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Toll-like receptors (TLRs) are the most studied receptors among the pattern recognition receptors (PRRs). They act as microbial
sensors, playing major roles in the regulation of the innate immune system. TLRs mediate their cellular functions through the
activation of MyD88-dependent or MyD88-independent signaling pathways. Myd88, or myeloid differentiation primary
response 88, is a cytosolic adaptor protein essential for the induction of proinflammatory cytokines by all TLRs except TLR3.
While the crucial role of Myd88 is well described, the contribution of other adaptors in mediating TLR signaling and function
has been underestimated. In this review, we highlight important results demonstrating that TIRAP and TRAM adaptors are
also required for full signaling activity and responses induced by most TLRs.

1. Introduction

The history of Toll-like receptors (TLRs) over the last 30
years begins with the discovery of the Toll gene responsible
for Drosophila dorsoventral patterning during development.
This was followed by the discovery, in 1996, that Drosophila
Toll is involved in antifungal responses [1]. Since then, TLRs
have been identified in invertebrates and vertebrates, includ-
ing mammals, and their role in innate immunity has been
extensively studied. The first mammalian homolog of Dro-
sophila Toll was identified in 1997 as hToll, now termed
TLR4 [2]. Today, the TLR family includes ten members in
human (TLR1-TLR10) and twelve in mouse (TLRI1-TLR9
and TLR11-TLR13) [3].

TLRs belong to the innate immunity receptor superfamily
pattern recognition receptors (PRRs) [4]. TLRs consist of a
cytoplasmic Toll-interleukin-1 receptor (TIR) domain con-
served between TLR and the interleukin-1 receptor (IL-1R)
families, as well as extracellular leucine-rich repeats (LRRs)
[5]. Ubiquitously expressed [6], TLRs detect specific microbe-
, pathogen-, and damage-associated molecular patterns, respec-
tively, named MAMPs, PAMPs, and DAMPs, through LRR
motif binding [7]. TLR-dependent recognition of microbial
components triggers innate immune activation by regulating

proinflammatory gene expression, among others. Individual
TLRs differentially distributed within the cell interact with spe-
cific microbial-derived ligands. For example, TLR1, TLR2,
TLR4, TLR5 and TLR6 are expressed on the cell surface and
recognize conserved motifs on extracellular microorganisms
like bacteria, fungi or protozoa [8]. In contrast, TLR3, TLR7,
TLRS, and TLRY are mostly expressed in the endo-lysosomal
compartments [9-11]. During viral infection, receptor-
mediated virus entry is usually directed to the cytoplasm, but
occasionally, the virus enters the endosomal compartment.
This may result in viral particle degradation, causing endoso-
mal TLR ligand exposure to double- and single-stranded ribo-
nucleic acids (dsRNAs and ssRNAs), which are TLR3 and
TLR?7/8 ligands, respectively [12].

Microbial motif recognition promotes TLR dimerization.
TLR2 forms a heterophilic dimer with TLR1 or TLR6, while
TLRs may form homodimers in other cases [13]. TLR
dimerization activates signaling pathways that originate
from the conserved intracellular TIR domain. Downstream
of TIR, the TIR domain-containing adaptor myeloid differ-
entiation primary response 88 (MyD88), is essential for the
induction of proinflammatory cytokines, such as tumor
necrosis factor-a (TNF-«) and interleukin-12 (IL-12) by all
TLRs, except TLR3 [14]. Notably, TLR signaling operates
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through MyD88-dependent or MyD88-independent path-
ways. While a major role for Myd88 in mediating TLR sig-
naling and function has been well described [15], the
contribution of other signaling adaptors has been underesti-
mated (Figure 1).

In this review, we highlight important results suggesting
that TIRAP and TRAM adaptors are also required for full
signaling activity and responses induced by most TLRs.

2. TLR Adaptors: An Overview

2.1. MyD88. MyD88, the universal adaptor protein for all
TLRs except TLR3, triggers the activation of the proinflam-
matory nuclear factor-«B (NF-«xB) pathway. Inflammatory
cytokines are not induced in MyD88-deficient mice in
response to stimulation by all TLRs but TLR3 [16]. MyD88
contains a N-terminal death domain (DD) and a C-
terminal TIR domain [17], which associates with the TLR
intracellular TIR domain after ligand stimulation. MyD88
recruits IL-1 receptor-associated kinase 4 (IRAK4) through
DD-DD interactions and facilitates IRAK4-mediated phos-
phorylation of IRAK1 [18] for TNF receptor-associated fac-
tor 6 (TRAF6) engagement. Both IRAK1 and TRAF6 are
polyubiquitinated in response to TLR agonists, then activat-
ing mitogen-activated protein kinases (MAPK) and NF-«B
signaling pathways [19].

