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Abstract: Toll-like receptors (TLRs) recognize molecules specific to pathogens and endogenous danger signals. Binding 

of agonists to the ectodomain of the receptor initiates TLR activation and is followed by the association of receptor cyto-

solic Toll/Interleukin-1 receptor (TIR) domains with TIR domains of adapter proteins leading to the assembly of signaling 

cascade of protein kinases that ultimately trigger the activation of transcription factors and expression of genes involved in 

the immune response. Excessive activation of TIR-domain mediated signaling has been implicated in inflammatory dis-

eases (e.g. rheumatoid arthritis, systemic lupus erythematosus, colitis) as well as in the development of cancer. Targeting 

receptor-adapter interactions represents a potential strategy for the therapeutic TLR/IL-1R-specific inhibition due to the 

unique interacting domains involved. Peptide and protein-domain binding TLR inhibitors originating from the interacting 

surfaces of TIR-domain containing proteins can bind to the site on their target interacting protein thereby preventing the 

assembly of the functional signaling complex. Here we review protein-domain, peptide and peptidomimetic inhibitors tar-

geting TIR-domain mediated interactions and their application demonstrated on in vitro and in vivo models. Recent struc-

tural data and elucidation of the molecular mechanisms of TIR-domain mediated signaling enabled the development of 

peptide inhibitors from TIR domains of TLRs and adapters, MyD88 intermediary domain as well as improved protein in-

hibitors based on TIR domain dimerization, mimicking bacterial TIR-domain containing immunosuppressors (TCPs) 

which we discuss with challenges concerning the delivery and specificity of inhibitors targeting TLR adapters.  

Keywords: decoy peptides, inhibitory TIR domain-containing proteins, peptidomimetics, TLR signaling, therapeutic inhibition. 

1. INNATE IMMUNITY AND TLR SIGNALING 

 Innate immunity represents the first defense line of the 
host against pathogenic microbes providing the immediate 

immune response [1, 2]. Innate immune response is mediated 

by phagocytes such as macrophages and dendritic cells 
which discriminate between the self molecules and patho-

gens using pathogen recognition receptors (PRRs) which are 

able to detect the unique and conserved components of 
pathogens known as pathogen associated molecular patterns 

(PAMPs). Toll-like receptors (TLRs) are one of the largest 

and best-studied families of PRRs [3, 4]. Activation of TLR 
signaling pathways induces activation of the innate immune 

response by expression of defense molecules and primes the 

development of adaptive response [5, 6]. The 12 identified 
TLRs in mammals [7] exhibit a differential pattern of ex-

pression with respect to cell types as well as differential cel-

lular localization. Cell surface TLRs recognize ligands de-
rived from extracellular pathogens such as microbial mem-

branous ligands peptidoglycan, lipopolysaccharide (LPS) 

and flagellin, whereas TLRs localized in intracellular com-
partments-TLR3, TLR7, TLR8 and TLR9-detect bacterial 

and viral nucleic acids released during intracellular infection 

[8].  
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 TLRs share a conserved structure of ectodomain com-
posed of a leucine-rich repeat domain (LRR), a transmem-
brane segment and a cytoplasmic Toll/IL-1 receptor domain 
(TIR). Upon interaction of specific PAMPs with the corre- 
sponding LRR of the receptor, TLRs undergo homo- or het-
ero-dimerization, which initiates their activation [9-12]. 
Downstream TLR signaling is mediated by the conserved 
cytosolic TIR domain [13-15] present not only in TLR/IL-1R 
but also in TLR adapter proteins which bridge the TLRs to 
the proteins of the subsequent signaling cascade leading to 
expression of genes involved in innate immune response. 
TLR signaling involves five adapter proteins: the myeloid 
differentiation factor 88 (MyD88), the TIR domain-
containing adaptor protein inducing interferon-  (TRIF; 
known also as TICAM1), the MyD88-adaptor-like (MAL, 
known also as TIRAP), the TRIF-related adaptor molecule 
(TRAM; known also as TICAM2) and the sterile - and ar-
madillo-motif containing protein (SARM) [16]. Among 
them, MyD88 and TRIF function as signaling adapters that 
mediate interaction to downstream kinases, whereas TRAM 
[17, 18] and MAL/TIRAP [19, 20] act to translocate MyD88 
or TRIF to the activated TLRs. On the other hand, adapter 
SARM functions as a negative regulator of TRIF signaling 
[21]. As shown on Fig. (1) two different intracellular path-
ways bifurcate from TLRs: adapter MyD88 dependent path-
way that is employed by all TLRs except TLR3 [22-24] and 
TRIF dependent pathway [22, 25] used by TLR3 and TLR4. 
Except for TLR3, TLR activation recruits the adapter 
MyD88 into the receptor complex through TIR-TIR 
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Fig. (1). TLR signaling. Schematic representation of MyD88 dependent and TRIF dependent TLR4 signaling pathway culminating in the 

production of inflammatory cytokines and type I interferons. 

