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ARTICLE INFO ABSTRACT

Cytokine storm generates during various systemic acute infections, including sepsis and current pandemic called
COVID-19 (severe) causing devastating inflammatory conditions, which include multi-organ failure or multi-
organ dysfunction syndrome (MODS) and death of the patient. Toll-like receptors (TLRs) are one of the major
pattern recognition receptors (PRRs) expressed by immune cells as well as non-immune cells, including neurons,
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IS):I:?:S which play a crucial role in generating cytokine storm. They recognize microbial-associated molecular patterns
TL}I){s (MAMPs, expressed by pathogens) and damage or death-associate molecular patterns (DAMPs; released and/

expressed by damaged/killed host cells). Upon recognition of MAMPs and DAMPs, TLRs activate downstream
signaling pathways releasing several pro-inflammatory mediators [cytokines, chemokines, interferons, and re-
active oxygen and nitrogen species (ROS or RNS)], which cause acute inflammation meant to control the pa-
thogen and repair the damage. Induction of an exaggerated response due to genetic makeup of the host and/or
persistence of the pathogen due to its evasion mechanisms may lead to severe systemic inflammatory condition
called sepsis in response to the generation of cytokine storm and organ dysfunction. The activation of TLR-
induced inflammatory response is hardwired to the induction of several negative feedback mechanisms that
come into play to conclude the response and maintain immune homeostasis. This state-of-the-art review de-
scribes the importance of TLR signaling in the onset of the sepsis-associated cytokine storm and discusses various
host-derived endogenous negative regulators of TLR signaling pathways. The subject is very important as there is
a vast array of genes and processes implicated in these negative feedback mechanisms. These molecules and
mechanisms can be targeted for developing novel therapeutic drugs for cytokine storm-associated diseases,
including sepsis, severe COVID-19, and other inflammatory diseases, where TLR-signaling plays a significant
role.

1. Introduction

Sepsis leading to multiple organ failure and shock-associated deaths
is a very common life threatening condition throughout the world. The
annual incidence of sepsis was 31.5 million, with 19.4 million cases of
severe sepsis, causing death of 5.3 million people in the high income
countries throughout the world in 2015-2016 [1]. This has now in-
creased to 48.9 million cases of sepsis with 11.0 million sepsis-related
deaths (represents 19.7% of all global deaths) in 2020 [2] The situation
seems worse as these figures are based upon data collected only from
high income countries, as there is scarcity of data on its incidence in
low- and middle income countries (LMICs). It is important to note that
the pattern of origin of sepsis and associated mortality is quite different
in LMICs. The major causal factors causing an increased risk for sepsis
in the population from LMICs are poverty, overcrowding, high
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incidence of nosocomial infections, low access to basic healthcare fa-
cility, improper hygiene with few public health programs [3,4]. In
addition, in some countries, a very high prevalence of HIV infection
(South African, South American and Asian countries etc.) makes sepsis
worse [5]. For example, in patients suffering from HIV infection, the
incidence of sepsis goes up to 1,000 cases per 100,000 persons [6] and
the outcome is worse [7]. Otherwise, its incidence in normal population
without AIDS is 150-300 cases per 100,000 persons, while among pa-
tients with chronic diseases (diabetes, obesity, hypertension, and
cancer) the rate increases to 700 cases per 100,000 patients [8,9]. Also,
COVID-19 is more severe and develops into sepsis in patients with co-
morbidities (hypertension, diabetes, heart diseases, and obesity etc.)
and old age people than younger healthy people [10,11].

Increasing aged population in developed and high income countries
contributes as an additional factor for an increasing incidence of sepsis
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[12], whereas in LMICs, this is not a major contributing factor for
sepsis-related deaths [12]. Despite advances in drug discovery and
medicine, the incidence of sepsis has dramatically increased by 8-13%
every year over the last decade [13]. It has claimed more lives as
compared to combined deaths caused by bowel and breast cancer
(World Sepsis Declaration). In addition to high mortality associated
with sepsis, its management is a major economic burden, for example,
its cost has increased from 14 to 24 billion dollars annually in the
United States alone [13,14]. Thus, sepsis is a major health problem for
both developing as well as developed world, and it needs a great at-
tention. A recent step in this direction has been taken by WHO and on
Friday, May 26th, 2017, the World Health Assembly (WHA) and the
WHO made sepsis a global health priority, by adopting a resolution to
improve, prevent, diagnose, and manage sepsis [15]. This decision by
WHA and WHO marks a quantum leap in the global fight against sepsis.
At this juncture, it has become a very appropriate task to understand
pathogenesis of sepsis to design newer therapeutics for its treatment.

Cytokine storm (a profound increase in cytokines, chemokines, and
interferons causing severe inflammation and tissue damage, including
acute lung injury or ALI) plays a crucial role in sepsis, influenza, and
severe COVID-19 pathogenesis [16-21]. The term cytokine storm was
first used in 1993 in an article published on the graft-versus host disease
(GVHD) and it popularized in infectious diseases in 2005 due to its use
in H5N1 influenza infection [22,23]. The details of cytokine storm are
discussed somewhere else [24]. The current article focuses on Toll-like
receptors (TLRs) signaling pathways in sepsis generating cytokine storm
and host-derived endogenous molecules and factors involved in the
negative regulation of TLR signaling with a potential for future ther-
apeutics .

2. Sepsis as a clinical disease and syndrome

People with immature (neonates and young children) or dysfunc-
tional immune response (old age people) are unable to mount a robust
but regulated immune response to clear the pathogen to prevent from
developing severe infection and its dissemination to the circulation
(bacteremia, viremia, or fungemia) that may lead to sepsis (Fig. 1) [25].
For example, in 2017 half of the sepsis cases in the world were detected
in children with an estimation of 20 million cases and 2.9 million
deaths among children below five years of age [2]. Also, diarrheal
diseases (9.2 to 15 million cases/year) and lower respiratory tract in-
fections (1.8 to 2.8 million cases/year) are the largest contributors for
sepsis and associated mortality [2]. According to the quick sequential
organ failure assessment (QSOFA) in the presence of the suspected in-
fection the increased respiratory rate that is greater than 22 breaths/
min (or arterial pCO, < 32 mmHg, indicating hyperventilation),
change in blood pressure (systolic blood pressure = 100 mm Hg or
less), and altered mentation (Glasgow Coma Scale score < 15) provide
simple bedside criteria for identifying development of sepsis or the poor
outcome [26]. Thus according to the Third International Consensus
Definitions for Sepsis and Septic Shock (Sepsis-3) held in 2016, sepsis is
defined as a life-threatening organ dysfunction originated due to the
dysregulated host immune response to the infection [26]. Also, Sepsis-3
has recommended that septic shock should now be defined as subset of
sepsis, where exaggerated and abnormal response in circulatory, cel-
lular, and metabolic system are major factors for greater risk of mor-
tality among patients as compared to sepsis alone [26]. For example,
clinically patients with septic shock should be identified by their re-
quirement to vasopressors to maintain their mean arterial pressure of
65 mm Hg or higher and serum lactate levels more than 2 mmol/L
or greater than 18 mg/dL in the absence of hypovolemia [26]. This
combination is associated with hospital mortality rates greater than
40% [26].
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3. TLRs in sepsis

Innate immune system is the primary defence mechanism of the
host to protect against invading pathogens. In humans, the innate im-
mune system mainly comprise innate immune cells (i.e. monocytes/
macrophages, neutrophils, dendritic cells (DCs), natural killer (NK)
cells, mast cells (MCs), eosinophils, basophils along with newly iden-
tified innate lymphoid cells (ILCs) and mucosa-associated invariant T
(MAIT) cells etc.) [27-32]. It also includes innate humoral components
such as complement system, cytokines, chemokines and antimicrobial
peptides (AMPs; LL37 and Bactericidal/permeability increasing protein
(BPI) etc.) secreted by the innate immune cells [33-36]. The innate
immune cells express various pattern recognition receptors (PRRs) such
as TLRs, nod-like receptors (NLRs; NOD1 and NOD2), RIG-like helicases
(RLH) such as melanoma differentiation-associated protein 5 (MDA-5),
C-type lectin receptors (CLRs) [Dectin 1 or C-type lectin domain con-
taining 7A (CLEC7A), dectin 2 or CLEC6A, DC-specific ICAM3-grabbing
non-integrin (DC-SIGN)], complement receptor 3 (CR3), Triggering
receptors expressed on myeloid cells (TREM-1), and myeloid DNAX-
activating protein of 12 kDa (DAP-12) associated lectin (MDL-1) [37-
41]. These PRRs recognize pathogen-associated molecular patterns
(PAMPs) or MAMPs expressed/released by pathogens and transmit in-
tracellular signaling. The recognition of PAMPs by PRRs is the first step
in the development of effective innate immune responses against pa-
thogens and induction of sepsis. Of these PRRs, TLRs are the most
studied and relevant ones in context to the cytokine storm and sepsis,
and are the focus of this article. The author has discussed TLRs in dif-
ferent inflammatory diseases and their ligands somewhere else [42,43].
Table 1 shows the complete list of TLRs, their adaptors, and potential
ligands. The immune system plays a crucial role in the pathogenesis of
sepsis and its outcome, which are described somewhere else in detail
[37,44,45]. The goal of the present article is to describe the role of TLRs
in the sepsis-associated cytokine storm and the endogenous negative
regulators of TLR signaling that may serve as molecular targets for
developing novel anti-sepsis therapeutics.

TLRs are the crucial PRR expressed, both on the outer cell mem-
brane (TLR1, TLR2, TLR4, and TLR6) and in the cytosolic organelles of
the cells, including lysosomes, endosomes, phagosomes, phagolyso-
somes, and endolysosomes (TLR3, TLR7, TLR8, and TLR9). However,
TLR2 and TLR4 are also present inside the cells (human DCs) and are
essential for IL-12 production in response to the internalized bacteria
[46]. The cell-specific expression of TLR4 controls bacterial clearance,
induction of pro-inflammatory immune response during bacterial sepsis
[47]. The TLR2 and TLR4 expression on the neutrophils of sepsis pa-
tients are more dynamic than on monocytes [48]. The TLR4 activation
in hepatocytes during sepsis increases caspase 11 (CASP11, a cytosolic
LPS receptor mediates pyroptosis) expression and thus, the hepatocyte
pyroptosis and exosome release [49,50]. The CASP11/gasdermin-D
(GsdmD) activation/cleavage induces the of high mobility group box-1
protein (HMGB1) accumulation in the cytoplasm via calcium-induced
phosphorylation of calcium-calmodulin kinase kinase (Camkk)-f.
Hence, HMGBI release in the circulation depends on TLR4 signaling.
The circulating extracellular HMGB1 proves lethal to the host during
sepsis and preventing its release in the cytosol and circulation decreases
the severity and mortality associated with the sepsis [50,51]. The pla-
telets isolated from sepsis patients show unaltered TLR expression, al-
though they exhibit active phenotype [52]. The stimulation of platelets
isolated from healthy adult humans and mice with LPS also do not alter
TLR expression, but it alters macrophages respiration in a TLR4 acti-
vation-dependent manner [52]. However, these platelets do not show a
classical activation (as indicated by P-selectin, CD63 and phosphati-
dylserine expression) and platelet-leukocyte complex formation. The
details of TLR expression in different immune cells and their role in
immunity and inflammation have been discussed by the author some-
where else [42,43].

The DC-specific intrinsic TLRs signaling also plays a crucial role in
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Fig. 1. Schematic representation of the breach in the host innate immunity due to different pathogenic infections and the development of sepsis. The dysregualted
immune response, including TLR signaling plays a crucial role in the cytokine storm generation. The cytokine storm and exaggerated innate immune response plays a
crucial role in the multi-organ damage (MOD) or dysfunction syndrome (MODS). The development of MODS leads to the ultimate death of the patients.
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the pathogenesis of polymicrobial sepsis via regulating the production
of pro-inflammatory TNF-a and survival [53]. The study indicates that
the DC-specific gp96”7~ mice (representing DC-specific pan TLR
knockout (KO) mouse model) subjected to polymicrobial sepsis show an
increased survival rate (33%) as compared to wild-type (WT) animals
(5% survival rate) and decreased serum pro-inflammatory cytokines
(TNF-a). The heat shock protein (Hsp) gp96 (also known as grp94 or
Erp99 or endoplasmin, which is an endoplasmic reticulum paralog of
Hsp90) is a master chaperone of TLRs and regulates the expression of
TLR2, TLR4, TLR5, TLR7, and TLR9, and mice deficient in gp96 are
resistant to endotoxic or septic shock [54]. This gp96-mediated reg-
ulation of TLRs in macrophages also controls macrophage polarization
to pro-inflammatory M1 phenotype following stimulation with lipopo-
lysaccharide (LPS) [55]. However, gp96'/ “ macrophages are still able to
upregulate TLR expression upon stimulation with LPS indicating other
chaperone proteins also regulate TLR expression [56]. However, gp96
deficient macrophages are defective in producing TLR4-dependent pro-
inflammatory cytokine release indicating its role in TLR4-downstream
signaling. The gp96 deficiency also impairs ERK and p38MAP kinase
phosphorylation upon colony stimulating factor 1 (CSF1) signaling
[56]. The initial TLR signaling during a low grade polymicrobial sepsis
protects from severe cardiac dysfunction, kidney and liver injuries, and
increase the survival [57].

The TLR2 and TLR4 expression in the lungs of mice subjected to the
cecal-ligation and puncture (CLP)-induced polymicrobial sepsis in-
creases within 24 h as compared to the sham group [58]. Whereas,
TLR3 and TLR7 expression increases in their intestine within 24 h. This
can be speculated as gut epithelial cells normally express a lower level
of TLR2 (at apical surface) and TLR4, but a higher level of TLR3 and
TLR5 [59-61]. The TLR2 and TLR4 are expressed on the basolateral
surface of enterocytes of the small intestine, whereas TLR5 on the ba-
solateral surface of enterocytes of the colon [59,61,62]. The details of
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inflammatory signaling, and thus the cytokine storm and organ da-
mage. For example, TLR2”", TLR4”", and MyD88”" mice subjected to
the CLP-induced polymicrobial sepsis show preserved renal or kidney
morphology, and fewer areas of hypoxia and apoptosis as compared to
the WT mice [72]. MyD88”" mice are completely protected from sepsis-
induced AKI in comparison to the WT mice. MyD88”" mice have very
low levels of HMG-B1 and heat shock protein 70 (Hsp70) [72].

