units/mL penicillin and 100 μg/mL
streptomycin (Merck), non-essential amino acids (Merck), 1 mM sodium pyruvate (Merck),
and 2% serum of AB positive male donors (Merck). Differentiation of dendritic cells (DCs)
from the bone marrow of both wt and Tlr7−/− mice was induced by stimulation with
FLT-3 ligand, as described in [43], and cells were maintained in Opti-MEM (Thermo-Fisher,
Waltham, Massachusetts) with 10% fetal calf serum (FCS) (Biochrom AG, Berlin, Ger-
many), 2 mM glutamine, 100 units/mL penicillin, 100 μg/mL streptomycin, and 0.05 mM
β-Mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA).

4.3. Cell Stimulation

For cell stimulation, PBMCs were seeded at 3 × 105 cells/well and murine DCs were
seeded at 2 × 105 cells/well in 100 μL growth medium in a 96-well flat-bottom plate. Cells
were stimulated with CpG ODN 2216 at 1 μM without a transfection reagent as stimulation
control. For stimulation with ORNs, RNA40 was applied at 5 μg/mL, and RNA63, RNA66
and RNA28 ORNs were applied at 10 μg/mL. The stimulation mixture was prepared as
follows: RNA stimuli were combined with 50 μL Opti-MEM and 1.5 μL DOTAP (Roche,
Mannheim, Germany) per well. Samples were incubated for 5 min at room temperature,
then 50 μL of the medium was added without serum and used to stimulate cells at 100 μL.
Supernatants were harvested 20 h post stimulation (h p. s.) and cytokine secretion was
determined by ELISA analysis.

4.4. Enzyme-Linked Immunosorbent Assay (ELISA)

Murine IL-6, murine IFN-α, and human IL-6 concentrations were measured by ELISA
according to the manufacturer′s instructions (R&D Systems, Minneapolis, MN, USA for
murine IL-6; PBL Interferon Source, Piscataway, NJ, USA for murine IFN-α; BD Biosciences,
Heidelberg, Germany for human IL-6). Human IFN-α concentrations were measured
using capture antibody mouse monoclonal anti-human IFN-α (PBL Interferon Source) and
detection antibody anti-human IFN-α HRP-conjugate (eBioscience, San Diego, CA, USA).
Recombinant human IFN-α (PeproTech, Cranbury, NY, USA) was used as a standard.

4.5. Genetic Complementation Assay

HEK-Blue™ hTLR8 (Invivogen) cells expressing the human TLR8 gene and a NF-
κB/AP-1 inducible SEAP (secreted embryonic alkaline phosphatase) reporter gene were
used as a TLR8-specific reporter system. Upon TLR8-dependent NFκB activation, SEAP
activity was monitored using QUANTI-Blue™ (Invivogen). Cells were seeded in a 96-well
flat-bottom plate at 6 × 104 cells/well. Cells were stimulated 12 h after seeding with
final concentrations of 0.5 μg/mL TL8-506 or 5 μg/mL RNA40, and 20 μg/mL RNA63,
RNA66, and RNA28 ORN complexed to 5 μL DOTAP/well. To enhance TLR8-activation,
Poly-dT-PTO was added at 1.5 μM final concentration. The readout was performed with
QUANTI-Blue™ medium, as described in the manufacturer′s protocol. Optical density was
measured with a Berthold luminometer (Pforzheim, Germany) at a wavelength of 650 nm.
Results were normalized to percent NF-κb induction by TL8-506.
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4.6. Mice

For experiments with Tlr7-deficient mice, we used the Tlr7-deficient mouse line
established by Hemmi et al. [12]. Mice were bred under specific pathogen-free conditions
at the animal facility of Philipps University Marburg.

4.7. RNase T2 Digestion Assay

An amount of 500 ng of each ORN was incubated with 0.0025 U RNase T2 (Aspergillus
oryzae, MoBiTec GmbH, Göttingen, Germany) for 1.5 h at 37 ◦C. RNA fragments were
separated in a 25% polyacrylamide gel with the following running conditions: 3–4 h at
250 V, 8 ◦C. Staining of RNA bands was performed in a 0.05% toluidine blue aqueous
solution with 20% methanol and 2% glycerol for 1 h. Destaining and visualization of band
patterns was performed in a destain solution containing 20% methanol and 2% glycerol
for at least 2 h. Documentation was performed on a Chemi Doc Imaging System (Bio-Rad,
Hercules, CA, USA).

4.8. Statistical Analysis

Experiments tested for statistical significance were performed six times. Data were
tested for normality using D′Agostino-Pearson and Kolmogorov-Smirnov tests and are
presented as arithmetic means + S.D. Statistical analyses of normally distributed data were
based on paired two-tailed t-tests. Non-normally distributed data were analyzed using
Wilcoxon tests.
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Appendix A

 

Figure A1. RNase T2 digestion patterns of RNA63 derivatives are influenced by the position of
2′-O-ribose methylation. (a–c) Unmethylated RNA63 (U) or methylated derivatives (M1, M2, M3, and
M4) were treated with 0.005 units RNase T2/μg RNA (+) or mock-treated (−). RNA fragmentation
was visualized in polyacrylamide gel electrophoresis. Position of RNA fragments of interest are
indicated with an arrow ( ) and a line (( ). Three independent replicates of RNase T2 digestion
are shown.
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Abstract: Mucin 1 (MUC1) has received increasing attention due to its high expression in breast
cancer, in which MUC1 acts as a cancer antigen. Our group has been committed to the development
of small-molecule TLR7 (Toll-like receptor 7) agonists, which have been widely investigated in
the field of tumor immunotherapy. In the present study, we constructed a novel tumor vaccine
(SZU251 + MUC1 + Al) containing MUC1 and two types of adjuvants: a TLR7 agonist (SZU251)
and an aluminum adjuvant (Al). Immunostimulatory responses were first verified in vitro, where
the vaccine promoted the release of cytokines and the expression of costimulatory molecules in
mouse BMDCs (bone marrow dendritic cells) and spleen lymphocytes. Then, we demonstrated that
SZU251 + MUC1 + Al was effective and safe against a tumor expressing the MUC1 antigen in both
prophylactic and therapeutic schedules in vivo. The immune responses in vivo were attributed to
the increase in specific humoral and cellular immunity, including antibody titers, CD4+, CD8+ and
activated CD8+ T cells. Therefore, our vaccine candidate may have beneficial effects in the prevention
and treatment of breast cancer patients.