interactions followed by the recruitment of IRAK kinases 
mediated by DD-DD interactions and activation of TRAF6. 
Subsequent polyubiquitination of TRAF6 induces the activa-
tion of TAK1 which activates the IKK complex or MAP 
kinases leading to NF- B or AP-1 induction and inflamma-
tory cytokine transcription [4]. However, the engagement of 
TLR7 and TLR9 MyD88 dependent pathways induces not 
only the secretion of inflammatory cytokines due to the acti-
vation of NF-kB but also the expression of type I IFNs 
through the activation of IRF7 [26]. MyD88-independent 
pathway on the other hand engages adapter TRIF that acti-
vates NF-kB through the C-terminal part of TRIF interacting 
with RIP or through its N-terminal part through TRAF6 
culminating in inflammatory cytokine production [27]. The 
activation of TRIF dependent pathway also results in the 
production of type I IFNs triggered by the activation of IRF3 
induced by TBK1 kinase through the N-terminal part of 
TRIF [28, 29].  

1.1. TLR Adapters and Their Structure 

 TLR signaling involves five adapter proteins containing 
TIR domains. MyD88 is the most ubiquitous adapter protein 
and is required for activation of signaling pathways specific 
to IL-1R and all TLRs except TLR3. MyD88 comprises 
death domain (DD) and TIR domain, which are linked by an 
intermediate segment or INT domain. TIR domain located at 
the C-terminus of MyD88 is required for binding to the acti-

vated receptor TIR domains, while the N-terminal DD is 
responsible for recruiting the IL-1R-associated kinase 4 
(IRAK4) and for further propagation of the signaling cascade 
[30, 31]. An alternative transcript variant MyD88s (MyD88 
short) that lacks the INT domain is transcribed in addition to 
wild type MyD88 [32]. MyD88s is unable to recruit the 
kinase IRAK4, although it contains DD and has been charac-
terized as an inhibitor of MyD88 dependent signaling. 
MyD88s is induced by LPS and acts as an endogenous nega-
tive regulator of TLR signaling [33]. Mutations in the N-
terminal part of INT domain diminish MyD88 signaling ca-
pacity [34]. The interactions of MyD88 with TIR domains of 
TLRs, IL-1R and DD of kinases are not yet explained at the 
molecular level. On the other hand the recent crystal struc-
ture of the complex of death domains of MyD88-IRAK4-
IRAK2 describes the complex molecular assembly leading to 
the proximity between the kinase domains of IRAK4 and 
IRAK2/1 [35], however it cannot explain the role of TIR-
TIR interactions. Based on our recent findings on the ability 
of the dimeric TIR domain for the initiation of signaling we 
proposed the molecular mechanism of TLR activation by a 
dimeric TIR platform. According to this model, the dimeric 
TIR domains of MyD88 represent the rate limiting step that 
initiates the assembly of the Myddosome [36]. The proposed 
molecular model with the potential inhibitory sites for pep-
tide, peptidomimetics and protein inhibitors is represented on 
Fig. (2).  



778    Current Protein and Peptide Science, 2012, Vol. 13, No. 8 Fekonja et al. 

 

Fig. (2). Molecular model of TLR activation through the dimeric TIR domain platform. Binding of PAMPs to the ectodomain of the 

respective TLRs triggers their dimerization. Dimeric TIR of TLR induces binding of a dimer of MyD88 through TIR-TIR domain interaction. 

Dimeric TIR domain of MyD88 dimer further induces the association of additional MyD88 molecules leading to the assembly of Myddosome 

with activation of IRAK kinases. The dashed arrows represent the sites for the inhibitory action of peptides, peptidomimetics and inhibitory 

proteins designated on the right. 

 The second discovered adapter was MAL/TIRAP. 
MAL/TIRAP comprises TIR domain at its C-terminus and a 
cationic phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5) 
P2) binding segment located at the N-terminus. This cationic 
segment is required for its recruitment to the plasma mem-
brane enriched in anionic lipids. It has been proposed that 
MAL/TIRAP assist in targeting MyD88 to the membrane 
TLR4 [20, 37, 38]. MAL-deficient mice demonstrated that 
MAL/TIRAP is essential for the sensitive MyD88 dependent 
signaling through receptors TLR2 and TLR4 [19] but not 
TLR5, although it is not essential for TLR2 activation. Crys-
tal structure of MAL/TIRAP TIR domain identified impor-
tant differences in the vicinity of the BB loop, important for 
the inhibition [39, 40].  