2.2. TIR Domain-Containing Adaptor Protein (TIRAP). The
search for Myd88 structurally related proteins identified TIRAP
[23]. Similar to MyD88-deficient macrophages, Tirap-deficient
macrophages are impaired for cytokine production, following
TLR2 and TLR4 stimulation [24]. The activation of MyD88-
dependent pathways requires the TIRAP adaptor to bridge
MyD88 to TLR4 [25]. While TIRAP bears a C-terminal TIR
domain for TLR interaction (Figure 2), TIRAP lacks a motif
to associate with downstream signaling effectors, as opposed
to MyD88 which possesses a DD domain [26]. Importantly,
TIRAP carries a N-terminal phosphatidylinositol-4,5 bispho-
sphate (PIP,) binding motif enabling its recruitment to the
plasma membrane [27]. Indeed, TLR4 initially recruits TIRAP
at the plasma membrane, then MyD88, triggering NF-xB and
MAPK pathways. Subsequently, TLR4 endocytosis and deple-
tion of PIP, from the plasma membrane release TLR4 from
the TIRAP-MyD88 complex [28, 29]. This allows TLR4 to asso-
ciate with TRIF-related adaptor molecule (TRAM) and then
TIR-domain-containing adaptor-inducing interferon- (TRIF)
(Figure 3) for endosomal signaling.

2.3. TRAM and TRIF: The Endosome Specific Adaptor
Molecules. Metadatabase searches led to the discovery of
TRAM (Figure 2) [30]. Similar to the TIRAP and MyD88 pair,
TRAM is required for TRIF adaptor engagement [22]. In con-
trast to TIRAP, TRAM is myristoylated at its N-terminus [31]
(Figure 3), allowing anchoring to the endosomal membrane.
Mutations abolishing TRAM myristoylation restrain TRAM
cytoplasmic localization, thereby inhibiting TRIF-generated
signal transduction by TLR4 [31]. In addition, cell treatment
with dynasore, a dynamin 2 guanosine triphosphate (GTPase)
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pharmacological inhibitor, demonstrated that TLR4 internali-
zation mediates TRAM/TRIF signaling [22, 32].

Notably, TRIF is involved in antiviral protection by pro-
moting the secretion of antiviral-specialized cytokines, namely,
type I Interferons (IFN I:IFN-a and IFN-f) [33]. TRIF is
recruited downstream of endosomal TLRs recognizing nucleic
acids. This specific endosomal location, along with nucleic acid
specific binding, protects from host DNA or mRNA detection-
mediated autoimmunity. Indeed, lipofected host DNA stimu-
lates TLR9 [34]. Viral carbohydrate and lipid structures are
very similar to those observed in host cells and therefore do
not represent suitable PAMPs. Instead, the immune system
has evolved to express PRRs—TLRs included—that recognize
viral nucleic acids [35]. For instance, TLR3 recognizes
double-stranded RNA (dsRNA), and TLR9 binds unmethy-
lated cytosine-phosphate-guanine (CpG) dinucleotides [36,
37]. Of note, Trif-deficient mice show impaired IFN-f expres-
sion in response to TLR3 and TLR4 ligands [38]. Thus, even if
TLR4 detects bacterial MAMPs at the cell membrane, TLR4
induces antiviral pathways when localized within endosomes
[28]. In 2014, more than ten years after this discovery, a similar
function has been detailed regarding TLR2 [39].

3. TLR2 and TLR4: The “Only” TIRAP-
Dependent TLRs

Signaling through TLR4, the most investigated TLR, has been
well dissected in comparison to other TLRs (Figure 1).
MyD88, the first identified TLR adaptor downstream of
TLR4 [14], is considered to be the adaptor “of choice” for
other TLRs, except TLR3. However, this MyD88-only
assumption has been challenged by various studies, suggesting
that TIRAP- and TRAM-dependent signaling may be used in
a larger set of TLRs. In 2002, two works have revealed that
TIRAP is specific to TLR2 and TLR4 [24, 40]. Recent reviews
still mention these two papers [41-43]. In this section, we
explore and contextualize those two hyperreferenced studies.