Keywords: TLR7 (Toll-like receptor 7); MUC1 (Mucin 1); aluminum adjuvant; tumor vaccine;
immunotherapy

1. Introduction

Toll-like receptors (TLRs) are a family of integral membrane proteins, primarily local-
ized in immune cells such as dendritic cells (DCs) and macrophages. TLRs, recognizing
pathogen-associated molecular patterns (PAMPs) in a variety of viruses and microorgan-
isms, are the bridge between innate and adaptive immunity [1,2]. Among all of the TLRs,
only TLR7/8 have small-molecule ligands, which are easier to obtain and modify than
other biomacromolecules such as TLR4 and TLR9 ligands [3]. Recently, small-molecule
TLR7 agonists have been widely investigated in the field of tumor immunotherapy through
inducing tumor-specific immune responses and reducing the tumor growth [4–6]. Our
group has been committed to the development of TLR7 agonists, and SZU101 is one of
the representative compounds. We have previously proved that SZU101 enhances the
therapeutic efficacy of doxorubicin in a mouse lymphoma model via the generation of
systemic immune responses. SZU101 has been used in the form of chemical conjugation
with targeted anticancer drugs, including JQ1 (a BET inhibitor) and ibrutinib (a BTK in-
hibitor) [7]. Furthermore, SZU101 is a successful adjuvant in the development of tumor
vaccines, having been conjugated with multiple tumor-associated antigens [8].

Mucin 1 (MUC1) is a membrane-associated glycoprotein overexpressed in many
different kinds of epithelial tumor tissues, making it an attractive target for tumor im-
munotherapy [9]. MUC1 contains a variable number of tandem repeat (VNTR) sequence
of twenty amino acids, and five potential O-glycosylation sites are located on the threo-
nine and serine residues of each repeat [10,11]. The peptides from the VNTR sequence
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are often used as the antigens for tumor vaccines targeting MUC1 [12]. A tumor vaccine
has been constructed by covalent attachment of an MUC1 glycopeptide and a T-helper
epitope, inducing both humoral and cellular immune responses [13]. Our group developed
a novel TLR7 agonist-conjugated MUC1 peptide vaccine that elicited effective immune
responses and robust antitumor effects in a mouse breast cancer model [14]. However,
appropriate immune stimulators still need to be studied due to the weak immunogenicity
of MUC1 peptides.

In this study, we construct a novel tumor vaccine (SZU251 + MUC1 + Al) with three
components: a small-molecule TLR7 agonist synthesized for the first time (SZU251), an
MUC1-related peptide (MUC1), and an aluminum adjuvant (Al). It is widely accepted that
the glycosylated MUC1 peptide is more immunogenic than the non-glycosylated one [13].
However, we already demonstrated the immunogenicity of the non-glycosylated MUC1
peptide in previous work, and the combination of the naked MUC1 sequence and the
TLR7 agonist (T7 + MUC1) could be an effective tumor vaccine [14]. Therefore, we have
chosen the same naked sequence here in order to verify the improvement of this three-
component vaccine (T7 + MUC1 + Al) compared to the previous two-component vaccine
(T7 + MUC1). Immunostimulatory effects of the vaccine are first determined in vitro by
the detection of cytokines and costimulatory molecules. Then, the humoral and cellular
immune responses are verified in a mouse breast cancer model in both prophylactic and
therapeutic vaccination schedules. Finally, the vaccine is proved to be well tolerated in the
mice by HE staining (hematoxylin–eosin staining) of the major organs and blood tests.

2. Results

2.1. Chemical Synthesis of the Vaccine Candidates

MUC1 peptide was synthesized by the solid phase method, containing a well-
documented MUC1-derived epitope (SAPDTRPAP) and a murine MHC class II restricted
T-helper epitope (KLFAVWKITYKDT) (Figure 1A). SZU251 was synthesized for the first
time by our group according to the methods shown in Figure 1B. The above-mentioned com-
pounds were confirmed by NMR spectrometry, mass spectrometry or high-performance
liquid chromatography (Figures S1 and S2). SZU251 + MUC1 was a mixed formulation at a
3:1 ratio of SZU251 and MUC1, and the 3:1 ratio was selected according to our previous
study [14]. All of the vaccine candidates, especially for the in vivo experiments, were mixed
with the aluminum adjuvant (Figure 1C). Moreover, the ability of SZU251 for TLR activa-
tion was determined on HEK-Blue hTLR7 and hTLR8 cells. SZU251 and R848 (TLR7/8
agonists) induced much more potent TLR7 activation than imiquimod (a TLR7 agonist),
while SZU251 and imiquimod could not induce TLR8 activation (Figure S3). Therefore,
SZU251 is a novel TLR7 agonist with specificity and selectivity.

2.2. In Vitro Immunostimulatory Responses of the Vaccine Candidates

To access the immunostimulatory activity of the vaccine candidates, the release of
cytokines was first decided by the ELISA method in mouse spleen lymphocytes and BMDCs
(bone marrow dendritic cells). As shown in Figure 2A,B, MUC1 rarely stimulated cytokine
production due to its poor immunogenicity. SZU251 and SZU251 + MUC1 displayed similar
and remarkable trends of increase in the relevant cytokines in a dose-dependent manner
(TNFα, IFNγ, IL6 and IL12 in spleen lymphocytes; TNFα, IFNγ and IL6 in BMDCs). IL12
in BMDCs was also detected but is not displayed here owing to the low secretion levels.
Next, maturation of BMDCs was accessed by flow cytometry by detecting the upregulated
expression of CD40, CD80 and CD86, the costimulatory molecules necessary for T cell
activation. The flow cytometry results and statistical analyses are shown in Figure 2C.
SZU251 and SZU251 + MUC1 increased the levels of CD40, CD80 and CD86, while SZU251
+ MUC1 exhibited an even better stimulatory capacity than SZU251. However, significant
differences between SZU251 and SZU251 + MUC1 could be observed for CD40 and CD86
but not CD80, which may be due to the different sensitivity of the costimulatory molecules.
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Moreover, SZU251 + MUC1 promoted the expression of the costimulatory molecules
basically in a dose-dependent manner, similar to the results of cytokine levels (Figure S4).