 Adapter TRIF contains a TIR domain, a receptor-
interacting protein (RIP) homotypic interaction motif 
(RHIM) at its C-terminus and consensus TRAF6-binding 
motifs (T6BM) in the N-terminal region [41]. TRIF is re-
quired for TLR3 signaling and also mediates activation of 
TLR4. It has been demonstrated that TLR4 activation by 
TRIF dependent signaling pathway is delayed in comparison 
to the MyD88 dependent signaling, which has been proposed 
to be restricted to the plasma membrane while the internal-
ized TLR4 activates TRIF dependent signaling from early 
endosomes [42]. 

 Adapter TRAM, composed of a TIR domain at the C-
terminus and an N-terminal myristoylation sequence, func-
tions solely in the TLR4 pathway. N-terminus of TRAM 
undergoes constitutive myristoylation required for its inter-
action with membranes. It functions as a bridging adapter 
that recruits TRIF to TLR4 in TLR4 TRIF dependent signal-
ing [43].  

 The adapter SARM also contains TIR domain at its C-
terminus but acts as an inhibitor of TRIF dependent signal-
ing. Besides TIR domain SARM contains two “sterile a” 
motif (SAM) protein-protein interactions domains and an 
Armadillo repeat motif (ARM) [16]. Recently, it has been 
proposed that SARM is related to bacterial TIR-containing 
proteins, suggesting that it differs in evolutionary origin 
from animal TIR-containing adapters. Similar to SARM bac-
terial TIR-containing proteins also negatively regulate eu-
karyotic immune response [44]. 

1.1.1. TIR Domain 

 TIR domain is the central domain common to all five 
TLR adapters as well as TLR/IL-1R receptors. The global 

fold of the determined structures of TIR domains of TLR1, 

TLR2 [45], TLR10 [46], IL-1RAPL [47] and MyD88 [30] 
reveals the structure of five-stranded parallel  sheets ( A-

E) and five helices ( A- E) connected by surface-exposed 

loops. TIR domain contains three highly conserved sequence 
motifs designated Box 1, 2 and 3. Sequence conservation 

among the TIR domains is generally only between 20 and 

30% and their size ranges between 135 and 160 residues 
[45]. This sequence and structural diversity determines the 

specificities of receptor and adapter TIR-TIR interactions 

which defines the formation of initial signaling complexes in 
the TLR pathway [38, 45]. Multiple interaction surfaces of 

the TIR domain have been proposed to mediate the TLR 

oligomerization, association between the receptor and 
adapter TIR domains and adapter oligomerization [45]. TIR 

domains of TLR4 exhibit the constitutive interaction, which 

is inhibited by ectodomain, making it responsive to the ago-
nist [48].  
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 Several studies pointed out the importance of the con-
served BB loop that connects the B sheet to B helix for 
TLR signal transduction [45]. BB loop contains an invariant 
proline residue that was shown to be essential for the signal-
ing function of TLR2 [49], TLR4 [50], MAL/TIRAP [20] 
and TRAM [51]. Mutation of this proline to histidine in 
TLR4 (murine P712H) leads to hyporesponsiveness of 
C3H/HeJ mice to lipopolysaccharide [50] and the mutation 
of the corresponding proline within the TLR2 disrupts sig-
naling induced by Gram-positive bacteria [49]. The lack of 
interaction of these two mutants with adapter MyD88 [45, 
52] was proposed as the cause for their functional impair-
ment. Mutations in the vicinity of this invariant proline resi-
due inside the BB loop also diminished signaling of TLR4 
and TLR2 [45, 53]. Similarly, mutations in the BB loop of 
MyD88 close to conserved proline (P200) are important for 
the interaction with IL-1 RAcP [54] however the P200H 
mutation of MyD88 retains the ability to activate NF- B [20] 
and interaction with TLR4 [38] and IL-1 RAcP [54]. The 
decreased activity of the conserved proline mutation of 
TLR10 correlates with the position of this mutation on the 
TIR interaction surface as observed in the crystal structure of 
TLR10 TIR domain dimer which represents the first struc-
tural evidence for the existence of a TIR domain dimer with 
a putative signaling function [46]. Different molecular mod-
els for heteromeric TIR-TIR interactions have been proposed 
based on the data from crystal structures and mutational 
analyses which also support the importance of the BB loops 
in TIR domain interactions [54-56].  