In 2001, flagellin was identified as a ligand for TLR5
(Figure 4). A year later, it was revealed that Tirap-deficient
mice are still responsive to flagellin, implying that TLR5 sig-
naling is TIRAP-independent [24]. However, TLR5 is not
the only flagellin sensor. Indeed, NOD-like receptor caspase
activation and recruitment domain-containing protein 4
(NLRC4 inflammasome) is very sensitive to flagellin [44]
in the cytosol of myeloid cells [45]. Unfortunately, no cellu-
lar assessment was done to discriminate this in 2002, five
years before the discovery that another sensor may play a
compensatory role [24]. Since then, the idea that TLR5 sig-
naling is TIRAP-independent became the norm.

In 2002, it was demonstrated that NF-xB and MAPK
induction downstream of TLR9 was TIRAP-independent
[24]. It was shown that Tirap-deficient macrophages activate
NF-«B with delayed kinetics in response to TLR2 and TLR4
agonists, but not CpG [24]. Nevertheless, according to the
NF-«B assay, TLR2- and TLR4-mediated activations are fast
(20 and 10 minutes, respectively), while NF-«xB activation
does not start before 60-minute downstream of TLR9. No
intermediary time was tested to exactly evaluate if the kinet-
ics in response to CpG is delayed or not. MAPK assays were
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Research on toll-like receptors Research on TLR-related adaptors

TLR9: 10.2%
TLR8: 2.3%
TLR7:7.2%
TLR5:3.3% .

TLR4: 45.9%

TRAM: 0.9%

TIRAP: 4.7%
TRIF: 15.8%

TLR2: 22.0%

TLR3:9.0%

MyD88: 78.6%

Ficure 1: TLR4 and MyD88 hegemony in TLR research. The number of publications regarding each TLR and TLR-related adaptor
referenced in PubMed® was calculated on 27™ October 2022. 28,034 publications regarding TLR4 were found; 13,431 on TLR2; 6,237 on
TLRY; 5,516 on TLR3; 4,426 on TLR7; 2,011 on TLR5; 1,435 on TLRS8; 10,148 on MyD88; 2,037 on TRIF; 601 on TIRAP; and 118 on TRAM.
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FIGURE 2: Structural view of human TIRAP and TRAM adaptor proteins. TIRAP contains a N-terminal PIP,-binding motif and a PEST
domain, allowing polyubiquitination for rapid proteasomal degradation through suppressor of cytokine signaling 1 (SOCS1) binding
[20]. TIRAP contains a C-terminal TIR domain. Its TRAF-6 binding motif permits direct association with TRAF6 for activation [21].
TRAM contains a N-terminal bipartite sorting signal that comprises its myristylation glycine site and controls its trafficking between the

plasma membrane and the endosomes [22]. Similar to TIRAP, TRAM contains a C-terminal TIR domain.

then performed [24]. MAPKSs are not activated before one
hour of CpG stimulation, but the phosphorylation status of
JNK and p38 is reduced downstream of TLRY in Tirap-defi-
cient macrophages compared with wild-type macrophages.
Unfortunately, these results were not taken into consider-
ation by the authors. Subsequently, TLR9 gained its “directly
binds MyD88” notoriety [46]. Additional studies would have
been needed to further our understanding of the TLRY-
induced signaling through other adaptors (Figure 1).

All these discoveries emerged during a very frenetic
period (Figure 4) where information appeared as things
progressed, without the supporting data to have a better
view of TLR signaling. TLR4- and MyD88-related studies
were particularly favored (Figure 1).

4. TLR5, TLR7, TLRS, and TLR9 Are Not “Only
MyD88-Dependent” TLRs

4.1. TLR5. TLR5 is plasma membrane-localized and recog-
nizes flagellin from invasive motile bacteria [47]. It has been
well-described that TLR5 is only Myd88-dependent for its
downstream signaling [48]. Yet, Choi et al. have demon-
strated that TLR5 does require TIRAP to induce NF-xB-
dependent responses. Indeed, reduced Tirap gene expression
in cultured colonocytes impaired the response to flagellin.
Further immunoprecipitation experiments confirmed direct
interaction between TLR5 and TIRAP, following flagellin
exposure [49]. Of note, colonocytes represent a more rele-
vant experimental model for TLR5 signaling studies, since
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F1GURE 3: Schematic representation of the adaptors that bind the TIR domain of TLRs. TIRAP is preferentially localized at the cytoplasmic
membrane through a PIP,-binding domain and recruits MyD88. Myristoylated TRAM localizes at the endosomes and triggers IFN I
production via TRIF. Abbreviations: MAPKs: mitogen-activated protein kinases; MyD88: myeloid differentiation primary response 88;
NF-«B: nuclear factor-xB; PIP,: phosphatidylinositol bisphosphate; TIRAP: Toll/interleukin-1 receptor domain-containing adaptor
protein; TLR: Toll-like receptor; TRAM: TRIF-related adaptor molecule; TRIF: TIR domain-containing adaptor-inducing interferon-p.