The TLR27", TLR4”", and MyD88”~ mice show reduced levels of pro-
inflammatory cytokines [IL-13, TNF-a, IL-6, IL-8, IL-17, and induced
nitric oxide synthase (iNOS)] neutrophil infiltration in kidneys, and
vascular permeability than WT mice subjected to CLP-induced poly-
microbial sepsis [72]. Of note, MyD88~~ mice with CLP-induced sepsis
had least levels of these pro-inflammatory cytokines and mediators in
kidneys [72]. The prevention of neutrophil infiltration in the kidneys in
WT mice protects them from sepsis-induced AKI. The study also shows
the importance of MyD88-dependent pathway in the generation of in-
nate immune response that causes an increased neutrophil infiltration
in kidneys, increased pro-inflammatory cytokines, vascular perme-
ability, hypoxia, and apoptosis of tubular cells [72]. The MyD88”~ mice
show increased susceptibility to the polymicrobial sepsis due to the
impaired local inflammatory immune response (neutrophil infiltration)
and chemokine production [73]. However, MyD88~~ mice are protected
from developing sepsis during Neisseria meningitidis infection as com-
pared to the WT mice, who develop sepsis and septic-shock associated
100% fatality [74]. Hence, both human and animal studies have shown
the strong the association of TLRs in the sepsis pathogenesis and their
pattern of expression during sepsis.

4. TLR signaling causing cytokine storm during sepsis

The recognition of bacterial PAMPs such as lipopolysaccharide
(LPS), lipoteichoic acid (LTA), peptidoglycan (PGN), porins, flagellin
and CpG-DNA by their corresponding TLRs (TLR4, TLR2, TLR5, TLR9)
induces the events, which converge at the activation of nuclear factor -
light-chain-enhancer of activated B cell (NF-kB) inducing the gene ex-
pression responsible for the synthesis and release of pro-inflammatory
mediators, including cytokines, chemokines, ROS and RNS (Fig. 2) [75-
77]. Salmonella and E. coli flagellin FliC and Toxoplasma gondii pro-
filin-like protein act as PAMPs for TLR11, which is present and func-
tional in mice but not in humans [78,79]. TLR5 physically interacts
with TLR4 that biases the signaling pathway towards myeloid differ-
entiation factor 88 (MyD88)-dependent by forming Myddosome (a
complex formed of MyD88 and interleukin 1 receptor-associated kianse
4 or IRAK4) to activate NF-xB and associated downstream pro-in-
flammatory genes expression, including cytokines to cause ALI during
endotoxemia [80]. The deficiency of TLR5 alters the response to the
TLR4 stimulation. For example, people with a dominant negati-
ve TLR5 single nucleotide polymorphism (SNP) (rs5744168) for the
common stop codon polymorphism in the ligand-binding domain of the
TLR5 (TLR5392STOP) do not respond to the flagellin and are more
prone to Legionella pneumophila pneumonia [81]. Macrophages isolated
form rs5744168 minor-allele carriers also show a defective response to
TLR4 activation, but not to TLR2, TLR3, and TLR9 [80].

The activation of TLR signaling in response to pathogens, their
PAMPs, and DAMPs depends on the MyD88-dependent and MyD88-
independent (TIR-domain containing Adaptor inducing interferon-f3 or
TRIF-dependent) signaling events activating NF-kB as shown in the
Fig. 2. The NF-xB activation induces expression and release of several
pro-inflammatory cytokines (TNF-a, IL-1a, IL-6, and IL-8) and other
molecules responsible for the generation of so-called cytokine storm,
systemic inflammation and development of sepsis (Fig. 2). The details
of TLR signaling responsible for cytokine and other pro-inflammatory
mediators generation to cause sepsis-associated cytokine storm is be-
yond the scope of current article and has been discussed somewhere
else [76,82,83]. However, the TLR signaling is controlled by its en-
dogenous regulators that are described in following sections.
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5. Host-derived negative regulators of TLR signaling

There are a variety of molecules/mechanisms that negatively reg-
ulate TLR-induced signaling. They are usually induced by the ligands,
which primarily activate TLRs, and serve as built-in negative feedback
mechanisms to maintain homoeostasis and prevent excessive and in-
finite activation of TLR-activated pro-inflammatory pathway.
Depending upon their mode of action, these regulatory molecules/
mechanisms have mainly been classified into 3 types: 1) Dissociation of
adaptor molecule complex; 2) Degradation of proteins involved in TLR
signaling causing inflammation and; 3) Transcriptional regulation of
TLR signaling [84]. Table 2 describes the list of endogenous negative
regulators of TLR signaling pathways, their category, and mode of ac-
tion.

5.1. Negative regulators that dissociate of adaptor molecule complexes

TAG (TRAM (Translocating chain-associated membrane protein)
adaptor with Golgi dynamics (GOLD) domain) is a splice variant of
TRAM, having a GOLD domain coupled to TRAM's Toll-interleukin 1
receptor (TIR) domain [85]. The GOLD domain containing proteins are
involved in Golgi dynamics, secretion, and localization to membranous
vesicles. The LPS-mediated stimulation of TLR4 localizes both TRAM
and TAG in the late endosomes, positive for Rab7a GTPase, where TAG
competes with TRAM to bind to TRIF (Table 2). The competitive
binding results in TLR4 degradation and TRIF-induced activation of
interferon regulatory factor 3 (IRF3) and production of type I inter-
ferons inhibition [85,86]. Also, macrophages lacking TAG release CCL5
or regulated on activation, normal T cells expressed and secreted
(RANTES) upon stimulation with LPS but no IL-8 [85], a major che-
moattractant for neutrophils and also a biomarker for sepsis [87,88].
Thus, TAG could serve as a molecular target for developing anti-sepsis
drugs as neutrophils serve as major immune cells for organ damage
associated with sepsis, including sepsis- and severe COVID-19-induced
acute lung injury (ALI) [11,69].

Sterile alpha- and armadillo-motif-containing protein (SARM) is one of
the five TIR-domain-containing adaptor molecules. However, it directly
binds to TRIF and inhibits TRIF-induced signaling in response to TLR
stimulation (Table 2) [89]. SARM specifically inhibits TRIF-dependent
activation of IRF3 and IRF7 (master regulators of IFN production), but
not tumor necrosis factor receptor (TNFR)-associated factor 6 (TRAF6)
and MyD88-dependent pathways. Thus it inhibits the release of
RANTES (CCL5) and IFN-B in response to the LPS-induced TLR stimu-
lation [89,90]. The SARM-mediated TRIF inhibition requires sterile a-
motif and TIR domains of SARM [89]. Thus TRIF inhibition during TLR
signaling does not affect IL-1-MyD88-mediated IL-8 release. However,
SARM also inhibits MAPK activation directly in human embryonic
kidney (HEK) 293 cells and U937 cells (a human macrophage cell line,
used to study the behaviour and differentiation of human monocytes),
and reduces the p38 phosphorylation [91]. SARM also inhibits both
TRIF and MyD88-depdendent activation of both endogenous and in-
duced AP-1 [91]. Thus, the inhibitory effects of this negative regulator
of TLR-mediated signaling appear to be broader. Recently, in a mouse
model of polymicrobial sepsis a decreased expression of SARM has been
observed in their spleen that well correlates with the apoptosis of
splenocytes [92]. The increased caspase 3 (CASP3) activation and ATP
depletion in splenocytes indicates their apoptotic death. Hence, SARM
is essential to prevent sepsis-induced apoptotic death of splenocytes and
associated immunosuppression at later stages. Further, studies are re-
quired in the field. SARM does not act only as a negative regulator of
TLR signaling but also negatively affects NLRP3 activation and IL-1f3
production [93]. Thus it becomes crucial to study SARM in context to
the bacterial sepsis and severe COVID-19-associated sepsis as lympho-
penia is seen in these patients.

Interferon regulatory factor 4 or IRF4 (MUM]) is another negative
regulator of TLR signaling that acts via inhibiting the binding of IRF5 to
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Fig. 2. Schematic representation of the activation of various TLR signaling pathways leading to the development of cytokine storm and sepsis. The stimulation of
TLR4 and TLR2 via their corresponding PAMPs activate a cascade of events, which results in the activation of NF-xB, p38 and JNK, CREB, and AP-1 etc. which
regulates the synthesis and release of various pro-inflammatory cytokines (IL-1, IL-6, IL-12, IL-8, and TNF-a), anti-inflammatory cytokine (IL-10), and type 1 IFNs.
The exaggerated levels of these inflammatory mediators develop cytokine storm during sepsis and other severe infections, including COVID-19. The patient develops
multi-organ failure, including ALI and dies.
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Table 2
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Host-derived endogenous negative regulators of TLR-signalling-mediated inflammatory pathways generating cytokine storm and sepsis. See text for details.

Host-derived negative regulators of Category/Classification

Target/Mode of action

TLR signalling
1. TAG Splice variant of TRAM Competes with TRAM for binding to TRIF.
2. SARM TIR-domain containing adaptor molecule Binds and inhibits TRIF-dependent TLR signalling

3. IRF4 or MUM1
4. TIPE2
5. DAP12

Transmembrane adaptor protein

6. DOK1 and DOK2 Adaptor Proteins
7. Axl TAM family of receptor kinases

8. IRAK-M Member of serine/threonine kinase family
9. TOLLIP Adaptor protein that interacts with cytoplasmic TIR domain
of IL-1Rs
10. SHP-1 Intracellular tyrosine phosphatase
11. Calcineurin A serine/threonine phosphatase
12. PTP1B Intracellular tyrosine phosphatase

13. A20 (TNFAIP3) Ubiquitin modifying enzyme

14. CYLD Tumour suppressor deubiquitinase

15. USP4 Deubiquitinase

16. USP18 or UBP43 or ISG15
isopeptidase

17. DUBA or OUTD5

Isopeptidase
Cysteine protease

18. NR4A1 or Nur77
19. NR4A2 or Nurrl
20. SHP or NROB2 Orphan nuclear receptor
21. MSK1 and 2

(p90™) family

22. TANK TRAF binding protein
23. PDLIM-2 (Mystique and SLIM in PDZ and LIM domain containing Alkaline Phosphatase
mice)

24. MKRN2 or RNF62
protein
25. PDLIM1 or CLP36 or Elfin

26. TRIM30a A member of tripartite-motif (TRIM) protein family
27. TRIM8 Acts as ubiquitin E3 ligase

28. Triad3A RING finger type E3 ubiquitin ligase

29. NLRX1 Member of NLR family

30. NLRC3 or NOD3 Member of NLR family

31. NLRC5 Member of NLR family
32. ST2 Serves as a part of IL-33 receptor

33. SIGIRR or TIR-8 (IL-1R8) Member of TLR/IL-1R superfamily

34. TLR10 Member of TLR family

35. ATF3 Member of activating transcription factor/cAMP response
element family of bZip transcription factors

36. IL-37 Member of IL-1 cytokine family

IFN regulatory factor (IRF) family of transcription factors

Member of TNF-a-induced protein-8 (TNFAIP8) family

Member of nuclear receptor 4A receptor subfamily
Member of nuclear receptor 4A receptor subfamily

Nuclear kinase sharing homology with ribosomal S6 kinase

Zinc finger and RING finger domain containing nuclear

PDZ and LIM domain containing protein of APL subfamily

Inhibits IRF5 binding to MyD88 and TRAF6 and its translocation to
nucleus

Inhibits TLR signalling via binding to CASP8 and inhibiting NF-kB and
AP-1 activation

DAP12 mediated inhibition of TLR signalling involves another adaptor
protein called DOK-3

Inhibit Ras-Erk dependent signalling

Inhibits NF-kB mediated production of TNF-a

Inhibits dissociation of IRAK1 and IRAK-4 form MyD88 and formation of
IRAK-TRAF6 complex

Inhibits phosphorylation and kinase activity of IRAK1

Inhibits MAP kinase and NF-kB activation through binding to IRAK1
Specific pathway unknown

Inhibits MAPKs, NF-xB and IRF3

Inhibits NF-xB signalling as a negative feedback via removing ubiquitin
moieties from TRAF6

Inhibits TLR2 signalling via inhibiting MyD88, TRAF2, TRAF6 TRAF7
and NEMO

Inhibits TRL4 signalling via deubiquinating TRAF6 and inhibiting its
adaptor function

Cleaves the K63-linked polyubiquitin chains of TAK1 and also targets
NEMO

Removes K63-ubiquitin chain from TRAF3 to inhibit NF-xB and IRF3
activation

Prevent auto-ubiquitination of TRAF6 via binding to TRAF6

Inhibits NF-xB activation downstream to TLR4 signalling

Prevents Lys63-linked polyubiquitination of TRAF6 and subsequent
activation of NF-kB

Phosphorylate histone H3 and CREB that negatively regulates TLR
signalling and induces several anti-inflammatory genes

Binding of TANK to TRAF6 inhibits NF-kB and AP-1 activation
Inhibits TLR signalling by acting as a nuclear E3 ubiquitin ligase and
inhibits NF-xB activation

Binds to PDLIM2 and inhibits activation of NF-«xB downstream to TLR
signalling

Inhibits NF-xB activation by sequestering p65 into cytosol

Inhibits TRAF6 autoubiquitination by degrading TAB2 and TAB3and
suppresses NF-kB activation

Polyubiquitinates TRIF and inhibits TRIF-TBK1 interaction

Degrades TLR proteins

Binds to IKK complex causing an inhibition of IKKa and IKKf
phosphorylation and NF-kB activation

It interacts with TRAF6 to attenuate its K63-linked ubiquitination to
inhibit NF-kB activation

Inhibits IKK complexes to inhibit NF-xB activation and type 1 IFN
signalling pathways

Binds to sequester MyD88 and MAL without affecting TRIF and IRAK to
inhibit TLR-induced NF-kB activation

Inhibits TLR-mediated NF-kB and JNK activation via blocking the IRAK
and TRAF6 recruitment to MyD88

Activates PI3K/Akt/IL-1R antagonist pathway and also inhibits MyD88
and TRIF-dependent signaling pathways

Bind to consensus c-AMP response element (CRE) sequences

Inhibits NF-xB and MAPK activation

MyD88 and TRAF6 in a competitive manner and inhibits nuclear
translocation of IRF5 (Table 2) [94]. IRF5 and IRF7 bind to MyD88
upon stimulation of TLRs to induce pro-inflammatory cytokines and
type 1 IFNs [95]. However, IRF4 only competes with IRF5 (and not with
IRF7) to interact with MyD88 [95]. The IRF5 inhibition by IRF4 during
TLR signaling inhibits synthesis and release of pro-inflammatory cyto-
kines (IL-6, IL-12, and TNF-a), which are responsible for the induction
of sepsis-associated cytokine storm and multi-organ damage, failure,
and mortality. Not surprisingly, IRF57" mice are resistant to lethal
septic shock induced by unmethylated DNA and endotoxin/LPS as well
[94]. Consistent with these observations, peritoneal macrophages

isolated from IRF4 KO mice release higher amounts of pro-in-
flammatory cytokines upon stimulation with LPS [95]. Metformin (an
antidiabetic drug) protects against sepsis-induced myocarditis through
increasing the IRF4 expression in the cytosol and mitochondria [96,97].
The mitochondrial IRF4 interacts with protein kinase C ¢ (PKCe). The
protective action of IRF4 on sepsis-associated organ damage should be
further explored.