2. INHIBITION OF THE TLR SIGNALING 

2.1. Implication of the TLRs in the Diseases 

 TLR activation is required for the defense against micro-

bial infections but on the other hand TLRs are involved in 
the development of many other noninfectious diseases. Dys-

regulated or excessive response to bacterial endotoxin recog-

nized by the TLR4/MD-2 (myeloid differentiation factor 2) 
complex results in the systemic inflammatory reaction which 

often leads to sepsis with high mortality [57]. Besides 

PAMPs, TLRs are also able to recognize endogenous mole-
cules released by the damaged tissue, whose identity how-

ever has not been fully established. TLR recognition of the 

endogenous ligands results in sterile inflammation, which 
can lead to the development of chronic inflammatory and 

autoimmune diseases. Sterile inflammation is characterized 

by the accumulation of immune cells and release of lipid 
mediators, cytokines and harmful enzymes that can cause 

additional tissue damage [58, 59]. The involvement of the 

TLR signaling in rheumatoid arthritis (RA) was shown on 
mice lacking MyD88 or TLR2 that were resistant to the in-

duction of the disease [60]. Mice lacking TLR2 or TLR4 

produce less inflammatory cytokines in ischemia/reperfusion 
(I/R) and develop less severe inflammation [61, 62]. Mice 

deficient in MyD88 are less prone to atherosclerosis [63, 64] 

and patients with D299G polymorphism of TLR4 have re-
duced risk of this disease [65]. TLR7 and TLR9 receptors of 

pDCs are activated by immune complexes of autoantibodies 

coupled to host DNA/RNA and contribute to the develop-
ment of systemic lupus erithematosus (SLE) [66]. Autoreac-

tive B cells in SLE can also be activated directly through 

TLR7 and TLR9 [67]. Uric acid crystals activate NLRP3 

inflammasome leading to production of IL-1 , which subse-

quently activates IL-1R/MyD88 pathway shown to be critical 
for elastase-induced lung inflammation and emphysema [68] 

as well as for gouty inflammation [69, 70]. MyD88 KO mice 

are protected from the development of type I diabetes [71] 
and neuronal MyD88 dependent signaling is involved in the 

diet-induced leptin and insulin resistance and obesity [72]. 

TLR4 plays a pivotal role in alcohol-induced neuroinflam-
mation and brain damage [73] and the involvement of 

TLR/IL-1 signaling has been demonstrated for several other 

neurodegenerative diseases including multiple sclerosis [74], 
Alzheimer’s disease [75] and in the development but also in 

therapy of cancer [76-78].  

2.2. Negative Regulation of TLR Signaling 

 In order to maintain the balance between host-defense 
functions and harmful effects leading to the aforementioned 
diseases, activation of TLRs needs to be tightly regulated. 
Therapeutically, TLR activation may be inhibited with TLR 
antagonists, neutralising antibodies to TLR ectodomains, 
small molecules that block enzymes in the signaling pathway 
such as IRAK4 and finally agents that block protein-protein 
interactions in the TLR signaling cascade. Great deal of ef-
fort has been invested particularly into the development of 
TLR4 antagonists for sepsis [79, 80] and antibodies against 
TLR2 or TLR4 have shown some promising results for the 
therapy of sepsis [81]. TLR9 and/or TLR7 antagonists [82, 
83] and suppressive ODNs [84] may provide therapeutic 
benefits to SLE. Much attention has been dedicated to the 
inhibition of intracellular signaling targeting NF- B, includ-
ing inhibitors of the I B degradation, inhibitors of the IKK  
[85] as well as inhibitors directed against MAP kinases [86]. 
Structural specificities of the kinase domain of IRAK4 opens 
the possibilities for specific inhibitors of this kinase [87]. 
Since the IKK and MAPK cascades are not only involved in 
the inflammatory processes but also have other important 
biological functions, side effects of these therapeutics have 
to be considered. 

 Recent findings on the role of adapter proteins and their 

interactions in TLR signaling open new possibilities for the 
development of selective inhibitors at the level of receptor-

adapter interactions. Interactions between proteins involving 

TLR adapters also represent targets for endogenous host 
TLR regulation and for pathogen-mediated suppression of 

TLR activation, such as already mentioned MyD88s [33] and 

SARM [21]. The TIR-domain containing orphan receptors 
ST2 and SIGGIR inhibit TLR4 and IL-1R signaling [88, 89], 

while the SOCS1 regulator triggers degradation of the 

adapter MAL/TIRAP [90].  