Figure 1. (A) Sequence of T-helper linked to MUC1. (B) Synthetic route of SZU251. Reagents and
conditions: (a) 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethan-1-amine, HOBT, EDC, DIPEA, DMF, Rt,
overnight, LC-MS monitoring reaction, HPLC-purified; (b) Pd/C (10%), MeOH, H2, Rt, 2 h, LC-MS
monitoring reaction, MeOH spin-dried; (c) (1) CS2, TEA, DMF, Rt, overnight; (2) TsCl, Rt, 5 h, LC-MS
monitoring reaction, HPLC-purified. (C) Scheme of SZU251 + MUC1 + Al.
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Figure 2. In vitro immunostimulatory responses of the vaccine candidates. (A) Induction of TNFα,
IFNγ, IL6 and IL12 in mouse spleen lymphocytes after 24 h incubation. (B) Induction of TNFα,
IFNγ and IL6 in mouse BMDCs after 24 h incubation. (C) Maturation of BMDCs was evaluated by
measuring the expression of the surface molecules CD40, CD80 and CD86 by flow cytometry after
24 h treatment with 3 μM vaccine candidates. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001,
“ns” not significant. TNF, tumor necrosis factor; IFN, interferon; IL, interleukin. Data are presented
as the mean ± SE; n = 3.

2.3. SZU251 + MUC1 + Al Inhibited 4T1 Mouse Breast Tumor Growth in the
Prophylactic Schedule

The antitumor effects of the vaccine candidates were further examined in a mouse
breast cancer model with the prophylactic schedule. In brief, each mouse was intramus-
cularly administered with vaccines every two weeks for a total of three times and then
subcutaneously challenged with 4T1 cells. Twenty-one days after the tumor inoculation,
the mice were sacrificed and the tumors were collected (Figure 3A). The tumor volumes,
tumor weights and representative images of the tumors are illustrated in Figures 3B,C and
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S5. All of the vaccine candidates displayed antitumor effects compared to the saline control
(NaCl), except the aluminum adjuvant alone (Al). Notably, the tumor volumes and tumor
weights when treated with SZU251 + MUC1 + Al were much lower than when treated
with SZU251 + Al or MUC1 + Al. The results also showed that SZU251 + MUC1 + Al
markedly improved the long-term survival rate compared to the other groups during a
70-day observation period (Figure 3D).

Figure 3. SZU251 + MUC1 + Al inhibited 4T1 mouse breast tumor growth after three immunizations in
the prophylactic schedule. (A) Schematic diagram illustrating the prophylactic vaccination. (B) Tumor
growth curves were measured twice a week until day 21 after tumor implantation. (C) Tumor weights
were determined at the time of sacrifice. (D) Survival curves of the tumor-bearing mice. (E) Body
weights were measured twice a week until day 21 after tumor implantation. (F) Weights of the major
organs (hearts, lungs, livers and kidneys) were determined at the time of sacrifice. Data are presented
as the mean ± SE; n = 5–8 mice/group. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

During the experiment, all of the mice appeared healthy with no visible signs of pain,
distress or discomfort. No significant differences in the body weights or the weights of
the major organs could be detected between the groups (Figure 3E,F), indicating that the
vaccines were well tolerated at these doses. HE staining of the major organs was carried
out, and no serious structural and pathological changes were observed in all of the groups
(Figure S6). Blood tests were performed, and the results are shown in Figure S7 and Table 1.
There were some individual slight decreases in the WBC and PLT counts in the vaccine
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groups that were still considered within the normal range, while other parameters (RBC,
HGB, HCT and MCV) displayed no significant abnormality.

Table 1. Blood routine examination of the mice in the prophylactic schedule.

Group NaCl Al SZU251 + Al MUC1 + Al
SZU251 +

MUC1 + Al

WBC (109/L) 30.05 ± 4.96 28.70 ± 9.49 27.68 ± 7.59 18.63 ± 5.74 13.85 ± 3.24
RBC (1012/L) 11.17 ± 0.56 11.64 ± 0.95 11.74 ± 0.69 11.07 ± 0.71 11.40 ± 0.49

HGB (g/L) 175.20 ± 7.73 186.50 ± 9.33 181.25 ± 5.56 171.20 ± 10.69 169.00 ± 8.69
HCT (%) 55.40 ± 2.42 57.45 ± 4.62 55.24 ± 3.23 55.36 ± 3.23 54.12 ± 2.91
MCV (fL) 49.66 ± 0.47 49.40 ± 0.86 47.11 ± 0.98 50.08 ± 1.00 47.52 ± 1.08

PLT (109/L) 1022.67 ± 168.50 1045.50 ± 258.30 957.50 ± 208.63 795.50 ± 138.85 809.00 ± 43.70

Abbreviations: WBC, white blood cell; RBC, red blood cell; HGB, hemoglobin; HCT, hematocrit; MCV, mean
corpuscular volume; PLT, platelet.

2.4. SZU251 + MUC1 + Al Induced Tumor-Specific Immune Responses in the
Prophylactic Schedule

Serum antibody titers against MUC1 were judged by the ELISA method to prove the
impacts of the vaccinations on humoral immunity (Table 2). As expected, no antibody could
be found in the vaccine groups without the MUC1 component (NaCl, Al and SZU251 + Al),
while MUC1 + Al elicited total IgG, IgG1, IgG2a and IgM responses. SZU251 + MUC1 + Al
prominently elevated the antibody titers to much higher levels than MUC1 + Al did.
Meanwhile, the more times vaccinations were administered, the more potent antibody
responses we could detect. In addition, no significant changes of IgG2a and IgM could be
found between day 24 and day 38 in the SZU251 + MUC1 + Al group. It is supposed that
these types of antibodies reached a plateau after two vaccinations. To validate whether the
serum samples could recognize the native MUC1 antigen on cancer cells, binding of the
serum samples to MUC1-expressing 4T1 cells was examined by flow cytometry (Figure 4A).
The serum samples from SZU251 + MUC1 + Al reacted much more strongly with 4T1 cells
than the other vaccine candidates did. B16 cells, in which the expression of MUC1 antigen
is relatively low, were used as a negative control, and no obvious binding was observed.