Tumour Necrosis Factor a-induced Protein 8-like 2 (TIPE2) is a
member of tumor necrosis factor-a-induced protein-8 (TNFAIP8) fa-
mily, and is expressed mainly in lymphoid organs (spleen and lymph
nodes). TIPE2”" mice develop multi organ inflammation, splenomegaly,
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and premature death due to over-activated TLR signaling and pro-in-
flammatory cytokine generation [98]. These mice are more prone to
develop sepsis and septic shock [98]. TIPE2 inhibits TLR signaling via
binding to the caspase 8 (CASP8), and inhibiting NF-kB and AP-1 ac-
tivation (Table 2) [98]. Also, TIPE2 inhibits TAK1 in murine macro-
phages and this inhibition involves the interaction between TIPE2
amino acid 101-140 region and amino acid 200-291 region of the in-
ternal kinase domain of transforming growth factor-B-activated kinase
1 (TAK1) or mitogen-activated protein kinase kinase kinase 7
(MAP3K?7) [99]. Thus, TIPE2 interferes with the formation of the TAK1-
TGF-beta-activated kinase 1 and MAP3K7-binding protein 1 (TAB1)-
TAB2 complex, and inhibits TAK1 activation and its downstream sig-
naling events resulting in the inhibition of the synthesis and release of
pro-inflammatory cytokines (IL-6, IL-13, and TNF-a) [99], important
components of cytokine storm associated with development of sepsis.
Further study has shown that TIPE2 promote the host resistance to
Pseudomonas aeruginosa infection via inhibiting TAK1-mediated TLR
signaling and inflammatory immune cell infiltration [100]. Along with
inhibiting TLR signaling, TIPE2 also inhibits NOD-2 (Nucleotide-
binding oligomerization domain-containing protein 2 or CARD-15 or
caspase recruitment domain containing protein 15) induced MAPK and
NF-xB signaling pathways to reduce pro-inflammatory cytokine pro-
duction [101]. TIPE2 also regulates the immunosuppressive action of
CD4*CD25*FoxP3*T regulatory cells (Tyegs) via regulating the IL-10
and transforming growth factor-f (TGF-f) production, which play a
crucial role in immunoparalysis or immunosuppression during later
stages of sepsis [102]. Xuebijing (an ancient Chinese traditional medi-
cine) injection (XBJ) protects from sepsis-induced lung and liver injury,
and vascular leakage via increasing TIPE2 and Tollip expression that
inhibit TLR4-induced MAPK and NF-kB signaling pathways, IRAK1, and
TRAF6 activation to inhibit the pro-inflammatory cytokine release
[103,104]. The TIPE2-based gene therapy has shown a protective anti-
inflammatory and immunomodulatory effects in a mouse model of
collagen-induced arthritis (CIA) analogous to human rheumatoid ar-
thritis (RA) [105]. Hence, TIPE2-based therapies should also be ex-
plored in sepsis and severe COVID-19-induced cytokine storm.

5.2. Tyrosine kinases and phosphatases as negative regulators of TLR
signaling

Transmembrane proteins having intracytoplasmic immunoreceptor
tyrosine-based activation motif ITAM) also regulate TLR signaling in a
negative manner. For example, macrophages isolated from DAP-12
deficient mice secrete a large amount of pro-inflammatory cytokines
(IL-6, TNF-a, and IL-12p40) upon stimulation of different TLRs (TLR4,
TLR2, TLR3, and TLR9) [106]. This adaptor protein was first identified
in NK cells [107]. Also, named as KARAP (Killer cell activating re-
ceptor-associated protein) or TYROBP (Tyrosine kinase-binding pro-
tein), it is used to propagate intracellular inhibitory and activating
signals initiated by a variety of receptors in DC, osteoclasts, NK, and
myeloid cells. DAP12 deficient mice are more prone to develop en-
dotoxemia and sepsis [106]. They produce more cytokines and show
enhanced ERK1/2 activation in response to low dose LPS. The DAP-12-
mediated negative regulation of TLR signaling involves another adaptor
protein called DOK (downstream of kinase)-3, which physically as-
sociates with the ITAM of DAP-12 via its phosphotyrosine-binding do-
main [108]. TLR4 activation by LPS phosphorylates DOK3 in a DAP12
and Syk (spleen tyrosine kinase)-dependent manner causing transloca-
tion of DOK3 towards plasma membrane, where it binds to TREM
(triggering receptor expressed on myeloid cells)-2 and inhibits down-
stream TLR signaling [108,109]. The inhibitory effects of the TREM2-
DAP12 interaction has also been demonstrated in the D-galactosamine-
potentiated endotoxaemia model, where mice are sensitized by D-ga-
lactosamine and challenged with low doses of LPS (1-5 pg per kg or
20-100 ng for a 20 g mouse) [103,105]. To the contrary, the
TREM1-DAP12 interaction was shown to exacerbate inflammation in
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the endotoxaemia model in which mice are injected with the LPS at
doses of 5-10 mg/kg or approximately 100-200 ug of LPS for a 20 gm
animal [110,111]. Hence, the positive and negative impact of DAP12
on TLR signaling depends on intensity of TLR signaling stimulation.
Further studies are required in the direction.

Downstream of kinase 1 and 2 (DOK1 and DOK2) are other adaptor
proteins that regulate LPS-stimulated TLR4 signaling in a negative
manner via inhibiting Ras-Erk-dependent signaling downstream of
protein tyrosine kinases (PTKs) [112,113]. The LPS-mediated TLR4
stimulation induces tyrosine phosphorylation of DOK1 and DOK2,
which inhibit ERK and decrease the release of TNF-a and nitric oxide
(NO’) (Table 2). This pathway, however, is not operative when other
TLRs are stimulated [112]. Thus, the pathway is a specific inhibitor of
TLR4 stimulation and can be used as a therapeutic approach for the
Gram-negative bacterial sepsis and associated cytokine storm. Of note,
the expression of DOKI in mouse bone marrow-derived macrophages
(BMDMs) decreases upon LPS-mediated TLR4 stimulation [112], while
DOK2 expression in NFS-60 myeloid leukaemia cells increases in re-
sponse to M —CSF, GM-CSF, and (IL-3) [114].

The TAM family of receptor tyrosine kinases (RTKs) comprises Tyro-3,
Axl, and Mer. Each of these kinases is characterized by a conserved
sequence within the kinase domain and adhesion molecule-like extra-
cellular domains. These kinases act as important homeostatic regulators
in adult tissues and organ systems, and mainly mature cells in the im-
mune, nervous, vascular, and reproductive system express them
[115,116]. Genetic deficiencies in TAM signaling components are as-
sociated with chronic inflammatory and autoimmune diseases. The
TAM family members play important roles in immune homeostasis in-
dependently or collectively by three mechanisms: 1) negative regula-
tion of innate immune activation, 2) phagocytosis of apoptotic cells,
and 3) restoration of vascular integrity [117]. Negative regulation of
TLR signaling by TAMs has been observed in macrophages and DCs
[118]. In these cells, Axl gene is modestly expressed in their steady-
state. The activation of TLRs increases the Axl expression and activation
[118]. The up-regulated and activated Axl protein forms a complex
with R1 chain of type I IFN receptor (IFNAR). The Axl-IFNAR complex
switches pro-inflammatory action of the IFNAR signaling into an anti-
inflammatory or more specifically into an immunosuppressive one. It
does so by activating a STAT1 homodimer, which activates suppressor
of cytokine signaling-1 (SOCS)-1 and SOCS-3 [118,119]. The later
proteins recognize and degrade number of TLR signaling molecules
such as IRAKs, MyD88-adaptor like (MAL), TRAF3, TRAF6, apoptosis
signal-regulated kinase 1 (ASK1) and Janus-associated kinases (JAKs)
[117,120].

An SH2 domain present in the central regions of SOCS1 and SOCS3
proteins binds to JAKs and IFNAR via their phosphotyrosine residues.
The SOCS proteins inhibit catalytic activity of JAKs and their carboxy-
terminal SOCS box degrades associated proteins (MAL, TRAFs, and
JAKs) via activating ubiquitin—proteasome pathway [109]. The amino-
terminal regions of SOCS1 and SOCS3 also contain a kinase-inhibitory
region (KIR) that acts as a pseudosubstrate for JAKs [113,115]. Thus,
SOCS1 and SOCS3 induction via TAM kinase signaling pathway acti-
vation due to TAM-IFNAR multimeric complex formation and activa-
tion in myeloid cells (macrophages and DCs) terminates the pro-in-
flammatory innate immune response [112]. Hence, TAMs-mediated
TLR signaling inhibition is not only dependent on the JAK-STAT
pathway inhibition, but also involves degradation of several other key
molecules implicated in the propagation of the TLR-initiated signaling
cascades involved in the pathogenesis of sepsis via inducing potent
cytokine storm and other potential inflammatory mediators [117].

TAM signaling component Axl also inhibits the TLR-mediated TNF-
a production via inducing Twist protein (a basic helix-loop-helix
(bHLH) family transcriptional repressor that binds to E box elements in
the TNF promoter region and suppress NF-kB-dependent transcription
and release of TNF-a gene) [121]. The Gas6 and protein S (ProS)
binding to Axl and apoptotic cells induce Twist [121]. Also, TAM
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receptor ligands Gas6 and ProS1 are very potent negative regulators of
TLR3, TLR4 and TLR9 signaling in both macrophages and DCs [118]. As
mentioned above, the mechanism of Gas9 and ProSl-mediated TLR
signaling inhibition involves activation of a signaling pathway via
binding through R1 subunit of type 1 IFNR, which forms a complex
with Axl, resulting in STAT1 activation and SOCS proteins induction
[122]. Reports have shown a significant early changes in the expression
MerTK (another kinase of the TAM family) on the surface of monocytes
and neutrophils isolated from patients with sepsis and septic shock. A
persistent overexpression of MerTK in patients with septic shock proves
detrimental [123,124]. The receptors get cleaved from the cell surface
by ADAM metallopeptidase domain 17 (ADAM-17) or tumor necrosis
factor-a-converting enzyme (TACE) into decoy receptors, which se-
quester the ligands (ProS and Gas-6). A decreased availability of the
ligands makes TAMs inefficient in controlling inflammation (119).
Tyro-3 and Axl levels also increase on the surface of monocytes isolated
from trauma patients [123]. MerTK expressed on macrophages plays a
crucial role in the phagocytosis of apoptotic cells and MerTKY®7F
mutant, that lacks autophosphorylation site, inhibits phagocytosis of
apoptotic cells, but does not inhibit LPS-stimulated TLR signaling-
mediated NF-xB activation [125,126]. Thus, TAMs-mediated negative
regulation of TLR signaling does not depend upon the receptors’ ability
to promote phagocytosis of apoptotic cells.

IRAK-M (Interleukin-1 receptor-associated kinase-M) or IRAK-3 is a
member of serine/threonine kinase family called interleukin-1 receptor-
associated kinase (IRAK). The family comprises 4 members, of which
only two exhibit kinase activity (IRAK-1 and IRAK-4), while the other
two (IRAK-2 and IRAK-M/IRAK-3) do not have any kinase activity
[127]. Except IRAK-M, which is only expressed in monocyte and mac-
rophages, all other IRAKs are ubiquitous in nature [127]. The TLR4 and
TLRY activation upregulates IRAK-M expression in monocytes and
macrophages. The kinase acts as a negative regulator of TLR signaling
by inhibiting the dissociation of IRAK-1 and IRAK-4 from MyD88 and
formation of IRAK-TRAF6 complex (Table 2). IRAK-M"”" mice show an
enhanced pro-inflammatory immune response upon treatment with
LPS, and in response to bacterial infections (E. coli and S. typhimurium)
and develop sepsis [127]. Along with inhibiting TLR4 and TLR9 sig-
naling, IRAK-M also inhibits TLR2 signaling in macrophages and in-
duces tolerance among them against PGN [128]. A further study has
shown that IRAK-M plays a crucial role in the sepsis-induced suppres-
sion of lung innate immunity [129]. For example, IRAK-M~" mice
subjected to peritonitis-induced sepsis show increased release of pro-
inflammatory cytokines ex vivo and express higher levels of co-stimu-
latory molecules in vivo as compared to WT animals. These mice show
increased survival and improved bacterial clearance from lungs and
systemic circulation following sepsis [129]. However, this exaggerated
innate immune response in IRAK-M”~ mice causes an increased neu-
trophil infiltration in the lungs of the animals and impaired macro-
phage-mediated innate immune response making them prone to de-
velop secondary infections following sepsis [129]. IRAK-M has also a
potential to influence macrophage polarization via inducing their po-
larization towards anti-inflammatory phenotype called M2 macro-
phages or alternatively activated macrophages (AAMs) that further has
a potential to decrease pro-inflammatory cytokine levels [130]. How-
ever, the IRAK-M activation during sepsis-associated immunosuppres-
sion (SAIS) can prove harmful to the host as it may aggravate it. Hence,
the silencing of IRAK-M in the immune cells of SAIS mice restores the
pro-inflammatory cytokine production and reverses the SAIS [131].
Thus, IRAK-M plays a dual role (both harmful and beneficial) for the
host in sepsis and further studies are required to learn how it could be
targeted for managing sepsis. Humans with IRAK-M + 22148 G > A
genetic polymorphism are more susceptible to sepsis than normal po-
pulation [132]. The G/G genotype of IRAK-M has a more risk for de-
veloping sepsis than normal population, whereas A/A genotype exerts a
protective action against developing sepsis. Hence, IRAK-M modulators
or gene-based therapies should be used with a caution depending on the
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immune status of the host during sepsis.