 Pathogens have acquired the ability to interfere with the 
adapter-receptor TIR:TIR interactions of the host TLR/IL-1R 
signaling by means of TIR-domain containing proteins 
(TCPs) [91-93]. Protein NS3/4A of the hepatitis C virus 
cleaves the adapter TRIF in order to prevent the interferon 
type I production [54].  

 In contrast to the inhibition of TLR4 signaling, where the 
inhibition can be directed against the lipid A binding pocket 
of MD-2 [80, 94-97], screening of chemical libraries com-
prising small molecules for TLR inhibition has not resulted 
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in compounds that are able to block protein-protein interac-
tions due to the flatness of the interaction surfaces and ab-
sence of deep cavities appropriate for small molecule drugs 
binding [59]. However, targeting TLR and adapter interac-
tions represents a promising potential for the specific TLR 
inhibition due to the interacting domains involved that are 
unique to the TLR signaling pathway, such as the TIR do-
main. Structural studies of these domains enabled the devel-
opment of peptides and peptidomimetics from the interaction 
surfaces that occupy the docking site of the cognate protein 
on its target and prevent binding of the native protein thereby 
disrupting formation of the functional signaling platform. 
Similarly, protein inhibitors based on the TIR interacting 
domain interweave and compete with TIR:TIR interactions 
in the signaling complexes and thereby represent a promising 
therapeutic potential. This review limits its scope to the pep-
tides, peptidomimetics and proteins that originate from the 
interacting domains of TIR-domain containing proteins and 
target their interactions.  

2.3. Inhibitors Originating from TIR-Domain Containing 

Proteins 

2.3.1. Inhibitory Peptides and Peptidomimetics 

 Since the infection or sterile inflammation is typically 
accompanied by activation of more than one TLR, it is im-
portant to inhibit signaling of several TLRs, which can be 
accomplished by targeting TIR domain or downstream sig-
naling interactions rather than TLR ectodomains. This sec-
tion focuses on peptides and peptidomimetics/small mole-
cules targeting interactions among the adapters or between 
the adapters and receptors. To efficiently block intracellular 
targets, therapeutic agents must first enter into the cell, there-
fore polar peptides require additional cell-penetrating moie-
ties to cross the membrane.  

2.3.1.1. Cell-Penetrating Moieties 

 Two types of internalization motives have been added to 
inhibitory peptides targeting TLR signaling - the cell-
penetrating peptides (CPPs) or protein transduction domains 
(PTDs), which are short cationic peptides, enriched in basic 
amino acids such as arginine or lysine, while the second ap-
proach is coupling fatty acids to peptides.  

 Several naturally occurring CPPs are known, such as 
TAT peptide from HIV-1 virus and a sequence of homeodo-
main of the transcription factor antennapedia in Drosophili-
dae Antp43-58 also known as penetratin, while many such 
peptides have been artificially designed, e.g. hexa-arginine 
[98]. Internalization efficiency of CPPs depends on both the 
peptide length and its sequence. Six to eight residue polyar-
ginine peptide is sufficient for translocation into mammalian 
cells [99]. The presence of specific sequences also enables 
CPPs to translocate into the specific organelles, e.g. nucleus 
[100]. 

 CPPs conjugated with biologically active peptides or 
proteins have the ability to internalize into different cell 
types. Cells internalize these complexes in a concentration 
dependent manner and the highest intracellular concentration 
can be usually reached within 15 min. The biological activity 
of internalized proteins was detected even at low nanomolar 
concentrations. For complexes with TAT peptide or pene-

tratin effective in vivo internalization in mice has been 
shown [101, 102]. The mechanism of internalization of cati-
onic CPPs into the cells is still unclear. In contrast to many 
membrane-associating peptides that translocate across mem-
branes by pore formation and are therefore toxic, toxicity 
was not observed for CPPs such as penetratin, TAT or pol-
yarginine sequences making them safer for in vivo use [98, 
103, 104]. The generally accepted mechanism of CPP inter-
nalization involves endocytosis, although it has been re-
ported that CPPs can directly translocate through the mem-
brane when the endocytosis is inhibited. TAT peptide is able 
to form interactions with several cellular components that 
allow it to translocate through the membrane with or without 
receptors [99, 104].  

 Less known and for the purposes of inhibition of cell 
signaling only recently used approach is to transport peptides 
into the cell using conjugation of a fatty acid chain [34, 105]. 
Myristoylation was efficient for the peptide uptake even in 
cell lines like the B lymphocyte cell line BA/F3 which is 
resistant to the peptide uptake using CPP derived from TAT 
peptide [105]. It has been shown that myristoylated cargo 
reaches its maximal intracellular concentration and biologi-
cal activity within 30 minutes [34, 105]. In contrast to TAT 
peptide that internalizes efficiently at 37°C or 4°C, experi-
ments performed with myristoylated cargo demonstrated 
temperature dependence in the cellular uptake which is thus 
more efficiently translocated at 37°C [105]. The myristoy-
lated peptides also do not affect cell viability at concentra-
tions up to 100 μM demonstrating its suitability for in vivo 
studies. Since the penetratin was shown to have an inhibitory 
effect on NF- B signaling at higher concentrations [106], 
addition of fatty acid could become a more common cell-
translocation motif. 