The history of toll-like receptors and their signaling:
summarized timeline of discoveries

Flagellii? isfof the TLR7 and TLR8 are
proposes the concept TLRY is characterized ﬁrst.tlme identified as reported to recognize
of pattern recognition as the receptor for a ligand for TLRS. viral ssRNA.
receptors. CpG-DNA. TLRS senses TLR7/8 sense
PRRs TLRY senses CpG flagellin ssRNA

Charles Janeway

1998 2001 2003
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TLR4 senses LPS

TLR4 is identified as the
signaling receptor for A database search for Further database
LPS. molecules related to searches led to the
MyD88 led to the identification of TRAM.
identification of TIRAP.

F1GURE 4: The history of Toll-like receptors and their signaling: summarized timeline of discoveries. Abbreviations: CpG-DNA: cytosine-
phosphate-guanine-deoxyribo-nucleic acid; LPS: lipopolysaccharide; MyD88: myeloid differentiation primary response 88; PRRs: pattern
recognition receptors; ssSRNA: single-stranded ribonucleic acid; TIRAP: Toll/interleukin-1 receptor domain-containing adaptor protein;
TLR4/5/7/8/9: Toll-like receptor 4/5/7/8/9; TRAM: TRIF-related adaptor molecule.
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they barely express NLRC4 [50]. Intriguingly, flagellin has
been recently found to mediate IFN-f production in macro-
phages, after TLR5 internalization from the plasma mem-
brane to endosomes [51]. In addition, TLR5 signaling was
shown to be TRIF-dependent in human colonic cells [52].
TRIF directly interacts with TLR5 upon flagellin stimulation
in NCM460 colonic cells [52]. In this study, TRAM also
directly interacts with TLR5 in nonstimulated conditions,
as opposed to TRIF. Unfortunately, this result was not taken
into consideration by the authors, and more studies are
required to elucidate such observation. Altogether, adaptors
other than MyD88, including TIRAP and TRIF, may con-
tribute to the induction of TLR5 downstream signaling.

4.2. TLR7 and TLR8. TLR7 and TLRS are endosomal TLRs rec-
ognizing ssRNA, the reason why both are often represented
together in the endosomal compartment. Additionally, TLR7
and TLR8 share common synthetic agonists, such as R-8748
(resiquimod) [53] or gardiquimod [54]. Even though they are
localized in endosomes, TLR7 and TLR8 activate NF-«xB and
IFN I-generating pathways [55]. In 2015, by using a peptide
(decoy peptide 2R9) that blocks TIRAP recruitment, Piao
et al. have shown that TLR7- and TLR8-dependent NF-xB acti-
vations are TIRAP-dependent in macrophages [56]. More
recently, experiments on Carp Toll-like receptor 8 (Tlr8) have
disclosed that TLR8 can directly interact with the TIRAP adap-
tor and that such interaction is necessary for MyD88-dependent
responses [57]. Regrettably, few researches have been done on
TLR8 (Figure 1), and therefore, functional studies on mamma-
lian TIRAP and TLRS8 interactions are still lacking.

Interestingly, TRIF engagement and IFN secretion by
TLR7 require another adaptor protein, TRAM [58]. Indeed,
while Tram-deficient macrophages exhibit a complete NF-
kB response to the TLR7 ligand imiquimod, IFN I secretion
is abolished. Whether TRAM may also play a role in TLR8
transduction has never been investigated. A potential TRAM
compensatory role may explain why, in 2002, there was no
impaired proliferation of Tirap-deficient splenocytes to R-
848 [24]. But TRAM was discovered a year later (Figure 4),
and such possibility could even not be suggested. Further-
more, downstream of TLRs, MyD88 activation, is required
for cell division [59], which could explain why MyD88-defi-
cient splenocytes show impaired proliferation to R-848 [24].
Taken together, these recent data suggest that, in addition to
the known role of Myd88, TIRAP and TRAM can be
involved in TLR7 and TLR8 signaling. However, one ques-
tion remains: how endosomal TLR7 and TLR8 could activate
both MyD88-dependent and -independent pathways? The
beginning of an answer is provided by studies on TLR9
detailed as follows.