TOLLIP-mediated inhibition of TLR signaling

TOLLIP (Toll-interacting protein) was originally identified during
the screening of IL-1 receptor accessory proteins and acts, in addition to
MyD88, as another adaptor protein, which interacts with the cyto-
plasmic TIR domain of IL-1Rs upon IL-1 stimulation [133]. TOLLIP is
ubiquitously expressed and also associates directly with TLR4 and
TLR2, and inhibits TLR signaling through phosphorylation and kinase
activity of IRAK1 (Table 2) [134]. However, TOLLIP serves as the first
substrate for the IRAK1-mediated phosphorylation [134]. It inhibits
IRAK1 by ubiquitinylation and subsequent kinase degradation [135].
Furthermore, the N-terminal conserved-2 (C2) domain of TOLLIP plays
a crucial role in the recognition of phosphoinositides in lipid-rich cel-
lular membranes (for example, its localization to endosomes and lyso-
somes is important for autophagy) [136]. An essential mutation chan-
ging vital lysine residue to glutamic acid (TOLLIPk;50g) within the C2
domain abolishes the binding of TOLLIP with phosphatidylinositol-3-
phosphate and phosphatidylinositol-3,4,5-phosphate (PI3P), and the
TOLLIPk; 50 mutant animals are defective in negatively regulating the
LPS/TLR4-mediated NF-xB activation. Thus, TOLLIP serves as a pivotal
internal inhibitor of TLR signaling involved in the sepsis-associated
cytokine storm. For example, the minor C-allele of TOLLIP carrying the
rs5743867 SNP is significantly associated with the decreased risk of
sepsis in Chinese Han population [137]. After exposure to LPS, the
TOLLIP levels increase significantly in PBMCs from homozygotes (CC)
as compared to heterozygotes (CT) and homozygotes (TT) for the
rs5743867T/C variation [137]. Also, the TNF-a and IL-6 levels decrease
significantly in culture supernatants of these PBMCs isolated from
people with CC genotype than CT and TT genotypes [137].

The neutrophils from TOLLIP-deficient mice become dysfunctional
and inflammatory in nature [138]. TOLLIP deficient neutrophils exhibit
defect in their migration capacity towards fMLF (formyl-methionyl-
leucyl phenylalanine, a bacterial peptide that chemoattracts neu-
trophils) due to reduced activity of AKT and FPR2 (the receptor for
fMLF). Their potential to release neutrophil extracellular traps (NETSs)
or NETosis and kill bacteria decreases [138]. However, they highly
express CCR5 (Chemokine receptor 5), which increases their migration
towards inflamed tissue [138]. TOLLIP acts as a negative regulator of
TLR signaling in acute microbial infections when the host is exposed to
high dose LPS and is important for homeostatic clearance of the in-
flammation. However, it serves to propagate the TLR signaling when
the host is exposed to super low doses of LPS (< 100 pg/ml) in certain
conditions, including aging. Under these conditions, MyD88 is not re-
cruited, no activation of NF-kB occurs and negative regulators of TLR-
signaling are not induced. Instead, TOLLIP translocates to mitochon-
dria, promotes ROS production, and induces cytokines release
[139,140]. In agreement with these observations, TOLLIP-KO cells
produce less IL-6 and TNF-a and more TGF-f3 [141]. Thus, TOLLIP plays
a dual role and adjusts the cell’s response to changing concentrations of
LPS, a major player in the pathogenesis of Gram-negative bacterial
sepsis and associated cytokine storm.

SHP (Src homology 2 domain-containing protein tyrosine phos-
phatase)-1

SHP-1 is an intracellular tyrosine phosphatase having two tandemly
linked SH2 domains at its amino terminus followed by a catalytic do-
main [122]. Myeloid cells, including neutrophils, inflammatory mac-
rophages, and plasmacytoid dendritic cells (pDCs) highly express SHP-1
[142]. SHP1 acts as a negative regulator of TLR signaling due to its
inhibitory action on NF-kB and Erkl/2 MAP kinase activation via in-
hibiting IRAK1 (Table 2) [122,143-145]. The binding of SHP1 to IRAK1
completely inhibits its enzymatic activity required for pro-in-
flammatory functions of myeloid cells, including macrophages upon
TLR stimulation [144]. The SHP-1 and IRAK1 binding involves an
evolutionarily conserved ITIM-like motif present in the kinase domain
of IRAK1 that is called KTIM (Kinase Tyrosyl-based Inhibitory Motif)
[144]. The KTIM is only present in the IRAK1 but not in any other IRAK
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family members [144]. Hence, pathogens responsible for sepsis may
exploit SHP-1 to increase their pathogenicity and the infection severity.
Along with inhibiting pro-inflammatory TLR signaling, SHP-1 is also
involved in increasing the type 1 IFN production upon activation of TLR
and RIG-1 like receptors (RLRs) by directly inactivating IRAK1 and
IRAK2, which play important role in the NF-xB activation and type 1
IFN inhibition [86,143].

Quite expectedly, SHP1 KO mice develop severe inflammatory le-
sions in response to LPS stimulation or endotoxemia due to increased
production of pro-inflammatory mediators [142,143]. Thus SHP-1 is a
key regulator of a switch from production of pro-inflammatory (TNF-a)
cytokines to anti-inflammatory (IFN-I) upon TLR stimulation. It should
be novel to observe the effect of SHP-1 during severe viral infections
causing sepsis, including severe COVID-19. This is because SHP-1 can
inhibit the release of pro-inflammatory cytokines (IL-6 and TNF-a) re-
sponsible for cytokine storm and associated organ damage and mor-
tality in severe COVID-19 but increase the antiviral type-1 IFN secretion
in response to both TLR and RLR activation. However, SHP-1 upregu-
lates the IL-12p40 production in BMDMs upon TLR stimulation via in-
teracting with phosphatidylinositol 3-kinase (PI-3 K), without affecting
c-Rel activation [146]. The IL-6 production in macrophages depends on
SHP-1 as deficiency of SHP-1 in myeloid cells increases its production
and expression of SHP-1 inhibits IL-6 production [145]. IL-6 is a major
pro-inflammatory cytokine associated with the severe COVID-19 cyto-
kine storm and IL-12p40 activates antiviral action of NK cells and Thl
cells to clear the infection [10,11]. Hence, SHP-1 levels and functions
should be studied in context to severe COVID-19-associated sepsis for
designing better immunomodulatory drugs for sepsis and severe
COVID-19. In a most recent study the treatment with adenovirus-
mediated ectopic expression of SHP-1 (AdSHP1) in the mouse model of
hepatitis has ameliorated the production of pro-inflammatory cytokines
(IL-6 and TNF-a) [147]. However, the interaction between SHP-1 and
TRAF3 during herpes simplex virus-1 (HSV-1) and vesicular stomatitis
virus (VSV) infection inhibits the antiviral innate immune response
through diminishing the conserved serine-threonine kinase CKle re-
cruitment to TRAF3 [148,149]. The CKle-deficient mice are more
prone to develop viral infections [149]. Thus, SHP-1-based therapeutics
should be used depending on the pathogen-specific sepsis and cytokine
storm.

Another tyrosine phosphatase called SHP-2 also acts as a negative
regulator of TLR3 and TLR4 signaling. It specifically inhibits TRIF-de-
pendent gene expression and inhibits IFN-f, IL-6, and TNF-a produc-
tion. The phosphatase partially inhibits TBK1 activation by directly
binding to its kinase domain independent of its kinase activity [150].
Thus, SHP-1 and SHP-2 perform opposing roles as the former promotes
IFN-B production, while later inhibits IFN-f synthesis upon TLR sti-
mulation. Interestingly, it was recently shown that glycogen synthase
kinase (GSK)-3 interacts with SHP-2 and counters the inhibitory effect
of the phosphatase and increases IFN-I production upon TLR2 stimu-
lation [151].

Calcineurin is a serine/threonine phosphatase comprising two sub-
units: a catalytic subunit called CnA, and a regulatory subunit called
CnB [152]. It impacts a diverse array of biological functions, including
lymphocyte activation, neuronal development, muscle remodelling,
memory, heart valve morphogenesis, and innate immune response via
modulating the function of NFAT (nuclear factor of activated T cells) in
a Ca?* calmodulin dependent manner [152,153]. Although, calci-
neurin plays a positive role in T cell activation, it inhibits TLR signaling
in macrophages (Table 2). The inhibitory role of calcineurin for TLR
signaling in macrophages was suggested by the observations that its
inhibition by immunosuppressive drugs (cyclosporine and FK506) or
siRNA results in the increased production of pro-inflammatory cyto-
kines. Calcineurin physically associates with TLR2, TLR4, MyD88, and
TRIF, but not with TLR3 and TLR9 [154]. The association occurs in
unstimulated macrophages and fibroblasts.

The calcineurin inhibition by specific drugs such as FK506 or
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cyclosporine A (CsA) stimulates TLR signaling pathway, and activation
of NF-kB since the drugs cause removal of calcineurin from MyD88 and
TRIF, and constitutively initiating the TLR signaling [154]. Thus, in-
hibition of calcineurin-NFAT signaling could prove beneficial in sepsis
and drugs such as FK506, which is used by in organ transplant patients
by inhibiting T cell-mediated responses, could be repurposed for sepsis
patients and severe COVID-19 patients with sepsis. However, caution is
warranted as the calcineurin-NFAT pathway is also used by myeloid
cells for inducing calcineurin-NFAT pathway-mediated innate immune
response [155-157]. Its loss/inhibition may lead to decreased produc-
tion of IL-2, IL-12-p40, IL-23 and IFN-I in DC in response to Sendai virus
and tolerance to LPS in macrophages [155]. Calcineurin may be re-
quired to prevent TLR signaling under steady state constitutive condi-
tions. However, upon TLR stimulation, it dissociates from TLRs and
their adaptors, and is required to induce a component of the innate
immune system via calcineurin-NFAT pathway. Therefore, its loss or
inhibition may lead to tolerance in myeloid cells to a variety of stimuli
including LPS. Given the complexity of calcineurin regulated pathways,
a careful assessment of calcineurin inhibitors in sepsis patients is re-
quired.

Protein tyrosine phosphatase-1B (PTP1B) is an intracellular tyrosine
phosphatase and negatively regulate insulin signaling pathway [158]. A
recent report has also shown its negative role in TLR signaling through
inhibiting the MAPKs, NF-kB, and IRF3 activation along with Tyk2 and
STAT1 activation in LPS-induced macrophages (Table 2) [159] The
phosphatase inhibits both MyD88 and TRIF-dependent pathways in
TLR-stimulated cells. As expected, PTPIB”" mice are more prone to
develop endotoxic shock and associated mortality due to higher levels
of pro-inflammatory mediators (TNF-a, IL-6, CCL2 ,and CCL17) [160].
PTP1B regulates the release of pro-inflammatory mediators in Pseudo-
monas aeruginosa infection [161]. Thus, inhibition of PTP1B, envisaged
for diabetes, may also lead to increased production of pro-inflammatory
cytokines due to upregulation of TLR-mediated signaling, and hence,
increased predisposition to bacterial pathogenesis and sepsis.

5.3. Negative regulation of TLR signaling via deubiquitination

A20, named after its cDNA clone number, is also known as TNF-a
induced protein 3 (TNFAIP3). It is an ubiquitin modifying enzyme lo-
cated in cellular cytosol and is induced by NF-kB dependent signals,
which in turn inhibits NF-xB signaling as a negative feedback me-
chanism (Table 2) [162,163]. A20 restricts NFkB signaling downstream
of TNFR1, CD40, TLRs, NODlike receptors (NLRs) and IL1R [164-167].
It directly removes ubiquitin moieties (K63-linked polyubiquitin
chains) from TRAF6 [122,167]. During TLR stimulation via LPS, A20
modifies the E3 ligase activity of TRAF6, TRAF2, and cellular inhibitor
of apoptosis protein 1 (cIAP1) or BIRC2 through preventing its inter-
action with the E2 ubiquitin conjugating enzymes Ubc13 and UbcH5c
[168]. Further, A20, together with the regulatory molecule TAX1BP1,
interacts with Ubcl3 and UbcHS5c and induces their degradation
through ubiquitin and proteasome system (UPS) [168,169]. A20
phosphorylation during the TLR4-LPS signaling pathway via IkB kinase
B increases its NF-kB inhibitory action via an unknown mechanism
[170]. In human cases of sepsis, the expression of A20 mRNA and NF-xB
was diminished in PBMCs of sepsis patients progressing towards im-
munosuppression [171]. The inhibition of A20 through downstream
regulatory element antagonist modulator (DREAM, a Ca®*-binding
protein family member containing 4 Ca®>* binding motifs (“EF-hands”),
which interact as a tetramer with downstream regulatory element
(DRE) to inhibit transcription) aggravates the sepsis-associated in-
flammation (acute lung injury) and mortality among animals through
strengthening the NF-kB signaling in response to the TLR4 signaling
activation [172,173]. The DREAM-mediated inflammation involves the
TAK1-mediated promotion of pro-inflammatory NF-kB signaling. On
the other hand, the transcription factor upstream stimulatory factor 1
(USF1) also binds the E-box domain of the DRE of the A20 promoter to