2.3.1.2. Inhibitory Peptides Targeting TLR Adapter/ Recep-
tor Interactions 

 The adapters of TLR signaling represent more narrow 
targets for the inhibition of the inflammatory response in 
comparison to the receptors. In particular, the BB loop re-
gion within TIR domain and INT domain of MyD88 repre-
sent a segment of the functional interface of TIR domain 
critical for the proper signaling and a segment important for 
the interaction with IRAK4 and downstream propagation of 
signaling, respectively [see Fig. (3)] [34, 45, 50]. Several 
“decoy peptides”, corresponding to the surface exposed re-
gions of TIR domains probably participating in interactions 
with other TIR domains have been investigated. Besides the 
internalization moiety decoy peptides comprise the polypep-
tide segment of the binding partner of the target protein [Ta-
ble (1)] and mimic its interaction surface to prevent interac-
tion of target protein with its counterpart.  

 Research group from the University of Maryland School 
of Medicine developed several decoy peptides from TIR 
domain of adapters or receptors and found that inhibitory 
peptides comprising penetratin as an internalization motif 
and a sequence corresponding to the BB loop of adapters 
MyD88, MAL/TIRAP, TRIF and TRAM inhibit TLR4 sig-
naling [107-109]. Although BB loop peptides can bind to 
proteins containing TIR domains, they do that with variable 
affinity and as such lack the desired specificity for targeting 
e.g. only MyD88 dependent TLRs or a specific TLR. The 
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Fig. (3). Structure of adapter MyD88. DD (left) and TIR (right) domain are represented as ribbon diagrams based on the tertiary structures of 

each isolated domain. The designated INT, TIR domain and BB loop represent important regions for inhibitory peptide and protein therapeu-

tics origin. 

same research group also designed a set of decoy peptides 
with added penetratin which entirely tile the TLR4 TIR do-
main surface [110]. Five of these peptides derived from area 
between BB loop of TLR4 and its fifth helical region inhib-
ited TLR4, but not TLR2 signaling suggesting this area me-
diates TLR4 TIR:TIR dimerization. More recently in a simi-
lar study peptides derived from the MAL/TIRAP have been 
tested for the ability to inhibit TLR2 and TLR4 signaling. 
Five MAL/TIRAP decoy peptides inhibited LPS-induced 
TLR4 signaling and two inhibited signaling induced by a 
TLR2/TLR1 agonist. Comparison of TLR4 inhibition by 
peptides derived from the TIR TLR4 or MAL/TIRAP indi-
cate that structurally diverse regions mediate functional in-
teractions of TIR domains [111]. Besides experiments on 
cellular cultures, some of these peptides were administrated 
in in vivo studies, for example a BB loop peptide from 
MAL/TIRAP attenuated LPS-induced lung response in 
C57BL/6 mice [112].  

Table 1.  Schematic Presentation of Decoy Peptide Composi-

tion 

Internalization Moiety Inhibitory Peptide 

Cell penetrating peptide: 

penetratin 

polyarginine 

BB loop of adaptor proteins
1
 

inhibitory peptides derived from TIR do-

main of TLR4, MAL/TIRAP
2
 

VIPERIN3 

Myristoylation INT domain of MyD88 (INT peptide)4 

1[107-109, 114] 
2[110, 111] 
3[116] 
4[34] 

 BB loop of TIR domain was a focus of interest also for 

group from the University of Rome “Tor Vergata” [113]. By 

in vitro assays Loiarro et al. showed that peptides derived 
from BB loop of MyD88 and IL-18R TIR domain effectively 

inhibit in vitro homodimerization of MyD88 TIR domain. 

Besides that, in cell activation assays this peptide fused to 
the penetratin peptide significantly reduced the IL-1R signal-

ing [114]. MyD88 homodimerization inhibitory peptide also 

led to decreased growth in four different murine mammary 
carcinomas as well as in the human breast cancer cell line 

providing evidence that MyD88 is important for growth and 

metastasis of breast cancer [115]. 