4.3. TLRY. TLRY is an endosomal TLR that detects unmethy-
lated CpG dinucleotides from viral and bacterial DNA [60]
and is located in endosomes. TLRY activation triggers NF-
«B and IFN T signaling pathways [61]. TIRAP expression
enhances the MyD88-dependent response mediated by
TLRY [62]. Moreover, immortalized bone marrow-derived
macrophages (iBMDMs) isolated from Tirap KO (knockout)
mice do not respond to ODN1668, a TLR9 agonist [56].

iBMDMs represent a useful experimental model to explore
signaling, as they retain the signaling properties of primary
macrophages [62]. TLR9-provoked secretion of TNF-« and
IL-6 is TIRAP-dependent in iBMDMs [56]. In this study,
these data were confirmed by using a decoy peptide that
directly targets TIRAP. More recently, the same group has
demonstrated that ODN-induced cytokine secretion and
lethality are abrogated by intraperitoneally pretreating mice
with the 9R34 decoy peptide, a more specific TLR9 inhibitor
[63]. Finally, Tirap-deficient macrophages infected with her-
pes virus simplex (HSV), a natural TLR9 activator, are
unable to trigger NF-«B signaling [62].

The use of two structurally diverse synthetic TLR9 ligands
uncovers surprising outcomes. Plasmacytoid dendritic cells do
express TLR7 and TLR9 within endosomal compartments
[64], which allow these cells to produce high amounts of
IEN type I, in contrast to conventional dendritic cells [65].
CpG-A treatment led to increased IFN I production in mouse
plasmacytoid dendritic cells, while proinflammatory cytokine
release, related to NF-«xB activation, was induced only in
response to CpG-B [66]. The authors explained their data
through distinct localization of both ligands, since CpG-A
and CpG-B do not always traffic in the same way within cells.
For instance, in plasmacytoid dendritic cells, CpG-A is
retained in early endosomes, whereas CpG-B translocates to
late endosomes and lysosomes [67].

Dendritic cells are professional antigen-presenting cells,
also acting as mediators between the innate and the adaptative
immune systems [68]. Primary dendritic cells, namely, bone
marrow-derived dendritic cells (BMDC:s), represent an inter-
esting working model, as primary BMDC cultures can be
matured in a number of cell types, including dendritic cells
and macrophages [69]. In BMDCs, CpG-A and CpG-B ligands
are both transported to late endosomes and lysosomes, leading
to NF-xB responses. In addition, conventional dendritic cells
produce IFN I when stimulated with dioleoyl-3-trimethyl-
ammonium propane- (DOTAP-) lipofected CpG-A, which is
retained in endosomes [67]. PI(3,5)P,, abundant in late endo-
somes and lysosomes [70], facilitates the anchoring of TIRAP
in response to CpG [71]. In plasmacytoid dendritic cells,
TLRY stimulation initiates IFN I expression in a TRIF-
dependent manner [72], which was recently confirmed in
macrophages [73]. But studies on the role of TRAM in
endosome-mediated TLR9 responses are still missing. Taken
together, these data support a model in which TLR9 function-
ally traffics within the cell to trigger distinct pathways, by
recruiting different signaling adaptors other than Myd88, with
differences related to the cell type. Most of the research on
TLR9 has been done in plasmacytoid dendritic cells, specialized
in antiviral responses [65]. It would be relevant to see if similar
results can be observed in other cell types.

5. Why the Endosomal Trio TLR7/8/9 Is
Believed to Be MyD88-Dependent

As opposed to IRF3, the IFN-beta-specialized transcription
factor, IRF7, is less specific and promotes both IFN-alpha
and IFN-beta transcriptions [74]. Like IRF3, IRF7 is phos-
phorylated by members of the IxB kinase family (IKKs),



including IKK«, IKKp, IKKe, and TRAF-associated NF-«B
activator-binding kinase 1 (TBKI1) [75]. IKK«a and IKKf
are also involved in the canonical NF-«B pathway. Despite
redundancy, IKKe and TBK1 are the two more specialized
kinases in IRF3 phosphorylation-promoted activation [76].
Some papers have provided explanations for this preference.
Indeed, IRF3 regulation requires phosphatidylinositol-5-
phosphate (PI5P) [71]. PI5P, which is enriched in mem-
branes of early endosomes during viral infection, binds to
both IRF3 and TBKI1 to facilitate complex formation [71].
TRAM, involved in TBK1 and IRF3 activations, binds
phosphatidylinositol-3-phosphate (PIP3) and PI5P [22]
and is localized to early endosomes as well. Findings on
phosphoinositide-mediated effector recruitment in TLR sig-
naling are summarized in Table 1. IRF7 interacts with
MyD88 and TRAF6 [77], required for IKK engagement
and IKKa- and IKKf-induced IRF7 phosphorylation [75].
IRF7 is thus activated downstream of TLR7, TLRS, and
TLRY, all recognized to “directly bind MyD88.”