V. Kumar

increase its transcription [172]. Hence, activating USF1 can increase
A20 levels and suppress the pro-inflammatory TLR signaling re-
sponsible for cytokine storm during sepsis. Thus, A20 negatively reg-
ulates TLR signaling via various mechanisms and may act as a good
molecular target for the management of sepsis and cytokine storm.
Tumor suppressor deubiquitinase (DUB), cylindromatosis (CYLD), in-
hibits TLR2 signaling responsible for the recognition of Gram-positive
bacterial PAMPs [PGN, LTA, MALP-2 (Mycoplasma-derived lipopeptide
2), and Pam3CSK4 (a synthetic triacylated lipopeptide recognized by
TLR1/TLR2 heterodimer] [174]. TLR2 stimulation upon binding with
these ligand induces IKKs-IkBa and MKK3/6-p38 pathways via acti-
vating TRAF6 and TRAF7 (a newly discovered TRAF family member, as
a signaling transducer upstream of the MEKK3-AP1 pathway), causing
synthesis and release of CYLD in addition to pro-inflammatory cyto-
kines (TNF-a, IL-1p, and IL-8) [174,175]. The TLR2 signaling inhibition
by CYLD involves the TRAF6 and TRAF7 inhibition via their deubi-
quitination (Table 2) [174]. CYLD also inhibits TRAF2 and NEMO (NF-
kB essential modulator, a regulatory subunit of IKK), and blocks NF-xB
signaling downstream to TLR activation [176-178]. It also acts as a
crucial negative regulator of inflammatory pathway in Escherichia coli
(E. coli)-induced pneumonia and sepsis, where it inhibits LPS/TLR4-
mediated activation of NF-xB activation [179].
A role for inhibiting TRAF6 and TRAF7 for CYLD has been described
in non-type able Haemophilus influenzae (NTHi) infection [174,180].
However, a more recent study has shown that CYLD inhibits TLR sig-
naling by deubiquitinating NTHi-induced K63-linked polyubiquitina-
tion of MyD88 at lysine 231 [181]. NTHi is a Gram-negative bacteria
that initiates inflammatory immune response via activating TLR4-de-
pendent TRAF6-IKK-NF-kB and TRAF6-MKK3/6-p38 signaling path-
ways [182]. Additionally, CYLD also regulates the TLR induced ne-
croptosis of macrophages via inhibiting RIP1 (Receptor interacting
protein-1; a serine/threonine kinase), which is activated downstream to
TLR activation and integrates inflammation and necroptosis [183].
Thus, CYLD inhibits MyD88, RIP1 (receptor-interacting serine/threo-
nine-protein kinase 1), TRAF2, TRAF6, TRAF7, and NEMO downstream
to TLR signaling and regulates exaggerated inflammation which can
lead to the development of severe infection causing sepsis and asso-
ciated organ damage. A recent study has also shown that RIP1 inhibi-
tion blocks inflammatory diseases [184]. Hence, it will be worthwhile
to study CYLD in context the sepsis-associated cytokine storm.
Ubiquitin-specific Protease 4 (USP4) is another DUB that inhibits
TLR4 signaling via deubiquitinating Lys-63-polyubiquitinated TRAF6
and inhibiting its adaptor function (Table 2) [185] (Fig. 3). The TRAF6
inhibition prevents the NF-kB and AP-1 activation, responsible for
generating pro-inflammatory immune response and the cytokine storm
during sepsis [185]. Animals, lacking USP4 are more prone to develop
endotoxemia and sepsis upon LPS challenge as compared to WT animals
[185]. Thus, further studies are required to learn more on the role of
USP4 as a novel regulator or TLR signaling and sepsis.
Ubiquitin-specific protease 18 (USP18 or UBP43) is also known as
ISG15 (Interferon-stimulated gene 15) isopeptidase. It is a well-known
negative regulator of type I and type III interferon signaling [186]. It is
highly expressed in liver, spleen, and thymus, but at low levels in lungs,
bone marrow and adipose tissues [187,188]. Among immune cell types,
USP18 is expressed at high levels in human CD169* macrophages,
bone marrow-derived DCs (BMDCs), monocyte derived and peritoneal
macrophages, T cells, and B cells as well as in murine macrophages
[187-190]. However, it is not expressed in lung fibroblasts and bone
marrow derive macrophages (BMDMs) [191]. In cells, it is localized to
cellular cytosolic environment [191]. Humans have two isoforms of
USP18: 1) USP18, located in the cytosol and, 2) USP18-sf isoform,
which is an N-terminal truncated isoform, and is equally distributed in
the cytosol and in the nucleus [191,192]. The LPS-mediated TLR4 ac-
tivation in human macrophages upregulates USP18, which in turn in-
hibits NF-xB activation, and thus the secretion of pro-inflammatory
cytokines (TNF-a, IL-6, and IL-1f3) via interacting with TAK1-TAB1 and
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IKKa/B-NEMO complexes (Table 2) [193]. Upon binding with the
TAK1-TAB1 complex, USP18 cleaves the K63-linked polyubiquitin
chains of TAK1 through its proteolytic action. In the case of IKKa/[3-
NEMO complex, it specifically targets the regulatory subunit NEMO via
its ubiquitin binding in ABIN (A20 binding and inhibitor of NF-kB) and
NEMO (UBAN) motif and inhibits its K63-linked ubiquitination [193].
As expected, USP18 deficient mice are more prone to developing en-
dotoxemia or sepsis upon LPS exposure [191]. Furthermore, human
macrophages in which UPS18 is silenced with siRNA secrete higher
levels of pro-inflammatory cytokines (TNF-a, IL-6, and IL-1f) upon
treatment with LPS [193]. USP18 also controls activation of in-
flammatory pathway in microglial cells of the brain [194]. Thus, USP18
acts as negative regulator of TLR4 signaling in both mice and humans,
and may provide a new therapeutic approach for controlling ex-
aggerated inflammation observed in sepsis patients.

Deubiquitinating enzyme A (DUBA) or OTUDS is an OUT (ovarian
tumor) domain family member cysteine protease. It suppresses type 1
IFN synthesis downstream to TLR signaling by removing K63-ubiquitin
chains from TRAF3 to prevent the TBK1 recruitment and other down-
stream proteins necessary for NF-kB and IRF activation (Table 2) [195-
197]. The interaction between DUBA and TRAF3 occurs during TLR3
activation [197]. The catalytic residues of DUBA comprise D221, C224,
and H334, and C224S mutation abrogates its potential to deubiquiti-
nate TRAF3 [197]. Thus, DUBA mediated inhibition of TRF3 inhibition
blocks TLR-dependent type 1 IFN production, but does not inhibit NF-
kB activation [86]. IL-1R-induced signaling down-regulates expression
of DUBA, enhances K63-ubiquitination of TRAF-3, and increases pro-
duction of anti-inflammatory cytokines (IL-10 and IFN-I) upon TLR9
stimulation [198]. OTUB1 and OTUB2 are members of the OTUB
(Otubain) family of deubiquitinating cysteine protease family. They
also negatively regulate the TLR signaling via deubiquitinating TRAF3
and TRAF6 and inhibiting induction of type I IFN [199].

5.4. Nuclear receptors/proteins negatively regulating TLR signaling

Nur77 (NR4A1, TR3 or NGFIB) is a key member of the Nuclear re-
ceptor 4A (NR4A) receptor subfamily. This subfamily of nuclear re-
ceptors plays crucial roles in various biological processes, including
early embryogenesis regulation, thymocytes negative selection, gene
expression in hypothalamic-pituitary adrenal axis, chronic
flammatory response, and vascular smooth muscle cell proliferation
[200-203]. They are orphan receptors (no known endogenous ligand)
and lack a conventional DNA binding domain. Nur77 KO mice are more
prone to develop sepsis upon LPS treatment [204]. Nur77 expression
upregulates upon exposure to LPS and binds to TRAF6 within one hour
of sepsis induction in vivo, and prevents auto-ubiquitination of TRAF6
[204]. The nuclear receptor also directly represses IRF4 and induces
expansion of CD8*T cells [205]. Furthermore, Nur77 inhibits nor-
epinephrine (NE) production by macrophages via trans-repressing NE
promoter and attenuates neuro-inflammation [206]. Thus, Nur77 in-
hibits NF-xB signaling downstream to TLR4 activation directly by
binding to TRAF6 and trans-repression of different gene promoters and
may be important in preventing of the CNS inflammation in sepsis.

Nuclear receptor 4A2 or NR4A2 (Nurrl, HZF-3, RNR1, NOT or
DHR38) is the second member of the NR4A subfamily and has similar
structural motifs as shown by NR4A1 and NR4A3 [201]. It inhibits
macrophage-mediated pro-inflammatory immune response [207]. This
anti-inflammatory action of NR4A2 involves NF-kB signaling inhibition
downstream to LPS-TLR4 signaling pathway (Table 2) [201]. The ne-
gative feedback mechanism involves GSK3p-mediated phosphorylation
of p65 (RelA) subunit of NF-kB at serine 468. The phosphorylated p65
recruits Nurrl, which is induced and sumoylated in response to the
inflammatory stimuli (IL-1(). The sumoylated Nurrl recruits the Co-
repressor for element-1-silencing transcription factor or CoREST re-
ceptor complex containing LSD1 (lysine specific demethylase-1), the
histone methyltransferase G9a, histone demethylase, and histone
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deacetylases (HDACs). The complex clears NF-xB-p65 from promoters
of inflammatory genes and brings back their transcription to the basal
level. The mechanism operates well in microglia (brain macrophages)
and astrocytes, and is important for protecting dopaminergic neurons
from death [208]. Nurrl also binds to the Ras guanyl-releasing protein
1 (RasGRP1) intron to regulate its expression [209]. RasGRP1 regulates
the Ras-Raf-MEK-ERK signaling cascade downstream to TLR4 signaling
[209]. The binding of prostaglandin E1 (PGE1) and PGA2 to the Nurrl
or NR4A2 enhances its anti-inflammatory action [210]. The knock
down (KD) of the nuclear receptor from macrophages and microglia
makes mice susceptible to atherosclerosis and Parkinson’s disease (PD).
Thus, NR4A2 acts as negative regulator of TLR4 signaling by trans-re-
pression of p65-stimulated genes, maintains homeostasis, and has a
potential to protect individuals from inflammatory diseases, including
sepsis.

Small heterodimer partner (SHP) is also known as NROB2 and is
considered as an atypical orphan receptor. It also lacks a conventional
DNA-binding domain and has no known endogenous ligand except
some recently identified adamantyl-substituted retinoid-related mole-
cules [211]. SHP is highly expressed in spleen, liver, and BMDMs [212].
SHP”" mice are more prone to develop LPS-induced endotoxemia and
septic shock due to overproduction of pro-inflammatory cytokines
(TNF-a, IL-6, and IL-1P) as compared to WT mice [212]. LPS exposure
to macrophages increases SHP expression through adenosine mono-
phosphate (AMP)-activated protein kinase (AMPK). The LPS-induced
SHP prevents Lys63-linked polyubiquitination of TRAF6, subsequent
NF-xB activation, and production of pro-inflammatory cytokines
(Table 2) [212,213]. SHP also downregulates the mitochondrial anion
carrier protein, UCP (uncoupling protein)-2 to lower the ROS produc-
tion. It is noteworthy that ROS causes assembly of the inflammasome
NLRP-3/ASC complex (which is pre-primed by LPS exposure), activa-
tion of caspase-1 (CASP-1), and maturation/release of IL-1f3 and IL-18
[214]. SHP also directly inhibits assembly of NLRP3 by inhibiting ASC
recruitment to assembled NLRP3, a process required for recruitment
and activation of CASP-1. In addition to TLR4, SHP also inhibits the
activation of NF-kB via other TLRs, including TLR1, TLR2, TLR6, and
TLR3 in both MyD88-dependent and -independent manner via binding
with and inhibiting p65 and TRIF, respectively [212]. Drugs that in-
crease expression of SHP (macrophage stimulating protein/MSP and
fenofibrates) could reduce cytokine storm and tissue damage in sepsis.

Mitogen- and stress-activated kinases (MSK) 1 and 2 are nuclear pro-
teins which share homology with the 90 kDa ribosomal S6 kinase
(p90™") family. They are activated by ERK1/2 and p38MAPK in re-
sponse to TLR (except TLR3) stimulation in immune cells, including
macrophages and DC [215]. They usually have 2 kinase domains,
namely, an N-terminal kinase domain (NTKD) in the AGC kinase
(cAMP-dependent, cGMP-dependent and protein kinase C) family and a
C-terminal kinase domain (CTKD) from the calmodulin kinase family
[215,216]. Their substrates include histone H3 (main substrate), cCAMP
response element binding protein (CREB), and activating transcription
factor (ATF)-1 [215]. However, various other molecules, including NF-
kB, High mobility group protein (HMG)-14, Retinoic acid receptor
(RAR)-related orphan receptor (ROR)-a, Lysine demethylase-3A
(KDM3A), Tripartite motif protein (Trim)-7, and Trim-28 also serve as
substrate for MSKs [217-221]. MSK1/2 KO mice are hypersensitive to
LPS. Upon exposure to LPS, these mice produce higher levels of pro-
inflammatory cytokines (TNF-a, IL-6, and IL-12) with decreased pro-
duction of anti-inflammatory cytokine IL-10, and develop sepsis
[222,223]. MSK1 and 2 phosphorylate histone H3 and CREB that ne-
gatively regulate TLR signaling (Table 2), inducing several anti-in-
flammatory genes including IL-10, IL-1Ra (IL-1Receptor antagonist),
TTP (Tristetraprolin; the mRNA binding protein that causes TNF-a
mRNA degradation), DUSP1 (Dual specificity protein phosphatase that
inactivates p38 and JNK), and Prostaglandin synthetase (Ptgs)-2 that
produces PGE2 [222,223]. It is noteworthy that PGE2 inhibits TLR-in-
duced production of pro-inflammatory cytokines from macrophages via
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binding to Nurrl and activating its anti-inflammatory function.

As a homeostatic mechanism, MSK1 and 2 induced IL-10 inhibits
TLR-induced cyclooxygenase (COX)-2 induction by degrading its mRNA
and inhibits the prostaglandins (PGs) production, both in vitro and in
vivo [224]. MSK1 and 2 KO mice exhibit increased PGE2 levels upon
intraperitoneal (ip) injection of LPS or during sepsis [224]. Thus, MSKs
play a crucial role in the negative regulation of TLR signaling, and
maintaining homeostasis in macrophages and DC. Interestingly, MSKs
may induce pro-inflammatory mediators like IL-8 in other cell types
such as human fibroblast-like synoviocytes, neutrophils, keratinocytes,
and smooth muscle cells due to different signaling circuits [215,225].

TANK (TRAF-associated NF-xB activator) is a TRAF-binding protein
and out of 7 identified TRAFs, it binds to TRAF1, 2, 3, 5, and 6 [226-
228]. TANK is known for exerting its positive effect on TLR-induced NF-
kB activation by acting as an adaptor to bridge TRAF3 and TBK1-IKK-i
complex, and plays a crucial role in type I IFN production in viral in-
fections, and in vitro TLR stimulation [229,230]. However, TANK”"
mice have shown that TANK is not involved in TLR-induced type 1 IFN
production, instead it acts as a negative regulator of TLR and B cell
receptor (BCR) signaling [229]. TLR (TLR2 and TLR4, but not TLR3)-
mediated ubiquitination of TRAF6 gets elevated in TANK”" macro-
phages resulting in enhanced NF-kB activation and higher production of
pro-inflammatory cytokines (IL-6 and TNF-a) [229]. Thus binding of
TANK to TRAF6 inhibits its ubiquitination at K-63 chain and down-
stream signaling, activating NF-kB and AP-1 (Table 2). TANK also
suppresses constitutive TLR signaling by gut’s commensal microbiota
[229]. In addition to TRAF6 inhibition, TANK also inhibits canonical
IKKs activated downstream to TLR signaling [231]. For example,
macrophages isolated from TANK” ~ mice exhibit IKKe inhibition upon
TLR stimulation, decreased activation of TBK1, and interaction between
IKK-related kinases and canonical IKKs, which prevents the IKK-related
kinases from negatively regulating the canonical IKKs. Thus, TANK
exerts a negative impact on TLR signaling by preventing ubiquitination
of TRAF6 and secondly by facilitating a cross-talk within the IkB kinase
family members. Thus, it would be interesting to observe the impact of
TANK on cytokine storm and sepsis.