 Besides TIR derived inhibitory peptides, peptide derived 
from the N-terminus of the INT domain of MyD88 (called 
INT peptide) inhibited signaling of several MyD88 depend-
ent TLR receptors as well as IL-1R. Its specificity was de-
termined by the lack of inhibition of MyD88 independent 
signaling of TLR3 and TNF-R. In addition to the penetratin 
as internalization moiety, INT peptide was the first signaling 
inhibitory peptide to use myristoylation as an alternative cell 
penetration moiety. INT peptide was shown to bind to 
IRAK4 suggesting that INT domain of MyD88 is important 
for MyD88 signaling and interaction with IRAK4. Further-
more, INT peptide inhibited production of inflammatory 
cytokines in vivo and improved survival on the endotoxae-
mic mouse model [34].  

 Another somewhat different example of inhibitory pep-
tides is a VIPER peptide derived from vaccinia virus protein 
A46 with polyarginine added as internalization moiety. Sev-
eral viral proteins target host proteins using evolutionary 
optimized binding surfaces [116]. It has been shown that 
protein A46 binds to several TIR-domain containing proteins 
and as such prevents TLR-induced NF-kB, MAPK, and IRF3 
activation [117]. VIPER, 11 aminoacid long peptide from 
A46, inhibited specifically TLR4 activation by LPS and has 
been proposed to target TLR4 adaptors MAL/TIRAP and 
TRAM, since it interacted with both MAL/TIRAP and 
TRAM although many TLR4-inhibitory peptides target the 
agonist rather than the receptor [118-121]. 

2.3.1.3. Peptidomimetics and Small Molecule Inhibitors of 
TIR-TIR Interactions 

 To achieve better stability, internalization, pharmacologi-
cal properties and receptor selectivity, peptidomimetics are 
synthesized which mimic peptide inhibitors. The aim of pep-
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tidomimetics is to maintain the specific molecular interac-
tions between protein-peptide partners while replacing the 
peptide bonds. The BB loop of TIR domain presented a start-
ing point for developing peptidomimetics as novel therapeu-
tic agents even before BB loop decoy peptides emerged. A 
low molecular weight molecule hydrocinnamoyl-L-valyl 
pyrrolidine (compound 4a) based on the sequence of the 
MyD88 TIR BB loop interfered with the interactions be-
tween mouse MyD88 and IL-1RI resulting in selective inhi-
bition of IL1R signaling but not LPS-induced TLR signaling. 
Hydrocinnamoyl-L-valyl pyrrolidine was tested also in vivo 
where it significantly attenuated IL-1  induced fever re-
sponse in adult male C57BL/6 mice [122]. Based on this 
compound several other BB loop peptidomimetics have been 
designed and tested. It was shown that in hypothalamic neu-
rons two compounds (EM77 and EM110) demonstrated an 
anti-inflammatory and neuroprotective potential and were 
able to selectively inhibit MyD88 dependent but not MyD88 
independent signaling [123]. Another example of pepti-
domimetic modeled on BB loop of MyD88 TIR is compound 
ST2825. ST2825 specifically inhibits in vitro dimerization of 
MyD88 TIR domains, but not DD domains, leading to the 
inhibition of IL-1R signaling. Moreover, ST2825 suppressed 
not only IL-1R signaling, but also MyD88 dependent TLR9 
signaling. When orally administered in C57BL/6 mice 
ST2825 inhibited in vivo IL-6 response to IL-1  treatment 
[124]. More recently, in a murine model of nonreperfused 
acute myocardial infarction ST2825 in vivo protected against 
left ventricular dilatation and hypertrophy [125]. In systemic 
lupus erythematosus (SLE) ST2825 abolished production of 
autoantibodies in peripheral blood mononuclear cells from 
SLE patients stimulated with TLR9 agonist CpG which en-
ables further human clinical testing [126]. While pepti-
domimetics act by obscuring interactions between protein 
partners, some inhibitors can covalently bind to proteins and 
disrupt interactions. Specific inhibition of protein interac-
tions between TLR4 and adapter molecule MAL/TIRAP or 
TRAM has been achieved with such small-molecule inhibi-
tor TAK-242 (cyclohexene derivative resatorvid). Among 10 
different human TLRs, TAK-242 selectively binds to TLR4 
via Cys747 in the TIR domain of TLR4. It is presumed that 
TAK-242 reacts with TLR4 to form a complex containing a 
covalently attached cyclohexene ring at position 747 and 
causes a conformational change or a steric hindrance in the 
TIR domain of TLR4, affecting the recruitment of adapters 
to the signaling complex [127, 128]. Besides in vitro inhibi-
tion of various inflammatory mediators, TAK-242 decreased 
in vivo levels of cytokines and protected mice from LPS-
induced lethality in endotoxaemic mouse model [129]. The 
schematic overview of inhibitory peptides and pepti-
domimetics reviewed above is shown in Table (2). 