Very recently, it has been demonstrated that TIRAP is
also necessary for IRF7 phosphorylation in macrophages
and human plasmacytoid dendritic cells, by bridging
MyD88 to TLR7 [79]. Whether TLR8 and TLRY adopt a
similar requirement for TIRAP to activate IRF7 remains to
be determined. Of note, in plasmacytoid dendritic cells, the
TLRY agonist CpG-A, initiating IFN I release, colocalizes
with IRF7 in early endosomes [66]. TIRAP binds to
PI(4,5)P, at the cytoplasmic membrane and to PI3P on early
endosomes [17, 27, 78]. Thus, while IRF7 activation is
MyD88-dependent, some recent data suggest that TIRAP
may be needed for such activation.

6. An Emerging Model for TLR/TIRAP/
MyD88 Signaling

According to an emerging TLR signaling model (Figure 5), all
TLRs except TLR3 are TIRAP-dependent for MyD88-
mediated pathways [80]. However, one question remains: what
is the biological relevance of the TIRAP bridging adaptor,
knowing that all TLRs can directly bind MyD88 through TIR-
TIR interactions? Answers are provided by crystallographic
structural studies and by the myddosome discovery [81, 82].
The myddosome is a multiproteic and functional signaling
complex, including six MyD88, four IRAK4, and four IRAK1
subunits [41, 80], triggering NF-xB activation. 3D structures
reveal that each TLR4 homodimer recruits two TIRAP homodi-
mers, each recruiting in turn four MyD88 molecules [80]. So,
eight MyD88 molecules are clustered following TLR4 homodi-
merization, which is enough to engage a myddosome. By ampli-
fying MyD88 engagement, TIRAP allows transduction of
favorable signal downstream of TLRs. This TLR4-dependent
pattern may be valid for all TLRs except TLR3, according to
the authors [80] and discussed in a recent review [83].

7. Clinical Relevance

7.1. TIRAP Gene Polymorphisms and Pathogenesis. TLR recep-
tors evolved before the adaptive immune system to form an
indispensable first line of innate defense [84]. TLRs play key
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roles in homeostatic as well as in pathogenic responses in
many disease settings. TLR signaling represents an important
target for putative treatments. As we mentioned before,
TIRAP and TRAM are essential TLR bridging adaptors, while
largely neglected in the scientific literature, as opposed to
Myd88 (Figure 1). Remarkably, small nucleotide polymor-
phisms (SNPs) of TLRs and their adaptors are associated with
infections and other diseases, such as atherosclerosis, asthma,
or colorectal cancer [85]. Notably, TIRAP is the most poly-
morphic of all adaptors, harboring at least eight nonsynon-
ymous mutations in its coding sequence [86]. Some reported
TIRAP gene SNPs are presented in Table 2. Excluding the
roles of TIRAP and other adaptors in TLR responses reduces
our capacity to fully comprehend the TLR-dependent regula-
tory mechanisms implicated in acute and chronic disorders.

Interestingly, the TIRAP gene S180L SNP is associated with
protection against infections and autoimmune diseases, such as
invasive pneumococcal disease, malaria, and systemic lupus
erythematosus [88, 93]. The chronic Chagas cardiomyopathy
is a tropical parasitic disease caused by the intracellular proto-
zoan Trypanosoma cruzi [94], detected by TLR4 and TLR2/6
[95]. Up to 45% of patients with chronic infections develop car-
diomyopathy, between 10 and 30 years after the initial sickness
[94]. It has been reported that heterozygosity for the TIRAP
S180L variant is associated with lower risk of developing
chronic Chagas cardiomyopathy [91]. Mechanistically, the
authors propose that the S180L variant leads to decreased sig-
nal transduction downstream of TLR2 and TLR4. Accordingly,
Tirap-deficient MEFs, transfected with a plasmid encoding
Tirap L180, failed to induce the NF-xB pathway [93]. In con-
trast, homozygosity for the S180L variant confers increased
susceptibility to invasive pneumococcal disease, while the het-
erozygosity state provides a protective phenotype [93]. The
authors speculate that S180L homozygosity results in decreased
NEF-«B signaling, thus aggravating susceptibility to infections.