PDLIM-2 is a PDZ (Postsynaptic density 95, discs large and zonula
occludens-1) and LIM (Lin-11, Isll and Mec-3) domain containing
protein. It is also known as Mystique or SLIM in mice [232,233].
Mystique is the newest member of the alkaline phosphatase (ALP)
subfamily of PDZ-LIM domain proteins [234,235]. PDZ (also known as
DHR or GLGF) domains are comprised of 80-100 amino acid (AA)
domains mediating highly specific protein-protein interactions with a
crucial role in the assembly of protein complexes [236]. While, LIM
domains are cysteine rich zinc finger motifs, which act as protein
binding interfaces in various transcription factors, protein kinases and
scaffolding proteins, including zyxin and paxillin [237]. LIM domain
containing proteins play important roles in cell fate decision during
development, cytoskeletal arrangement, and in oncogenesis [237].
Mystique functions as an ubiquitin E3 ligase and targets STAT proteins
for proteasome-mediated degradation. However, a report has shown
PDLIM2 negatively impacts TLR (TLR3, TLR4 and TLR9)-mediated ac-
tivation of NF-kB and inhibits the production of pro-inflammatory cy-
tokines [238]. It acts as a nuclear E3 ubiquitin ligase and poly-
ubiquitinates and transfers p65 subunit of NF-«B to discrete sub-nuclear
domains called promyelocytic leukemia protein (PML) nuclear bodies
(or PML oncogenic domains) for proteasomal degradation (Table 2)
[238].

On LPS exposure, PDLIM2”" mice exhibit uncontrolled NF-kB-
mediated pro-inflammatory innate immune response, and produce in-
creased levels of pro-inflammatory IL-6 and IL-12p40 cytokines [238].
Macrophages, DCs, and T cells highly express PDLIM2 [233]. The
PDLIM2-induced p65 degradation is mediated by the activation of
chaperone protein [heat shock protein 70 (Hsp70)], in LPS stimulated
DCs [239]. The LPS-mediated TLR4 stimulation in DCs translocates
Hsp70 to the nucleus, where it binds to the PDLIM2 and the
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proteasome-associated protein BAG (BCL2-associated athanogene)-1
causing translocation of the polyubiquinated NF-kB-PDLIM2 complex to
the proteasome for degradation [239]. Their findings are further sup-
ported by the evidence that DCs deficient in either Hsp70 or BAG-1
release higher amount of pro-inflammatory cytokines in response to the
exaggerated NF-xkB activation due to high availability of active p65
upon TLR4 stimulation [239]. Consistent with these results, heat killed
Propionebacteruim acnes elicit a profound pro-inflammatory immune
response (higher levels of IL-1 and IL-12) in Hsp70”" mice, showing
their higher tendency to develop sepsis [239]. In human THP-1 cells,
PDLIM2 is expressed in the nucleus, whereas upon their differentiation
into macrophages, it is phosphorylated and sequestered in the cyto-
plasm. Contrary to the nuclear PDLIM2, its cytoplasmic counterpart
profoundly activates NF-kB, increases TNF-a release, and increases
adhesion in macrophages [240]. Thus, cytosolic and nuclear PDLIM2
behave differently with respect to their impact on TLR stimulation.

Makorin ring finger protein 2 (MKRN2) is also known as RNF62 or
HSPCO070. It has a tendency to bind to PDLIM2 and negatively regulates
TLR signaling via inhibiting the NF-xB activation [241,242]. MKRN2
contains four zinc finger domains and one RING finger domain [242].
RING finger domains are made up of eight conserved cysteine (Cys) or
histidine (His) residues and are found in several hundreds of proteins
acting as ubiquitin E3 ligases [243]. Consistent with its structural fea-
tures, MKRN2 directly interacts with PDLIM2 via LIM domain of the
PDLIM2, and promotes polyubiquitination and proteasomal degrada-
tion of p65 (Table 2) [242]. The two proteins act synergistically to
polyubiquitinate the nuclear factor. MRKN2”~ DCs respond to LPS sti-
mulation with higher NF-xB levels and produce higher levels of pro-
inflammatory cytokines [242].

PDLIM1 is also known as CLP36 or Elfin. It is another LIM and PDZ
domain-containing protein belonging to the APL sub-family. Like
PDLIM2 and MRKNZ2, it also exerts its negative regulatory impact on
TLR signaling and is present in the cytosol in most immune cell types,
where it associates with a-actinin-1 and —4 [244,245]. Interestingly,
the inhibition of TLR signaling mediated by PDLIM1 occurs in the cy-
toplasm and involves sequestration of p65 subunit of NF-xB in the cy-
tosol (Table 2). It binds and suppresses nuclear translocation of p65 in
an a-actinin-4-dependent but IkBa-independent manner [244]. DCs and
B cells from mice lacking PDLIM1 also show profound activation of pro-
inflammatory immune response induced by TLR signaling due to over-
activation of NF-kB [244].

TRIM30a is a member of the tripartite-motif (TRIM) protein family
whose members play important roles in the regulation of cell devel-
opment, differentiation and proliferation etc. [246,247]. However,
TRIM30a also serves as an important negative regulator of TLR sig-
naling. It does so via interacting with the TAK1-TAB2-TAB3 complex
formed upon TLR4 stimulation with LPS [248]. This interaction inhibits
autoubiquitination of TRAF6 by degrading TAB2 and TAB3, and in-
hibits NF-kB activation, and IL-6 and TNF-a production (Table 2) [248].
Mice lacking TRIM30a are more prone to develop endotoxic shock and
sepsis due to increased circulating levels of pro-inflammatory cytokine
[248]. Thus, TRIM30a is an important regulator of TLR signaling and
associated immune response.

TRIMS is also a member of the TRIM family having a RING domain,
a characteristic of ubiquitin E3 ligases, which plays a crucial role in
posttranslational modifications of proteins and regulation of innate and
adaptive immunity [246,247]. This protein was previously shown to
regulate TNF/IL-1f3 triggered inflammatory pathway via catalyzing
K63-linked polyubiquitination of TAK1 and preventing phosphorylation
of TAK1 [249]. However, TRIMS8 also negatively regulates TLR3 and
TLR4 signaling pathways via polyubiquitination of TRIF and inhibiting
TRIF-TBK1 interaction (Table 2) [250]. LPS administration to TRIM8"
mice causes an early induction of endotoxic shock and higher mortality
as compared to WT animals [250]. In addition, TRIM8 KO mice infected
with Salmonella typhimurium show greater losses in body weight and
early development of sepsis [250]. Deficiency of TRIM8 induces a
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higher serum concentration of pro-inflammatory mediators (IL-6, TNF-
a, RANTES, and IFN-f3) upon exposure to TLR4 and TLR3 ligands than
WT animals [250]. Thus, TRIM8 forms another member of TRIM family
proteins that negatively regulates TLR signaling and sepsis im-
munopathogenesis.

Triad3A is a RING finger type E3 ubiquitin ligase that binds the
cytoplasmic tail of several TLRs (TLR3, TLR4, TLR5, and TLR9 except
TLR2) [251]. Triad3A is a protein comprising of 866 AA residues
having a TRIAD domain with two RING motifs and an ‘in-between-
RING’ motif at its C terminus [251]. It inhibits TLR signaling via de-
grading some TLR (TLR4 and TLR9 but not TLR2) proteins due to its E3
ubiquitin-protein ligase activity (Table 2) [251]. Triad3A decreases
production of pro-inflammatory mediators responsible for the devel-
opment of sepsis in response to LPS and CpG oligonucleotides, whereas
its deletion from the cells causes a profound activation of TLR4 upon
treatment with LPS [251]. In addition to inhibiting TLR4 and TLR9 via
their direct degradation through ubiquitin—proteasome system, Triad3A
also interacts with and promotes down-regulation of TRIF and TRIF-
related adaptor molecule (TIRAP) [252]. Thus, this molecule acts as an
important internal negative regulator of TLR signaling due to its E3
ubiquitin ligase activity. A recent study has shown that the monoclonal
antibody (mAb) against transmembrane-TNF-a (tmTNF-a) protects
against sepsis and septic shock involves the LPS-induced TLR4 inter-
nalization and its degradation to the TLR4 by recruiting Triad3A [253].
The mADb against tmTNF-a also protects against septic shock via in-
creasing the A20 level and its anti-TLR signaling function. The treat-
ment with adenovirus expressing Triad3A also protects against cardiac
hypertrophy and improves cardiac function via degrading TLR4 and
TLR9 through their ubiquitination that suppresses pro-inflammatory
NF-kB activation [254]. Further studies are required in direction to
design therapeutics activating Triad3A and A20 like endogenous pro-
inflammatory TLR signaling inhibitors.

6. SUMOylation in TLR signaling negative regulation

SUMOylation is a post-translational modification pathway that is
mechanistically analogous to the ubiquitylation pathway, but involves
distinct enzymes [255]. Vertebrates have three SUMO (Small ubiquitin-
like modifier) proteins: SUMO-1, —2, and — 3. SUMO-1 is the founding
member of the family and is also known as sentrin, PIC-1 or GAP-
modifying protein 1 (GMP1) [256-258]. All SUMO proteins are initially
synthesized as inactive precursors, and require maturation via proteo-
lytic cleavage and removal of their carboxy (-coo) terminal glycine
residues [255]. SUMOylation involves formation of an isopeptide bond
between —coo terminus of SUMO and e-amino group of a lysine residue
of a target protein [255]. All SUMoylation reactions are catalyzed by a
group of ubiquitin-like protein-processing enzymes that include E1
activating enzyme, an E2 conjugating enzyme and an E3 protein ligase
[259-261]. The SUMOylation process is reversible and SUMO decon-
jugation (desSUMOylation) involves two ubiquitin-like protein-specific
proteases in yeast (Ulpl and Ulp2) and six sentrin-specific proteases
(SENPs) in humans (SENP1-3 and SENP5-7) [261]. The SUMOylation of
a protein alters its three-dimensional conformation, stability, ability to
interact with other proteins and sub-cellular localization [261].

Several studies have shown that SUMOylation, like ubiquitination,
also alters TLR signaling. For example, SUMOylation of IkBa compo-
nent of NF-kB via SUMOL1 inhibits NF-kB activation via inhibiting its
phosphorylation [262]. SUMO2 and SUMO3 bind to Lysine residue 277
of NEMO and prevent its deubiquitination by CYLD (a deubiquitinase)
and thus, causing stronger activation of IKK upon stimulation of cells
with TLR4, TLR3, and TLR7-specific agonists [263]. The SUMO de-
conjugating enzyme SENP6 has the potential to inhibit this process of
SUMO2 and SUMO3-mediated SUMOylation of NEMO. The SENP6”
mice show an increased NF-kB activation and a profound production of
pro-inflammatory mediators upon TLR stimulation. Thus, SENP6 is
another host-derived negative regulator of TLR signaling with a
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potential to decrease sepsis-associated mortality. Myeloid cells (mac-
rophages and DCs) deficient in SUMOylation due to absence of UBC9
(Ube2i)/SUMO E2 conjugating enzyme show a higher activation of NF-
kB accompanied by exaggerated secretion of pro-inflammatory cyto-
kines and type 1 IFNs [264]. The UBC9™" mice with deficient/defective
SUMOylation are more susceptible to the LPS-induced endotoxic shock
and mortality. However, they exhibit more resistance to Chikungunya
infection [264]. Another recent study has indicated that DC-specific
UBC9-deficient (UBC9*P) mice subjected to sepsis have higher mor-
tality than WT mice over the time course of seven days [265]. These
UBC“P€ mice also have higher circulating pro-inflammatory cytokines
(IL-1B and IL-18) and their DCs also secrete their higher amount. As
mentioned above, SUMOylation of Nurrl recruits the repressor complex
CoREST to GSK-3B-phosphorylated p65 in the nucleus. The complex
clears NF-kB bound to the promoters of pro-inflammatory genes and
down-regulates their expression to basal levels [207,208,266]. Thus,
SUMOylation has emerged as a master regulator of NF-xB signaling
downstream to TLR stimulation and pharmacologic targeting of this
pathway may prove helpful in designing future therapeutic approaches
for controlling bacterial sepsis and certain viral infections. For example,
different pharmacological modulators (N106, Topotecan, spectomycin
B1 (an antibiotic against Gram-positive bacteria), ginkgolic acid, tannic
acid (potent anti-inflammatory agents), tenatoprazole, L-ascorbic acid,
ebselen, and disulfiram etc.) of SUMOylation have been developed and
tested for different diseases, including heart failure, ischemic diseases,
neurological disorders, and cancers (glioblastoma, breast cancer) in
animal models that can be studied in context to sepsis and cytokine
storm for their anti-TLR signaling activity [267-271].

7. NOD (Nucleotide binding oligomerization domain)-like
receptor (NLR) family members as negative regulators of TLR
signaling

NLRX1 (NLR family member X1) is a member of the NLR family that
localizes to mitochondria, contains an N-terminal X domain, a NOD
domain, and a C-terminal leucine-rich repeat domain (LRR) domain
[272]. It regulates mitochondrial ROS (mROS) generation in mi-
tochondria. It negatively regulates TLR4-mediated NF-kB activation
upon LPS stimulation [272]. The stimulation of the TLR with LPS ubi-
quitinates NLRX1 causing its detachment from TRAF6. The free NLRX1
binds to the IKK complex inhibiting IKKa and IKK(B phosphorylation,
and NF-xB activation (Table 2) [272]. The finding is further strength-
ened by the observation that NLRX1”~ mice are more prone to develop
endotoxemia and sepsis after their exposure to LPS, and succumb to
septic shock due to the increased production of IL-6 and TNF-a [272].
Thus, NLRX1-mediated inhibition of TLR-induced NF-kB activation is
mediated by its interaction with TRAF6 and IKK complex. Interestingly,
NLRX1 also sequesters STING (stimulator of interferon genes) and in-
hibit its interaction with TBK-1, required to produce IFN-I in response
to viral DNA [273].