Table 2. Anti-MUC1 antibody titers determined by ELISA after three immunizations with vaccine
candidates in the prophylactic schedule.

Antibody
Titer

NaCl Al SZU251 + Al MUC1 + Al SZU251 + MUC1 + Al

IgG
Day 10 0 0 0 1000 16,000
Day 24 0 0 0 32,000 1,024,000
Day 38 0 0 0 256,000 2,048,000

IgG1
Day 10 0 0 0 0 0
Day 24 0 0 0 8000 64,000
Day 38 0 0 0 8000 128,000

IgG2a
Day 10 0 0 0 0 32,000
Day 24 0 0 0 16,000 2,048,000
Day 38 0 0 0 16,000 2,048,000

IgM
Day 10 0 0 0 0 16,000
Day 24 0 0 0 4000 128,000
Day 38 0 0 0 16,000 128,000

Antibody titer was defined as the maximum serum dilution when the absorption ratio of the experimental group
to the negative control group was ≥2.0.
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Figure 4. SZU251 + MUC1 + Al induced tumor-specific immune responses in the prophylactic
schedule. (A) Specific anti-MUC1 antibody of the serum samples was tested on 4T1 and B16 cells
using flow cytometry. NaCl (purple), Al (orange), SZU251 + Al (blue), MUC1 + Al (green) and
SZU251 + MUC1 + Al (red). (B) Percentages of CD3+ CD4+ T cells, CD3+ CD8+ T cells and CD3+

CD8+ IFNγ+ T cells in splenocytes were measured using flow cytometry. (C) Percentages of CD3+

CD4+ T cells, CD3+ CD8+ T cells and CD3+ CD8+ IFNγ+ T cells in TILs were measured using flow
cytometry. (D) Representative IHC staining for CD4 and CD8 of the tumor tissues in the prophylactic
schedule (200× magnification). Data are presented as the mean ± SE; n = 5–8 mice/group. * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Cellular immune responses were determined by analyzing CD4+ and CD8+ T cells
in the spleens, while activated CD8+ T cells were further identified by intracellular IFNγ

staining. As shown in Figure 4B, SZU251 + MUC1 + Al boosted the percentages of total
CD4+, total CD8+ and CD8+ IFNγ+ cells more effectively than any other vaccines did.
T cells were also evaluated in the tumors to study whether tumor-specific T cells were
recruited to the tumor sites. SZU251 + MUC1 + Al increased the percentages of total CD4+,
total CD8+ and CD8+ IFNγ+ cells to the highest levels, which is consistent with the results
in the spleens (Figure 4C). IHC staining was performed in the tumor tissues, and the results
are shown in Figure 4D. The differences in CD4+ and CD8+ T cells were negligible in the
NaCl, Al, SZU251 + Al and MUC1 + Al groups, while CD4+ and CD8+ T cells infiltration
was significantly promoted by SZU251 + MUC1 + Al.

2.5. SZU251 + MUC1 + Al Inhibited 4T1 Mouse Breast Tumor Growth in the
Therapeutic Schedule

The antitumor effects of the vaccine candidates were also examined in a mouse breast
cancer model with a therapeutic schedule. In brief, each mouse was first subcutaneously
challenged with 4T1 cells and then intramuscularly administered with vaccines once a
week for a total of three times. Twenty-one days after the tumor inoculation, the mice were
sacrificed and the tumors were collected (Figure 5A). The tumor volumes, tumor weights
and representative images of the tumors are illustrated in Figures 5B,C and S8. Long-
term survival curves were recorded as well, as shown in Figure 5D. SZU251 + MUC1 + Al
evidently suppressed tumor growth and promoted the survival rate compared to the other
vaccine groups. In addition, as shown in Figure 5B,D, MUC1 + Al was effective against
the primary tumor growth but not the death of the mice, which might be due to the lung
metastasis in the 4T1 model. Hence, SZU251 probably enhanced the antitumor effects of
MUC1 + Al.

Toxicity was thoroughly determined, and the vaccines were well tolerated at these
doses in the therapeutic schedule. There were no significant differences of the body weights
or the weights of the major organs, and no structural or pathological changes of the major
organs in all of the vaccine groups (Figure 5E,F and S9). No significant abnormality could
be detected in all of the parameters (WBC, RBC, HGB, HCT, MCV and PLT) in blood tests
(Figure S10 and Table 3).

Table 3. Blood routine examination of the mice in the therapeutic schedule.

Group NaCl Al SZU251 + Al MUC1 + Al
SZU251 +

MUC1 + Al

WBC (109/L) 13.33 ± 0.78 9.68 ± 5.12 15.48 ± 5.31 12.60 ± 2.52 15.30 ± 3.48
RBC (1012/L) 9.85 ± 0.40 10.00 ± 0.94 9.57 ± 0.33 8.70 ± 0.46 9.34 ± 0.81

HGB (g/L) 144.80 ± 4.15 142.00 ± 7.00 144.40 ± 7.54 134.00 ± 5.29 140.20 ± 9.40
HCT (%) 44.83 ± 1.35 45.93 ± 3.95 43.86 ± 1.95 40.56 ± 1.70 43.34 ± 3.67
MCV (fL) 46.92 ± 0.47 46.03 ± 0.76 45.77 ± 0.21 46.98 ± 0.89 45.87 ± 0.35

PLT (109/L) 739.40 ± 128.80 633.80 ± 288.80 1056.00 ± 214.99 933.40 ± 188.03 956.75 ± 231.80

Abbreviations: WBC, white blood cell; RBC, red blood cell; HGB, hemoglobin; HCT, hematocrit; MCV, mean
corpuscular volume; PLT, platelet.