The TIRAP D96N variant is considered a loss-of-
function SNP [88]. Crystal structure of TIRAP reveals that
amino acids D96 and S180 are within the TIR domain inter-
acting with the MyD88 adaptor protein [96]. A worldwide
polymorphism distribution investigation proposes that the
TIRAP variant S180L has been evolutionary selected to pro-
vide protection against septic shock [97]. This study supplies
a world map of S180L distribution, which intriguingly corre-
lates negatively with global sepsis incidence [98]. Knowing
that all TLRs are involved in septic shock [99], these data
imply that the role of TIRAP in TLR signaling related to
human diseases should be better considered. Recent data
by Rajpoot et al. provide new structural studies and insights
on TIRAP [100]. Using an in silico approach, they have
determined that the phospho-motif P-Y86 on TIRAP inter-
acts with p38 MAPK for activation, which is worth to be val-
idated in an in vitro model [101]. Activated p38 is a well-
described proinflammatory mediator involved in acute and
chronic inflammations [102]. Rajpoot et al. have also identi-
fied new TIRAP inhibitors by combining several docking
tools, and their future validation may lead to novel treat-
ments against inflammatory disorders [103]. These promis-
ing docking designs may well promote further research on
the TIRAP adaptor.
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TaBLE 1: Cellular compartments for TLR signaling effector recruitment.

TLR effector Related pathway TLR PIlipids  Cellular compartments Cell types References
NE-xB TLR2, TLR4  PI(4,5)P, Plasma membrane Human monocytes, macrophages  [28, 78]
-K
TIRAP TLR4, TLR9  PI(3,5)P, Lysosome BMDM:s (62, 67]
IFN I (via IRF7) MEFs, macrophages (17, 27]
TLR4 PI3P, PI5P
TRAM Macrophages [22]
. Early endosome
TBK1 IEN I (via TRIF)
IRF3 TLR3, TLR4 PI5P MEFs, GMDCs [71]

Abbreviations: BMDMs: bone marrow-derived macrophages; GMDCs: genetically modified dendritic cells; IFN I: type I interferons; IRF3: interferon
regulatory factor 3; IRF7: interferon regulatory factor 7; MEFs: mouse embryonic fibroblasts; NF-xB: nuclear factor-«B; PI: phosphatidylinositol; PI3P:
phosphatidylinositol-3-phosphate; PI5P: phosphatidylinositol-5-phosphate; PI(3,5)P,: phosphatidylinositol-3,5-biphosphate; PI(4,5)P,:
phosphatidylinositol-4,5-biphosphate; TBK1: TRAF-associated NF-«B activator-binding kinase 1; TIRAP: Toll/interleukin-1 receptor domain-containing
adaptor protein; TLR: Toll-like receptor; TRAM: TRIF-related adaptor molecule; TRIF: TIR domain-containing adaptor-inducing interferon-f3.

TLRs
(1,2,4,5,6)

Plasma membrane

Cytoplasm

Type I Interferons

Nucleus
Pro-inflammatory cytokines

FiGure 5: Emerging model for TLR signaling. Recent data suggest a new model according to which all TLRs, but TLR3, are TIRAP-
dependent for MyD88-mediated pathways and TRAM-dependent for the TRIF cascade. TLR3 directly recruits the TRIF adaptor to the

endosomal compartment. TRAF3: TNF receptor-associated factor 3.

TaBLE 2: Reported SNPs in the TIRAP gene.

SNP Associated diseases References
S55N Meningeal tuberculosis [87]
D96N Lymphoma [88]
E132K Atopic dermatitis [89]
S180L Malaria, sepsis, and Chagas cardiomyopathy [89-91]
C539T Tuberculosis susceptibility [92]

Abbreviations: C: cysteine; D: aspartate; E: glutamate; K: lysine; L: leucine; N: asparagine; S: serine; SNP: single-nucleotide polymorphism; T: threonine;
TIRAP: Toll/interleukin-1 receptor domain-containing adaptor protein.



7.2. TRAM Gene Polymorphisms and Tuberculosis. Unfortu-
nately, few studies have reported TRAM (also named TICAM?2
for TIR domain-containing adaptor molecule 2) gene polymor-
phisms, since TRAM is the less investigated TLR-related adap-
tor (Figure 1). In 2015, one polymorphism localized in the
flanking 5" untranslated region (UTR) of TRAM was associated
with tuberculosis caused by the bacteria Mycobacterium tuber-
culosis [104, 105]. Different components of Mycobacterium
tuberculosis interact with TLRs (e.g., TLR2, TLR4, TLR8 and
TLR9) in macrophages, natural killer (NK) cells, dendritic cells
and T cells and and induce an appropriate immune response to
overcome infection [106]. While the significance of TRAM
polymorphism and how it relates to its expression are
unknown, these observations point to a link between TRAM
and tuberculosis infection. Interestingly, levels of TRAM
expression in peripheral blood mononuclear cells (PBMCs)
predict with 80% accuracy whether subjects are high or low
responders to a poxvirus vector tuberculosis vaccine candidate,
expressing antigen 85A [107].