NLRC3 (NLR containing CARD domain-3) is also known as CLR16.2
or NOD3. It is a poorly characterized member of the NLR family, and
acts as a cytosolic regulator of innate immunity. The negative regula-
tion of TLR signaling and inhibition of NF-kB by NLRC3 involves its
interaction with TRAF6 to attenuate its Lys63 (K63)-linked ubiquiti-
nation (Table 2) [274]. The LPS-mediated stimulation of macrophages
in vivo decreases the NLRC3 mRNA levels and restores them once the
inflammatory response subsided [274]. Macrophages isolated from
NLRC3”" mice, upon stimulation with the LPS, generate higher levels of
pro-inflammatory cytokines (IL-6, IL-1f, IL-12, and TNF-a) due to in-
creased K63 ubiquitination of TRAF6 and consequently enhanced NF-
kB activation [274]. Furthermore, NLRC3”~ mice, upon treatment with
even low dose of LPS, develop lethal endotoxemia [274]. Thus, NLRC3
has a protective role in sepsis via negatively regulating TLR signaling
mediated by its inhibitory action of MyD88 and TRAF6. Upon stimu-
lation with LPS, NLRC3 associates with PI3-K, blocks activation of AKT
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and mTOR (mammalian target of rapamycin, a serine/threonine kinase,
is the catalytic subunit for both the mTORC1 and mTORC2 complexes)
[275].

The TLR4-induced activation of AKT in macrophages is very im-
portant for the initiation of oxidative phosphorylation (OXPHOS) and
induction of the mitochondrial transcription factor A [276]. Alginate-
derived guluronate oligosaccharide (GOS) readily activates macro-
phages via binding to TLR4 and mediated TLR4/Akt/NF-kB, TLR4/Akt/
mTOR, and MAPK signaling pathways [277]. An increased activation of
the mTOR signaling pathway has been observed in NLRC3”~ BMDMs
upon stimulation with LPS [275]. This activation can be responsible for
the altered cytokine release as inhibiting mTOR signaling by rapamycin
(selectively inhibits the complex comprising of mTOR, mLST8, and
Raptor (mTORC1) via associating with FK506-binding protein 12
(FKBP12), but rapamycin does not inhibit the complex comprising of
mTOR, mLST8, and mTORC2) promotes synthesis and release of pro-
inflammatory cytokines (IL-12p40, IL-12p70 and IL-23 heterodimer,
TNF-a, IL-6) via the transcription factor NF-xB, but suppresses the IL-10
release via STAT3 [278]. The tuberous sclerosis complex protein 2
(TSC2, a key negative regulator of mTOR) knockout murine embryonic
fibroblasts (MEFs) do not produce IL-12p40, and IL-6 and TNF-a pro-
duction also decrease, instead produce higher levels of IL-10 due to
increased STAT3 activity [278]. Thus TSC2 negatively regulates mTOR
activation-mediated pro-inflammatory cytokine release. IL-10 does not
affect the IL-12p40 production in response to the rapamycin-mediated
mTOR inhibition. Rapamycin-mediated IL-12p40 and TNF-a increase
occurs in response to the overactivation of JNK-1 and NF-kB in response
to the LPS. Thus, NLRC3 has a potential to regulate the TLR4 signaling
through several mechanisms, including inhibition of MyD88-TRAF6
interaction, via regulating PI3K and Akt signaling pathway, and mTOR
signaling. Because of these pathways, mice lacking NLRC3 are more
prone to develop sepsis upon LPS exposure.

NLRC5 (NLR family, CARD domain containing 5) is the largest NLR
family member, consisting of 1866 AA with C-terminal 27 LRRs [279].
It plays an essential role in the expression of basal levels of MHC class I
[280]. Cellular expression of NLRC5 is induced by TLR stimulation with
their specific ligands. The induced NLRC5 shuttles between cytosol and
nucleus in a CrmA-dependent manner [281]. Inhibition of NLRC5 in
murine macrophages generates exaggerated level of pro-inflammatory
cytokines (TNF-a, IL-6, and IL-1f) upon stimulation with LPS [281].
The NLRC5-mediated inhibition of TLR signaling is mediated by in-
hibition of NF-xB and type 1 IFN signaling pathway through its inter-
action with, and blocking phosphorylation of, IKK complexes (Table 2)
[282]. NLRC5 deficiency in mice is associated with enhanced IL-6 and
IFN-p production by embryonic fibroblasts (MEFs), peritoneal macro-
phages, and BMDMs upon LPS stimulation [283]. These mice also show
higher levels of IL-6 in serum upon their exposure to LPS [283].
However, some contradictory reports have also been published
[284,285]. Meng et al (2015) have provided more insight in aspect of
NLRC5 and showed that NLRC5 undergoes robust and rapid ubiquiti-
nation by TRAF2/6 upon LPS exposure, causing dissociation of NLRC5
from IkB kinase complex [286]. The ubiquitin specific protease 14
(USP14) removes the polyubiquitin chains from NLRC5 for enhancing
its negative impact on NF-kB signaling [286]. Investigation by these
authors has also indicated that NLRC5-mediated negative impact on
TLR signaling is cell type specific and depends upon the cell’s repertoire
of deubiquitinases. For example, BMDCs do not exhibit the NLRC5
mediated negative impact on TLR signaling due to their reduced ex-
pression of NLRC5 and USP14 [286]. Whereas, BMDMs express higher
levels of NLRC5 and USP14, and peritoneal macrophages express even
their higher levels. Therefore these cell types are differentially sensitive
to NLRC5-mediated regulation of TLR signaling [286]. Thus a feedfor-
ward loop of NLRC5 mediated (de)ubiquitination keeps IKKa and IKKf
mediated NF-«kB activation in check depending on the cell type and
level of NLRC5 and USP14 expression upon exposure to TLR ligands
[287].
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8. Inhibition of TLR signaling by soluble decoy TLRs

ST2 (Serum stimulation 2 factor) is also known as the Interleukin 1
receptor-like 1 receptor (IL1RL1). Its other names include T1, Fit-1
(Fos-induced transcript 1) and DER4 [135,288]. Tominaga et al in 1989
described ST2 for the first time in 1989, and it was cloned as a delayed
early response gene induced in Th2 cells by cell proliferation inducing
stimuli [289-292]. It serves as a part of IL-33 receptor and plays a
crucial role in inflammation in allergic asthma [293]. At least 3 (ST2L,
sST2, and ST2V) protein variants of ST2 are known [294]. ST2L is the
longest protein variant of ST2, which is present as a type I transmem-
brane protein having three extracellular immunoglobulin (Ig)-like do-
mains and an intracellular TIR domain [135,295]. This variant is ex-
pressed in Th2 cells and mast cells, and heterodimerises with the co-
receptor ILIRAP (IL1R accessory protein) to constitute the cellular re-
ceptor for the IL-33 cytokine [293]. Whereas sST2 (the soluble form) is
similar to the extracellular region of ST2L and has 9 extra AAs at its C
terminus [294]. It has only an N-terminal extracellular Ig-like domain,
but lacks both the transmembrane (TM) and the cytoplasmic TIR do-
mains [288]. On the other hand, sST2 acts as a decoy receptor for ST2L,
the function of ST2V, which also lacks the immunoglobulin (Ig) do-
main, remains unknown [288,289,296].

There is another form, ST2LV, found in birds. It lacks trans-mem-
brane domain and its function is also not known (26 2). ST2L in humans
negatively regulates TLR4, TLR2, and TLR9 signaling via binding to and
sequestering MyD88 and MAL through its BB-loop region located in its
TIR domain albeit without impacting TRIF or IRAK activity [297-300].
However, ST2L deficient mice are not susceptible to LPS-induced en-
dotoxic shock as compared to WT mice and did not develop endotoxin
tolerance both under in vitro and in vivo conditions [297]. This phe-
notype of ST2-deficient mice can be explained by the fact that ST2L,
under normal conditions, is present inside the cytosol and is translo-
cated onto the cell membrane at least after 4 h post stimulation with
LPS [135]. This 4 h delay in the expression of ST2L on the cell surface
provides a time frame for the generation of endotoxic or septic shock,
but provides enough time for the development of endotoxin/LPS tol-
erance in the animal [135]. Hence, ST2L provides an effective negative-
feedback mechanism in selective TLRs (TLR2, TLR4 and TLR9 but not
TLR3)-mediated signaling including contribution to endotoxin toler-
ance and inhibition of TH1 responses [135].

sST2 also acts as a negative regulator of TLR-induced pro-in-
flammatory immune response. The levels of sST2 increase under in-
flammatory conditions (upon stimulation with LPS), and thereafter it
binds to macrophages through ST2 receptors, which also increase on
macrophages upon exposure to LPS [301,302]. sST2-IgG fusion protein
inhibits the generation of pro-inflammatory cytokines (IL-6, IL-12, and
TNF-a) from LPS-stimulated macrophages [303]. It also decreases
mRNA expression for TLR4 and TLR1, the exact mechanism of which
remains to be explored [303]. Mice treated with anti-sST2 antibody
exacerbate LPS-induced septic shock and mortality [303]. Additionally,
recent studies have also shown elevated plasma levels of sST2 in human
sepsis patients as early as day 0, and these levels correlate with severity
of sepsis and associated mortality [304,305].

SIGIRR (Single immunoglobulin IL-1R-related receptor) is also
known as TIR (Toll IL-1 receptor)-8. It is a member of the TLR/IL-1R
superfamily and is the only TIR-domain—containing receptor with one
immunoglobulin (Ig) domain in its extracellular region [306,307]. The
sigirr gene was first identified in 1998 and is localized on human
chromosome 11p15.5 [308]. It is highly expressed in epithelial cells of
gastrointestinal tract (GIT), liver, lungs, spleen, kidneys (tubular cells,
on the luminal brush border and basolateral cell membranes), and other
lymphoid organs [308-310]. At the cellular level, SIGIRR is expressed
on NK, B, and T, cells, monocytes, and immature myeloid DC, and its
level of expression keeps on decreasing as the cells mature
[309,311,312]. SIGIRR/TIRS8 plays a crucial role as a negative regulator
of TLR signaling and IL-1R family via directly inhibiting NF-xB and JNK
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activation (Table 2) [306,309,313-316]. For example, SIGIRR-mediated
inhibition of TLR4 signaling pathway involves only its TIR domain to
inhibit the recruitment of IRAK and TRAF6 towards MyD88 [314].
Thus, SIGIRR plays a crucial role in TLR signaling, and SIGIRR”" mice
are more prone to develop skin, lung, and kidney infections along with
their enhanced susceptibility to develop sepsis depending on the strain
of laboratory mice [317,318]. For example, SIGIRR-deficient BALB/c
mice are more prone to develop sepsis, but SIGIRR-deficient C57BL/
6 X 129/Sv mice exhibit normal systemic inflammatory immune re-
sponse upon challenge with LPS [306,311]. However, monocytes iso-
lated from human septic patients exhibit higher levels of SIGIRR as
compared to monocytes isolated from healthy volunteers [313]. The
results may explain a ‘reprogramming’ of these cells in sepsis patients.
The increased expression of SIGIRR may represent a compensatory
mechanism of the patients for downregulating their inflammation. SI-
GIRR serves as a subunit of IL-37 receptor in human. IL-37 inhibits TLR
and members of the IL-1R family-induced signaling and could serve as
an important therapeutic tool for chronic inflammatory conditions in
humans [319].

TLR10 is a member of the TLR family expressed by humans for
which no specific ligand has been identified and hence remains an or-
phan receptor [320,321]. The human TLR10 gene was first cloned in
2001 and was found to be strongly expressed in various lymphoid tis-
sues including spleen, lymph nodes, tonsils and thymus [322,323]. It is
located on chromosome 4 within the TLR2 gene cluster, along with the
genes encoding TLR1, TLR2, and TLR6 [323,324]. In mice, it is present
as a pseudogene, therefore mouse models remain non-informative re-
garding its biological and immunological functions in the host [320].
However, a complete TLR10 gene sequence has been detected in the rat
genome indicating that this species may have functional TLR10 [324].

The expression of TLR10 is highly restricted; it is expressed in a
highly N-glycosylated form in certain human B and monocytic cell
lines, pDC isolated from human tonsils, Langerhans cells (LCs), per-
ipheral blood B cells, and monocytes [320,324]. Phylogenetically,
TLR10 is closely related to TLR1 and TLR6, and forms a heterodimer
with TLR1 [321]. The TLR1-TLR10 heterodimer localizes in the pha-
gosomes and recognizes the same PAMPs that are specific for TLR2
[321]. On its own, TLR10 is not known to recognize any PAMP. Even
after ligation with specific PAMPs, TLR10-TLR2 heterodimer does not
activate the typical TLR signaling pathway highlighting an inhibitory
role of TLR10 in the heterodimer-induced signaling [321]. Thus, human
TLR10 exhibits a tendency to cooperate with TLR2 in the recognition of
different bacterial and fungal PAMPs and modifies TLR-mediated sig-
naling [321].

The genetic variation within the TLR10/1/6 gene locus is a major
common genetic factor that explains inter-individual variation in TLR1/
2-mediated cytokine responses in humans and most highly-associated
SNPs fall within the TLR10 gene region [325]. Thus, variation in the
expression of TLR10 gene determines an individual’s response to TLR2
specific PAMPs and has implications for the development of sepsis and
inflammatory diseases. This notion is further supported by a study in-
dicating that humans with loss-of-function SNPs in the TLR10 gene
locus exhibit an increased TLR2-mediated cytokine production upon
exposure to Gram-positive bacteria or their PAMPs [326]. For example,
PBMCs isolated from individuals harboring N241H (rs11096957) and
M326T (rs11466653) SNPs (responsible for degrading TLR10) upon
stimulation with Pam3Cys (a TLR2 ligand) or live Borrelia burgdorferi (a
spirochete that is the causative agent of Lyme Disease) show a higher
production of IL-1p, IL-6, IL-8, and TNF-a due to a lack of functional
TLR10 [326].