2.6. SZU251 + MUC1 + Al Induced Tumor-Specific Immune Responses in the Therapeutic
Schedule

Humoral immune responses of the vaccinations are displayed as serum antibody
titers against MUC1 judged by the ELISA method (Table 4). MUC1 + Al and SZU251 +
MUC1 + Al remarkably elicited total IgG, IgG1, IgG2a and IgM responses, while SZU251
+ MUC1 + Al was much more potent than MUC1 + Al. The serum antibody titers from
20 days after the first immunization were higher than those from 10 days after the first
immunization. Binding of the serum samples to the tumor cells was examined by flow
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cytometry (Figure 6A). The serum samples from SZU251 + MUC1 + Al reacted strongly to
4T1 cells with high MUC1 expression but not B16 cells with low MUC1 expression.

Figure 5. SZU251 + MUC1 + Al inhibited 4T1 mouse breast tumor growth after three immunizations
in the therapeutic schedule. (A) Schematic diagram illustrating the therapeutic vaccination. (B) Tumor
growth curves were measured twice a week until day 21 after tumor implantation. (C) Tumor weights
were determined at the time of sacrifice. (D) Survival curves of the tumor-bearing mice. (E) Body
weights were measured twice a week until day 21 after tumor implantation. (F) Weights of the major
organs (hearts, lungs, livers and kidneys) were determined at the time of sacrifice. Data are presented
as the mean ± SE; n = 5–8 mice/group. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Table 4. Anti-MUC1 antibody titers determined by ELISA after three immunizations with vaccine
candidates in the therapeutic schedule.

Antibody
Titer

NaCl Al SZU251 + Al MUC1 + Al SZU251 + MUC1 + Al

IgG Day 10 0 0 0 32,000 64,000
Day 20 0 0 0 128,000 1,024,000

IgG1 Day 10 0 0 0 0 0
Day 20 0 0 0 32,000 32,000

IgG2a Day 10 0 0 0 32,000 64,000
Day 20 0 0 0 32,000 1,024,000

IgM Day 10 0 0 0 8000 128,000
Day 20 0 0 0 32,000 256,000

Antibody titer was defined as the maximum serum dilution when the absorption ratio of the experimental group
to the negative control group was ≥2.0.
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Figure 6. SZU251 + MUC1 + Al induced tumor-specific immune responses in the therapeutic schedule.
(A) Specific anti-MUC1 antibody of the serum samples was tested on 4T1 and B16 cells using flow
cytometry. NaCl (purple), Al (orange), SZU251 + Al (blue), MUC1 + Al (green) and SZU251 + MUC1
+ Al (red). (B) Percentages of CD3+ CD4+ T cells, CD3+ CD8+ T cells and CD3+ CD8+ IFNγ+ T
cells in splenocytes were measured using flow cytometry. (C) Percentages of CD3+ CD4+ T cells,
CD3+ CD8+ T cells and CD3+ CD8+ IFNγ+ T cells in TILs were measured using flow cytometry. (D)
Representative IHC staining for CD4 and CD8 of the tumor tissues in the therapeutic schedule (200×
magnification). Data are presented as the mean ± SE; n = 5–8 mice/group. * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001.
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Cellular immune responses to the vaccinations were determined by analyzing CD4+

and CD8+ T cells in the spleens and the tumors, while activated CD8+ T cells were further
identified by intracellular IFNγ staining (Figure 6B,C). SZU251 + MUC1 + Al boosted the
percentages of total CD8+ and CD8+ IFNγ+ cells both in the spleens and the tumors more
effectively than any other vaccines. However, CD4+ T cells were not impacted as much as
CD8+ T cells, where SZU251 + MUC1 + Al exhibited higher percentages of total CD4+ T
cells only in the spleens compared to the saline control (NaCl). IHC staining of the tumor
tissues proved that the infiltration of CD8+ T cells, but not CD4+ T cells, was significantly
promoted by SZU251 + MUC1 + Al (Figure 6D).

3. Discussion

Breast cancer, especially triple-negative breast cancer (TNBC), is a biologically and
clinically heterogeneous disease which has been considered a major cause of morbidity and
mortality due to its aggressive behavior and poor prognosis [15]. Traditional treatments,
including surgery and chemotherapy, are not satisfactory enough for all of the patients.
Decades of investigations on breast cancer have led to the development of new therapeutic
options in recent years, such as immune checkpoint inhibitors, antibody–drug conjugates,
tumor vaccines and other promising drug combinations.

Tumor vaccines come into effect by training the immune system to attack the cells
that contain the tumor-associated antigens (TAAs) in the vaccines. A protein with an
abnormal structure produced by tumor cells due to mutation can be an effective TAA, and
abnormal glycosylation is an example of the mutation. MUC1 is a typical glycosylated
tumor antigen expressed on the surface of cancer cells. Compared to normal tissues,
the expression levels and glycosylation patterns of MUC1 are highly dissimilar in tumor
tissues [16]. In a phase 2b/3 trial for advanced non-small-cell lung cancer, TG4010 (a
modified vaccinia Ankara expressing MUC1) plus chemotherapy showed a significant
improvement in progression-free survival compared to a placebo plus chemotherapy [17].
MUC1-specific T cells and antibodies are also identified in breast cancer patients, and
MUC1-specific immunity is beneficial in the treatment of breast cancer [18,19]. It was
reported that an MUC1 mRNA nano-vaccine induced a strong, antigen-specific, in vivo
cytotoxic T lymphocyte response against TNBC cells [20]. However, the MUC1 antigen itself
does not have enough immunogenicity to arouse efficient immune responses. Therefore,
we introduced a small-molecule TLR7 agonist as a promising adjuvant for the activation
of a broad spectrum of APCs, including different types of DCs [21]. The novel TLR7
agonist, SZU251, was synthesized by our group for the first time and exerted stronger
effects on TLR7 activation than imiquimod (Figures 1B and S3). Moreover, after mixing
with MUC1, SZU251 + MUC1 maintained similar immunostimulatory effects as SZU251.
In agreement with the previous studies, SZU251 + MUC1 caused a rapid induction of
common cytokines such as IL6, TNFα and IFNγ in mouse BMDCs and spleen lymphocytes
in vitro (Figure 2A,B), favoring Th1-mediated immune responses and cytotoxic T cells
acting on cancer cells [22]. SZU251 + MUC1 also promoted the expression of costimulatory
molecules (CD40, CD80 and CD86) in mouse BMDCs in a concentration-dependent manner
(Figures 2C and S4), inferring the maturation of BMDCs and the activation of T cells [23].
Additionally, SZU251 is an isothiocyanate (-N=C=S) derivative of our previous TLR7
agonist, SZU101, which could be easily coupled to the amino groups of the proteins. In
future studies, we will conjugate the TLR7 agonists to other tumor-associated antigens,
especially macromolecular protein antigens, where SZU251 could be more convenient for
conjugation than SZU101.