In BMDMs, the heat shock protein 70 (Hsp70) is derived
from Mycobacterium tuberculosis signals through TLR2 and
TLR4 and the TIRAP, MyD88, TRAM, and TRIF adaptor
molecules [108]. More studies are needed to understand
the role of TRAM adaptor in tuberculosis infection and
more largely in human chronic diseases.

7.3. Coronavirus Disease 2019 (COVID-19). We are facing
new sanitary challenges with COVID-19, the most recent
coronavirus-mediated acute respiratory illness caused by
the SARS-coronavirus-2 (SARS-CoV-2). Since this viral
infection causes severe symptoms through the induction of
a cytokine storm, many groups have studied TLR signaling
to identify therapeutic targets. Prior SARS-CoV-1 research
has exposed the importance of TLR adaptors in viral
responses. For example, overexpression of the SARS-CoV-1
membrane protein (M) in HEK293T cells leads to increased
TIRAP and TRAM protein levels in comparison to control
cells. This correlates with upregulated IFN-b- and NF-xB-
related gene expressions [109]. Tram”™ mice are more sus-
ceptible to mouse-adapted SARS-CoV-1 infection, without
extra mortality [110]. Genetic studies in mice have revealed
Tram as a susceptibility gene for SARS-CoV-1 infection
[111], underlining the importance of IFN I release during
SARS-CoV-1 infection recovery. In line with this observa-
tion, decreased aging-associated number of plasmacytoid
dendritic cells is associated with COVID-19 severity [112].
In addition, neutralizing autoantibodies against IFN I have
been detected in patients with life-threatening COVID-19
[113]. Finally, increased TIRAP phosphorylation is detected
in COVID-19-infected individuals [114]. These data suggest
that both TIRAP and TRAM adaptors play a role in the con-
trol of SARS-CoV-2 infections.

The above results highlight the importance to study TLR
signaling and to include TLR adaptor regulatory functions to
understand COVID-19 disease. The SARS-CoV genomes acti-
vate TLR7 [115]. Rare putative loss-of-function variants of the
X-chromosome-located TLR7 gene are associated with altered
type I IFN expression in young men with severe COVID-19
[116]. TLR8, being more specific, recognizes both SARS-
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CoV-2 ssRNA and derived ribonuclease T2 degradation prod-
ucts [117]. Thus, these recent findings call for more research
on TLR7 and TLR8 (Figure 1), as targets of SARS-CoV-2 viral
motifs. Clinical trials aimed to stimulate endosomal TLRs to
promote IFN I production at the early steps of infection or
to inhibit TLRs to reduce the NF-«B-promoted cytokine storm
are ongoing. Imiquimod, a TLR7 ligand, has been proposed as
an option to manage the initial stages of COVID-19 [118,
119]. Conversely, clinical studies exploring TLR blockade
during COVID-19 late steps are ongoing. MERCK KGaA
has initiated a randomized double-blind phase II clinical trial
with M5049, a selective TLR7/8 pharmacological inhibitor
initially designed to treat autoimmunity [120], for the treat-
ment of severe symptoms of COVID-19 [121].

8. Conclusion

In this review, we have underscored the importance of TIRAP
and TRAM bridging molecules in MyD88 and TRIF recruit-
ments. In the last few years, most research was performed on
TLR4 because of the importance of its ligand LPS [122] in
mediating sepsis, a worldwide public health issue [123]. Sepsis
is indeed the leading cause of death in intensive care units in
the United States [124]. Gram-bacterial sepsis mortality is 20
to 50% among total sepsis deaths [125]. In 2010, Chaby
reported that a paper on LPS was published every two hours
[123]. Therefore, TLR4 has been extensively explored in com-
parison to other TLRs, and studies about TLR4 signaling have
been fundamental in discovering the TIRAP-MyD88 and
TRAM-TRIF signaling patterns. Unexpectedly, these patterns
were also revealed downstream of TLR2 [39]. Pursuing such
efforts to analyze other TLRs is needed to discover treatments
against novel infections, such as COVID-19. Thus, while TLR
signaling is believed to be “well-described,” further studies are
warranted for a complete understanding of TLR signaling
pathways, including the role of TIRAP and TRAM adaptors.
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