The anti-inflammatory effect of TLR10 has further been confirmed
in mice expressing human TLR10 as a transgene. The mice exhibited
decreased innate immune response with lower plasma IL-6, CXCL1, and
IL-8 levels in response to challenge with TLR2 ligands [326]. In addi-
tion to its inhibitory action on TLR2 signaling, TLR10 also exerts its
negative impact on LPS-induced TLR4 signaling via inhibiting MyD88-
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and TRIF-inducing IFN-B-mediated signaling (Table 2). More specifi-
cally, it inhibits degradation of IkBa and phosphorylation of MAPK. For
these inhibitory actions on TLR4, a homodimeric form of TLR10 is re-
quired [322]. The transgenic mice expressing human TLR10, upon ex-
posure to LPS, also secrete lower levels of pro-inflammatory mediators
of endotoxemia (IL-6, TNF-a, and type 1 IFNs) [322]. Thus TLR10 also
has a potential to decrease the pro-inflammatory immune response
observed during sepsis via negatively inhibiting the TLR4 signaling.
TLR10 negatively impacts activation and differentiation of monocytes
via inhibiting TLR- as well as CD40-activated signaling pathways [327].
Thus, TLR10 negatively regulates TLR1, TLR2, and TLR4 signaling that
are major TLRs playing crucial roles in the pathogenesis of bacterial
sepsis and its outcomes. Future studies will be helpful in this direction
to design better therapeutic agents activating TLR10 to reduce sepsis-
associated multi organ damage and morbidity.

9. Miscellaneous inhibitors of TLR signaling that are not direct
players in the TLR-activated signaling cascade

Activating transcription factor-3 (ATF3) belongs to the activating
transcription factor/cAMP response element (ATF/CREB) family of
bZip (basic Leucine Zipper) transcription factors that bind to the con-
sensus cAMP response element (CRE) sequences (Table 2) [328]. Sti-
mulation of macrophages with LPS or Bacillus Calmette Guerin (BCG)
induces ATF3 synthesis [329,330]. This increase in ATF3 in stimulated
macrophages initiates the induction of negative feedback loop to
modulate the TLR4 signaling, and inhibits the synthesis of IL-6 and IL-
12 cytokines [331]. Furthermore, ATF3 not only inhibits TLR4 sig-
naling, but also other TLRs, including TLR2/6, TLR3, TLR5, TLR7, and
TLR9 in both macrophages and DCs [332]. Macrophages and DCs de-
ficient in ATF3 secrete higher levels of IL-6 and IL-12 upon stimulation
with different TLR agonists [332]. ATF3”" mice also show inhibitory
action of ATF3 on TLR signaling and the release of pro-inflammatory
cytokines (IL-6 and IL-12). Furthermore, ATF3”" mice also show in-
creased mortality and decreased bacterial clearance following Strepto-
coccus pneumoniae-induced pneumonia [333]. The urinary ATF3 levels
can be used as a biomarker for sepsis-associated AKI [334]. Thus, ATF3
is a crucial player in the pathogenesis of sepsis due to its negative im-
pact on multiple TLRs and could serve as a biomarker for sepsis-asso-
ciated kidney injury.

The therapeutics activating ATF3 or treatment with Adenovirus-
associated ATF3 should be explored during bacterial sepsis or sepsis-
associated with severe CVOID-19. The adeno-associated virus-mediated
ATF3 gene transfer in ATF3 KO mice protects them from sepsis-induced
mortality and decreases the concentration of pro-inflammatory med-
iators, including IL-6, TNF-a, NO, MCP-1, and HMGBI in the lung tis-
sues or serum [335]. Hence, ATF3 has a potential to inhibit sepsis and
severe COVID-19-induced cytokine storm. Further studies are needed in
the direction. However, ATF3-based therapeutics should be indicated in
during the early stages of sepsis with increased pro-inflammatory im-
mune response as during SAIS it may cause further immunosuppression
that may increase the predisposition of the host to secondary infections
due to the increased suppression of IL-6 [336]. Hence, ATF3-based
therapeutics should be contradicted in patients with SAIS.

Interleukin 37 (IL-37) is also known as IL-1 family member 7 (IL-
1F7). The cytokine exists in its five splice variants (a-d), which were
discovered and given different names in the past [337,338]. Of these
splice variants, isoform b (or IL-37b) is the most prevalent and widely
studied. IL-37 is a member of the IL-18 subfamily and IL-1 cytokine
family, and was identified in 2000 by three independent research
groups using in silico technology [339,340]. IL-37 induction occurs via
TLR4 and TLR2 activation in response to their corresponding ligands
(LPS or Pam3CSK,) [341]. The gene is constitutively expressed at
mRNA level, but is rapidly degraded due to the presence of an mRNA
instability motif in its exon 5. Upon cell activation by TLR or IL-1RF
members, IL-37 mRNA is stabilized and translated [342]. For this
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reason, inflammatory stimuli induce an increase in IL-37 levels in tis-
sues and plasma. For example, sepsis patients have elevated serum IL-
37 level that well correlates with IL-1f3 levels [343]. No IL-37 homo-
logous gene has so far been detected in mice. IL-37 binds IL-18Ra
(which is also used by IL-18) and recruits SIGIRR for transducing its
inhibitory signal [344]. Although mice do not produce IL-37, human IL-
37 functions as a potent anti-inflammatory cytokine. On one hand SI-
GIRR KO mice are hyper-responsive to LPS and other TLR agonists, on
the other hand, IL-37 transgenic mice are relatively resistant to TLR
agonists [337,338]. Inhibition of IL-37 activity by siRNA significantly
increase the production of several pro-inflammatory mediators (IL-1f3,
IL-1a, GM-CSF, C-CSF, IL-6, and TNF-a) from human PBMCs when
stimulated with either LPS or Pam3CSK4 [341]. The inhibition also
increasingly activates the TLR2-TLR6 heterodimer signaling upon its
stimulation with MALP-2 (Mycoplasma-derived lipoprotein-2) [341].
The RAW 264.7 macrophage cell line stimulated with different TLR4
agonists also shows similar results [341].

The inhibitory action of IL-37 on the release of pro-inflammatory
cytokine occurs due to its interaction with Smad3 (Mothers against
decapentaplegic homolog 3), an important mediator for TGF-B-induced
signaling [341]. Furthermore, it also inhibits mTOR and GSK-3a/f3, and
activates Mer-PTEN-DOK and AKT pathways. The group has further
shown the protective effects of IL-37 in mice against LPS induced en-
dotoxemia due to decreased production of pro-inflammatory cytokines,
decreased activation of DCs via LPS and modulation of other patho-
physiological markers of sepsis [341]. IL-37-mediated inhibitory effect
on LPS or Pam3CSK, by TLR4 and TLR2 activation, respectively, is
dependent on the inhibition of MyD88 adaptor activity without af-
fecting the TRIF-dependent TLR3 activation (Table 2) [345]. IL-37 also
inhibits inflammasome assembly, caspase-1 activation, and maturation
and release of cytokines such as IL-1(3 and IL-18 [346]. In addition, IL-
37 released as consequence of TLR signaling forms a tripartite complex
with IL18Ra and IL-1R8 (SIGIRR) that has a potent inhibitory action
through many MyD88-independent mechanisms [344,347,348]. For
example, IL-37 and IL-1R8 (SIGIRR) signaling has a boosting effect on
TAM family of receptor kinases that are well known inhibitors of TLR
signaling via inducing the activation of SOCS1 and SOCS3 [118]. IL-37
via SIGIRR also increases the expression of adaptor p62 (DOK) and
inhibits the activation of Erk through TLR4-LPS signaling [112]. IL-37
via SIGIRR or IL-1R8 also inhibits TAK1 a central mediator of various
inflammatory pathways (that is IL-1R1, IL-18R, TNF and antigen re-
ceptors on T and B cells) along with all TLR-signaling pathways
[344,349]. The increased IL-37 levels in the serum of sepsis patients
have been reported and correlate with IL-1f levels [343]. Thus, IL-37 is
another host-derived cytokine with a great potential to inhibit TLR2
and TLR4 signaling involved in the immunopathogenesis of bacterial
sepsis. This TLR inhibitory action of IL-37 during sepsis can be further
studied to design a new therapeutic approach for sepsis. Thus, IL-37 is
another host-derived molecule that could use multiple mechanisms to
inhibit TLR-induced cytokine storm could be target to design a new
therapeutic approach for sepsis.

10. Future perspective and conclusion

TLRs are one of the major players in the recognition of microbial
PAMPs and the induction of a pro-inflammatory innate immune re-
sponse to protect the host from the invading pathogen. However, ex-
aggerated and continuous activation of the TLR signaling pathway in
response to continuous exposure to PAMPs (for example, LPS released
from bacteria) and DAMPs released from dying host cells and damaged
tissues results in the generation of cytokine storm, which proves det-
rimental to the host via causing development of multi-organ dysfunc-
tion syndrome (MODS) or more severe multi-organ failure, and ultimate
death of the patient. The TLR-activated signaling pathways not only
induce pro-inflammatory mediators but are also programmed to acti-
vate several negative feedback mechanisms that counter the actions of
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the pro-inflammatory mediators, downregulate their production, and
exert anti-inflammatory, and tissue repairing effects. Their main aim is
to eliminate the pathogen, conclude the TLR-initiated inflammatory
response, restore immune homeostasis and repair damaged tissues.

Still the systemic inflammatory response causing organ damage and
high mortality among sepsis patients remains high and uncontrollable.
We do not know how the TLR-induced negative regulatory mechanisms
fail to fulfil their job of inhibiting exaggerated activation of TLRs and
associated cytokine storm. Many studies have shown that knocking out
the gene responsible for these negative regulatory molecules in mice
make them more prone to develop LPS-induced endotoxemia and as-
sociated endotoxic shock, and increased mortality as compared to WT
mice [95,98]. By and large, we have remained unsuccessful to translate
these findings into clinical settings. For example, the most recent TLR-
based therapeutic agent known as Eritoran (a synthetic MD2-TLR4
antagonist) or E5564 has shown effective negative regulation of TLR4
stimulation and sepsis in animal models [350,351] but proved non-
significant in patients of sepsis and did not lead to decreased 28-day
mortality in comparison to placebo [352,353]. The failure may be due
to different reasons, including the involvement of more than one TLR
(TLR4) in sepsis patients and patients in the phase III trial were not
enrolled on the basis of presence of LPS in the circulation. Also, in
clinical trial for sepsis in future a homogeneous sepsis population with
same source of sepsis (community acquired pneumonia-induced sepsis
or peritonitis-induced sepsis) along with other clinical trial-based cri-
teria should be included to escape the failure of clinical trial. This will
help to get better clinical trials-based results for therapeutics targeting
immune system and TLR signaling-based therapeutics. This failure of
Eritoran to manage sepsis has suggested us the requirement for the
complete rethink in evaluating the novel agents/molecules for sepsis
management. However, Eritoran has successfully targeted the cytokine
storm generated during acute influenza virus infection in experimental
studies [354]. The protective action of Eritoran also involves CD14 and
TLR2. The Eritoran directly binds to the CD14 and prohibits the ligand
binding to MD-2 (myeloid differentiation factor-2) or lymphocyte an-
tigen 96 [354]. Hence, further studies of Eritoran are required to ob-
serve its impact on cytokine storm in severe COVID-19 also. Thus,
failure of Eritoran in the management of sepsis in clinical settings
opened our Pandora box with the hope to use Eritoran and these host-
derived negative regulators of TLRs differently to design future ther-
apeutics to target inflammatory diseases, including cytokine storm as-
sociated with recent pandemic called SARS-CoV2 infection-induced
severe COVID-19 and bacterial sepsis.

For example, research in this direction has established the new role
of Wnt-3 catenin signaling pathway as a negative regulator of LPS-in-
duced TLR4 activation and NF-kB mediated generation of pro-in-
flammatory immune response without any direct interaction between
NF-xB and f-catenin [355]. Also, further study has indicated Wnt3A
(Wnt family member 3A) or dishevelled 3 (Dvl3) activates during TRL4
stimulation and inhibits the exaggerated production of pro-in-
flammatory cytokines (TNF-a, IL-6, and IL-12) and neutrophil infiltra-
tion via regulating GSK-fB-catenin and NF-«B signaling [356]. In addi-
tion, S100 alarmins, comprising of S100 calcium-binding protein A8
(S100A8) [also called myeloid related protein-8 (Mrp-8)] and S100
calcium-binding protein A9 (S100A9) [myeloid related protein-14
(Mrp-14)] are endogenous TLR4 ligands and typically form a hetero-
dimer complex called S100A8/A9 (or Calprotectin) upon their release
from myeloid cells [357]. They prove detrimental to adult animals
suffering from sepsis [357]. These S100-alarmins induce stress toler-
ance in phagocytes under sterile inflammatory conditions [358]. Ulas
et al (2017) have shown that high levels of these S100 alarmins at birth
exert their protective effect on neonatal sepsis via inducing MyD88-
dependent hyporesponsiveness to LPS, but preserve the antimicrobial
action of innate immune system [359]. Thus, host-derived TLR reg-
ulatory mechanisms which are protective to newborn but detrimental to
later in life in adults or vice versa needs to be carefully studied at all
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levels, and different age groups of people as sepsis affects everyone
without making a discrimination on the basis of age, gender and race.

The genetic variants of A20, a negative regulator of TLR signaling,
has been studied in relation to other inflammatory disease, including
inflammatory bowel disease (IBD), rheumatoid arthritis (RA), systemic
lupus erythematosus (SLE), diabetes, and atherosclerosis [360,361].
However, study of incidence of sepsis in these group of people ex-
hibiting genetic variations in the A20 gene may provide a direct evi-
dence to target sepsis via A20-based therapeutic approach in humans.
In this direction, a study has shown that a specific group of people in
China (Chinese Hans) exhibiting rs5743867 in TOLLIP gene are re-
sistant to develop sepsis [137], and TOLLIP based therapeutic approach
has a great potential in sepsis management. Other than genetics, post-
translational modifications (ubiquitination, phosphorylation, SUMOy-
lation etc.) of TLR-signaling components can also be used as novel
therapeutic approaches to target sepsis and associated cytokine storm.
Future studies in the direction will open the Pandora Box where not the
evil but the novel therapeutics will come out to take care of cytokine
storm during sepsis and severe COVID-19.

In conclusion, TLR-signaling mediated induction of cytokine storm
plays a crucial role in bacterial sepsis and acute viral infection (severe
COVID-19)-associated cytokine storm responsible for multi organ
failure and death among patients. Thus understanding and studying
endogenous negative regulators of TLR signaling may provide novel
therapeutic targets against cytokine storm generated during different
diseases, including sepsis and sever COVID-19. Endogenous negative
regulators of TLR signaling have potential for gene-based therapeutics
or gene therapy for cytokine storm during sepsis and severe COVID-19.
However, these endogenous negative regulators of TLR signaling should
be used cautiously depending on the pathogen-type inducing the cy-
tokine storm and sepsis, age, immune status, comorbidities, and sex of
the patients during experimental and clinical setting to escape from
failure. Further studies will prove helpful in the direction.
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