An outstanding tumor vaccine should trigger cellular and humoral immunity simul-
taneously to elicit robust and long-lasting immune responses [24]. We have constructed
several tumor vaccines by conjugating TLR7 agonists and TAAs and have proven the anti-
tumor effects of the vaccines in previous studies. Nevertheless, the humoral responses of
the vaccines are still not satisfactory, even with the introduction of our TLR7 agonists [8,14].
The aluminum adjuvant is well known for the promotion of humoral immune responses
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by adsorbing antigens and altering their immunological properties [25]. Therefore, we
constructed a novel vaccine (SZU251 + MUC1 + Al) with three components in this study.
SZU251 and MUC1 were first mixed at a molar ratio of 3:1 to form SZU251 + MUC1, and
then, SZU251 + MUC1 was absorbed on the aluminum adjuvant to form SZU251 + MUC1
+ Al (Figure 1C). Almost all of the experiments in this study displayed that the aluminum
adjuvant (Al) alone exerted no effects on tumor inhibition or immune stimulation compared
to the control. Therefore, we only included the SZU251 + MUC1 + Al group and not the
SZU251 + MUC1 group, and the efficacy of SZU251 + MUC1 + Al could be determined com-
pared to either the control or Al alone. After three immunizations, a tumor challenge model
was generated in BALB/c mice via the implantation of mouse 4T1 TNBC cells (Figure 3A).
SZU251 + MUC1 + Al showed the best prophylactic effects with suppression of the tumor
growth and extension of the survival time of the mice (Figures 3B,D and S5). It is reported
that functional activation of TLR7 might lead to the loss of body weight and a decrease
in platelet counts, and chronic TLR7 signaling drives anemia through the differentiation
of specialized hemophagocytes [26]. In our toxicity studies, except for a slight decrease
in the WBC count, no significant differences could be detected between the groups in the
body weights of the mice, the weights and HE staining of the major organs and the results
of the blood tests (Figures 3E,F, S6 and S7). Thus, the safety of SZU251 + MUC1 + Al was
displayed in the prophylactic schedule.

As for the humoral responses, SZU251 + MUC1 + Al induced a substantial increase in
antibody titers for MUC1-specific IgG, IgG1, IgG2a and IgM in a time-dependent manner
(Table 2). IgG2a and IgG1 represent immune Th1 and Th2 tendencies, respectively. Th1
is the most important helper cell type in cancer immunity, involved in tumor cell killing
by secreting cytokines that activate tumor cell surface death receptors and induce epitope
spreading [27,28]. Our results demonstrated that after three immunizations, the ratio of
IgG2a to IgG1 of SZU251 + MUC1 + Al was the highest compared to the other groups,
indicating the tendency of Th1. IgM is also part of the first line of immunological defense.
Natural IgM is associated with the recognition and removal of cancerous cells, and some
IgM antibodies are used in the diagnosis and treatment of breast cancer [29]. Furthermore,
the recognition of native MUC1 antigen on 4T1 cells by the antibodies was verified by flow
cytometry (Figure 4A).

As for the cellular responses, lymphocytes in the spleens and the tumors were analyzed
by flow cytometry. The main types of lymphocytes in cell-mediated immunity are CD4+ and
CD8+ T cells, which play a critical role in the induction of an effective immune response
against tumors [30]. As shown in Figure 4B, significant increases in CD4+, CD8+ and
activated CD8+ T cells were detected in the spleens treated with SZU251 + MUC1 + Al.
CD4+, CD8+ and activated CD8+ T cell infiltration to the tumor microenvironment was also
demonstrated by flow cytometry and IHC staining (Figure 4C,D).

In addition to the above results of the vaccines in the prophylactic schedule, we
explored their benefits in the therapeutic schedule. BALB/c mice were first implanted
with mouse 4T1 TNBC cells and then treated with the vaccines three times. As shown
in Figure 5 and Figures S8–S10, SZU251 + MUC1 + Al displayed high efficacy and low
toxicity in the treatment of breast cancer. Humoral and cellular immune responses were
determined in the therapeutic schedule, with similar effects as the prophylactic schedule
(Figure 6 and Table 4). Only the promotion of CD4+ T cells by SZU251 + MUC1 + Al was
weak, which may be due to the limited time of drug administration with low recognition
of epitopes [31].

In conclusion, a novel vaccine for breast cancer was developed with three components:
a small-molecule TLR7 agonist (SZU251), an MUC1-related peptide (MUC1) and an alu-
minum adjuvant (Al). Our results demonstrated that SZU251 + MUC1 + Al was effective
and safe against a tumor expressing the MUC1 antigen in both prophylactic and therapeutic
schedules. Incorporation of the TLR7 agonist and the aluminum adjuvant induced non-
specific immune responses and substantially enhanced the specific humoral and cellular
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immune responses to the MUC1 antigen in the mice. Therefore, our vaccine candidate may
have beneficial effects in the prevention and treatment of breast cancer patients.

4. Materials and Methods

4.1. Compounds

The MUC1 peptide used in the present study was obtained by the solid phase method
using an Fmoc strategy (ChinaPeptides Co., Ltd., Shanghai, China).

SZU251 was synthesized by our laboratory with the following three steps. First,
1 g SZU101, 540 mg 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethan-1-amine, 460 mg HOBT,
660 mg EDC and 1200 μL DIPEA were dissolved in 3 mL DMF, and the reaction was
monitored by LC-MS at room temperature overnight. The reaction was purified by HPLC
to yield 700 mg A1 as a white solid with 48.3% yield. Second, 500 mg A1 and 50 mg
Pd/C (10%) were dissolved in 5 mL of MeOH, evacuated and passed through H2, and
the reaction was monitored by LC-MS for 2 h at room temperature. After the reaction,
Pd/C was removed by filtration, and the product A2 was obtained by spin-drying with
MeOH. Third, 500 mg A2, 130 mg CS2 and 230 μL TEA were dissolved in 2 mL DMF and
reacted overnight at room temperature; then, 310 mg TsCl was added, and the reaction was
monitored by LC-MS for 5 h at room temperature. After the reaction, it was purified by
HPLC, and 320 mg of white solid (SZU251) was obtained at 60% yield.

SZU251: 1H NMR (500 MHz, DMSO-d6) δ 10.08 (s, 1H), 8.28 (t, J = 5.8 Hz, 1H), 7.86 (t,
J = 5.5 Hz, 1H), 7.23 (d, J = 8.1 Hz, 2H), 7.18 (d, J = 8.1 Hz, 2H), 6.50 (s, 2H), 4.82 (s, 2H),
4.29–4.23 (d, J = 5.0 Hz, 2H), 4.20 (d, J = 5.8 Hz, 2H), 3.80 (t, J = 5.1 Hz, 2H), 3.61 (t, J = 5.1
Hz, 2H), 3.60–3.55 (m, 4H), 3.55–3.46 (m, 7H), 3.38 (t, J = 5.9 Hz, 2H), 3.27 (s, 3H), 3.17 (q,
J = 5.8 Hz, 2H), 2.33 (s, 4H). 13C NMR (125 MHz, DMSO-d6) δ 171.36, 171.28, 159.81, 152.22,
149.13, 147.72, 138.78, 135.60, 127.48 (2C), 127.34 (2C), 98.33, 70.23, 69.77, 69.75, 69.63, 69.57,
69.10, 68.42, 65.26, 58.07, 45.04, 42.13, 41.75, 40.11, 38.54, 30.73, 30.71.

An aluminum adjuvant (Alhydrogel® adjuvant 2%, InvivoGen, San Diego, CA, USA)
containing 8% of the total volume was added to the antigen solution (SZU251, MUC1 or
SZU251 + MUC1) and mixed well at 1000 rpm at room temperature for 2 h. Here, for
SZU251 + MUC1 + Al, SZU251 and MUC1 were first mixed at a molar ratio of 3:1 and then
mixed thoroughly with the aluminum adjuvant.

4.2. Mice and Cell Lines

For the experiments, 4T1 mouse breast cancer cells, mouse BMDCs and mouse
spleen lymphocytes were cultured in RPMI-1640 medium supplemented with 10% FBS,
100 μg/mL penicillin and 100 μg/mL streptomycin (Gibco, Waltham, MA, USA) at 37 ◦C in
a humidified atmosphere with 5% CO2. All experiments were performed using mycoplasma-
free cells.

Female 4-week-old BALB/c mice (weight 15–20 g) were purchased from the Guang-
dong Medical Laboratory Animal Center, China. All mice were housed under constant spe-
cific pathogen-free laboratory conditions at 18–22 ◦C, 50–60% humidity, 12 h of light/dark
cycling and with ad libitum access to water and food. The protocol for animal experiments
was approved by the Ethics Committee of Experimental Animals of Shenzhen University,
Shenzhen, China.

4.3. HEK-Blue Assay

HEK-Blue hTLR7 and hTLR8 cells (InvivoGen) were cultured in DMEM supplemented
with 10% FBS, blasticidin, zeocin and normocin (InvivoGen). The cells (2.5 × 104/well)
were seeded into 96-well plates and then treated with the compounds in HEK-Blue Detec-
tion medium (InvivoGen) for 14 h. The activation of TLR7 and TLR8 was assessed by a
microplate reader (BioTek, Winooski, VT, USA).
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4.4. BMDCs Preparation

All femurs and tibias of the mice were surgically removed. The ends of the bones
were cut off with scissors, and the bones were repeatedly rinsed out into the culture dish.
The bone marrow suspension was collected, filtered with a 200-micron nylon mesh and
centrifuged at 1200 rpm for 5 min. Then, the obtained mouse bone marrow cells were
adjusted to 2 × 105 cells/mL and seeded into 100 mm bacterial culture dishes (Petri dish),
and recombinant mouse GM-CSF (20 ng/mL) was added. On day 3, 10 mL of complete
culture medium containing 20 ng/mL GM-CSF was added to the culture dish. On day 6 and
day 8, the old culture medium was collected in half volume, centrifuged and resuspended
with complete culture medium containing 20 ng/mL GM-CSF; then, the cell suspension
was put back into the original dish. On day 10, the cells could be collected as BMDCs.

4.5. BMDCs Maturation

The prepared BMDCs (1 × 106 cells/mL/well) were cultured with the compounds
for 24 h at 37 ◦C and stained with anti-mouse CD11c-PerCP/Cy5.5, CD40-APC, CD80-
FITC and CD86-BV650 antibodies (BioLegend, San Diego, CA, USA) at room temperature
for 30 min in the dark. The cells were analyzed using an Attune NxT Flow Cytometer
(Invitrogen, Waltham, MA, USA).

4.6. Spleen Lymphocytes Preparation

The spleens of the mice were surgically removed and ground with 4 mL of mouse
lymphocyte separation solution. After centrifugation, the middle layer of the liquid was
harvested and washed once by centrifugation. Then, 1 mL of lysis solution was used to
lyse the erythrocytes for 1 min, and the remaining cells were collected as mouse spleen
lymphocytes after washing with PBS.

4.7. Analysis of Cytokine Levels by ELISA

The prepared spleen lymphocytes and BMDCs (1 × 106 cells/mL/well) were cultured
with the compounds for 24 h. The total cytokine levels generated by the vaccine candidates
were evaluated using ELISA kits (IFNγ, TNFα, IL6 and IL12) (Invitrogen) as per the
manufacturer’s instructions. Briefly, high-binding 96-well plates were coated with capture
antibodies at 4 ◦C overnight. Then, the coated plates were blocked by diluent buffer, added
with the samples and incubated for 2 h at room temperature. Following incubation with
the detection antibodies and Avidin-HRP for 1 h at room temperature, the plates were
incubated with 3,3′,5,5′-tetramethylbenzidine (TMB) substrate solution for 15–20 min and
then sulfuric acid. Absorbance was measured at 450 nm with a microplate reader (BioTek,
Winooski, VT, USA).

4.8. Immunization of Mice

Five groups of female BALB/c mice were examined with different vaccine candidates:
(i) normal saline (NaCl); (ii) Alhydrogel adjuvant 2% (Al); (iii) SZU251 (57 μg) with Alhy-
drogel adjuvant (SZU251 + Al); (iv) MUC1 (100 μg) with Alhydrogel adjuvant (MUC1 +
Al); (v) SZU251 + MUC1 (157 μg) with Alhydrogel adjuvant (SZU251 + MUC1 + Al). In the
prophylactic schedule, mice were immunized by intramuscular injection into the right hind
leg on day 0, day 14 and day 28. The mice were bled on day 10, day 24 and day 38 after
boost immunizations. In the therapeutic schedule, mice were immunized by intramuscular
injection into the right hind leg on day 0, day 7 and day 14. The mice were bled on day 10
and day 20 after boost immunizations. Mouse blood samples were placed at 4 ◦C overnight
and centrifuged at 3000 rpm for 10 min. The supernatant was collected as serum and stored
at −80 ◦C before use.

4.9. Analysis of Antibody Titers and Subtypes by ELISA

The antibody titers and antibody isotypes generated by the vaccine candidates were
measured by ELISA. The MUC1 peptide as an antigen was dissolved in a NaHCO3/Na2CO3
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buffer with a final concentration of 1 μg/mL. Next, 96-well plates were coated with MUC1
and incubated at 4 ◦C overnight. Then, the coated plates were blocked with dilution
buffer and incubated with the serially diluted serum samples at 37 ◦C for 2 h. Following
incubation with either HRP-linked goat anti-mouse antibody IgG, IgM, IgG1 or IgG2a
(Immunoway, Plano, TX, USA) (1:5000 dilution) at 37 ◦C for 1 h, the plates were incubated
with TMB substrate solution for 15 min and then sulfuric acid. Absorbance was recorded at
450 nm with a microplate reader (BioTek). Antibody titer was defined as the maximum
serum dilution when the absorption ratio of the experimental group to the negative control
group was ≥2.0.

4.10. Analysis of Antigen Recognition Ability

Serum samples collected after immunizations were diluted 10-fold and incubated with
a 4T1 or B16 single cell suspension on ice for 1 h in the dark. Next, the cells were washed and
incubated with goat anti-mouse IgG γ-chain-specific antibody conjugated to fluorescein
isothiocyanate (IgG-FITC; Biolegend) on ice for 1 h in the dark. Cells were analyzed
using an Attune NxT Flow Cytometer (Invitrogen) and FlowJo X 10.0.7 R2 software (BD
Biosciences, Franklin Lakes, NJ, USA).

4.11. Evaluation of Antitumor Effects in Vaccinated Mice

For the prophylactic schedule, on day 40, mice were subcutaneously implanted with
4T1 cell suspension (3 × 105 cells). Tumor size was measured twice a week, and tumor
volume was calculated according to the following equation: Volume = L × W2/2, where L
(length) and W (width) are the long and short axes of the tumor, respectively. On day 61,
the mice were sacrificed with carbon dioxide inhalation to reduce animal pain, and tumors
and spleens were surgically dissected, weighed and photographed. For the therapeutic
schedule, mice were implanted with 4T1 cell suspension on day 0, and tumors and spleens
were removed on day 21. In both sets of experiments, an additional 40 mice were used to
assess long-term survival until their natural death or until the tumor size reached 20 mm
in diameter.

4.12. Detection of T Lymphocytes

Spleens and tumors were harvested at the time of sacrifice. Spleens were ground
and red blood cells were lysed. Tumors were ground and digested with collagenase A
and DNase I at 37 ◦C for 40 min. Single cell suspensions of splenocytes and tumor cells
(2 × 106 cells/spleen, 5 × 106 cells/tumor) were stained with anti-mouse CD45-BV605,
CD3-FITC, CD4-PE and CD8-PerCP/Cy5.5 antibody (cell surface antibody) (BioLegend),
protecting from light at 4 ◦C for 30 min. The cells were fixed and permeabilized for intracel-
lular staining (Fixation/Permeabilization Solution kit, eBioscience, San Diego, CA, USA)
and stained with anti-mouse IFNγ-BV421 antibody (intracellular antibody) (BioLegend)
at room temperature for 30 min in the dark. Subsequently, cells were analyzed using an
Attune NxT Flow Cytometer (Invitrogen) and FlowJo v10 software.

4.13. Immunohistochemistry (IHC) Staining

Tumor tissues were fixed in 4% paraformaldehyde, embedded in paraffin and trans-
versely cut. Sections were stained with anti-mouse CD4 and CD8 primary antibody (Abcam,
Cambridge, UK) at 4 ◦C overnight and HRP-conjugated secondary antibody (Abcam) at
room temperature for 1 h. Additionally, 3′-3-diaminobenzidine (DAB) substrate was used
for color development. Cell nuclei were further stained with hematoxylin. The sections
were dehydrated, sealed and photographed with an EVOS fluorescence microscope (Invit-
rogen) at 200× magnification.

4.14. Toxicity Studies

After tumor implantation, the body weights of the mice were measured twice a
week. At the time of sacrifice, blood samples and major organs (hearts, livers, lungs and
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kidneys) were collected. The weights of the major organs were measured, and pathological
changes of the major organs were observed by HE staining. Routine blood examination was
performed using a blood test instrument (Mindray, Shenzhen, China), where the changes in
white blood cell (WBC) count, red blood cell (RBC) count, hemoglobin (HGB), hematocrit
(HCT), mean corpuscular volume (MCV) and platelet (PLT) were recorded.

4.15. Statistical Analysis

Statistical analysis was performed using the GraphPad Prism5 software. A two-tailed
t-test and one-way ANOVA test were performed for comparisons between two and more
groups, respectively. Statistical analysis of the data from the tumor growth curves was
performed using a two-way ANOVA test. Data are presented as the mean ± SE. Differences
were considered statistically significant when p < 0.05.
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