2.3.2. Inhibitory Proteins Targeting TIR Domain Interac-
tions  

 The above described peptides and peptidomimetics ex-
hibit a relatively weak inhibitory potency for the TLR inhibi-
tion. In order to avoid the need for high concentrations of 
these peptides for therapy, protein inhibitors with higher 
inhibitory potency can be employed for the TLR inhibition. 
Truncated and/or mutated forms of TLR adapter proteins 
were reported to inhibit TLR signalization as dominant-
negative (dn) mutants. These include adapter TIR domains or 

point mutants in the adapters. Generally, monomeric adapter 
TIR domains bind to the target interacting partner of the 
cognate adapter and prevent binding of the native adapter or 
form nonfunctional heterodimers with their wild type coun-
terparts. Point mutations in the inhibitory adapters are lo-
cated in the positions critical for their interactions with other 
proteins and frequently involve the mutation of the con-
served proline in the BB loop significant for TIR domain 
function. Using in vitro assays, the inhibition of several 
TLRs/IL-1R has been shown with TIR domains of adapters 
MyD88, MAL/TIRAP and TRIF [37, 130]. Negative regula-
tion of TLR signaling was demonstrated with several mu-
tants of the proline residue from BB loop; TRIF P434H was 
characterized as a dominant-negative regulator of IFN-  
promotor induction triggered by poly(I-C)-TLR3 signaling 
or LPS-TLR4 signaling while TRAM P116H inhibited LPS-
TLR4-mediated NF- B and IFN-  signaling [18]. The appli-
cation of protein inhibitors from TLR adapters was tested in 
in vitro cell culture models of several diseases by adenoviral 
transfection of DNA constructs encoding these inhibitors. 
TLR2, TLR4 and MyD88 have an important role in the de-
velopment of atherosclerosis characterized by the accumula-
tion of proinflammatory cytokines, chemokines and matrix 
metalloproteinases (MMPs) mediated by several different 
cell types in the endothelium of the artery lumen. On the ex 
vivo cultures of cells isolated from human atherosclerosis 
plaques the production of several cytokines, inflammatory 
mediators and metalloproteinases was significantly reduced 
with dnMyD88 (MyD88 aa 53-296 P56N) [131] where the 
P56N mutation in the DD of MyD88 is unable to form DD 
homodimers [132]. Though the dnTRAM construct (TRAM 
C117H), incapable of homodimerization and heterodimeriza-
tion with TRIF [18] did not have such a broad impact as 
dnMyD88 it also reduced NF- B activity and MMP produc-
tion in atheroma cell cultures [131]. TLRs also promote the 
inflammatory and destructive processes in rheumatoid arthri-
tis with adapters MyD88 and MAL/TIRAP having a signifi-
cant role. In synovial membrane cultures from RA tissue, the 
expression of dn forms of MyD88 (MyD88 aa 53-296 P56N) 
and MAL/TIRAP (MAL/TIRAP P125H) significantly down-
regulated the production of TNF- , IL-6, IL-8 and VEGF 
cytokines and metalloproteinases [133]. Using MAPPIT 
analysis, the conserved proline 125 mutant of MAL/TIRAP 
was reported to prevent MAL/TIRAP homodimerization, 
heterodimerization with MyD88 and interaction of MyD88 
with TLR4 [134] suggesting its role for the abrogated TLR 
signaling. MyD88 may also provide a therapeutic target in 
type I diabetes mellitus given the important role of IL-
1 /MyD88-mediated signaling in this disease. In pancreatic 
islets  cells, the IL-1  induced production of nitric oxide 
correlates with  cell apoptosis and/or abrogation of insulin 
secretion [135]. On the conditionally immortalized Tc-Tet 
cells the lentivirus mediated expression of dominant negative 
versions of MyD88 (MyD88 TIR or MyD88 F56N) sup-
pressed IL-1 /IFN-  induced NO production, increased the 
resistance of cells to apoptosis and retained their insulin se-
cretory response to glucose [136]. The cell type dependent 
requirement for different adapters in nonmyeloid versus 
myeloid cells reveals important implications in terms of 
therapies targeted at blocking LPS-mediated cell activation 
with its major role in pathology of sepsis. The LPS-triggered 
signalization in nonmyeloid synovial fibroblasts (SFs) and 
umbilical vein endothelial cells (HUVECs) was successfully 
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Table 2.  Overview of Inhibitory Peptides and Peptidomimetics 

 Source of Inhibitory Sequence/Surface Effect on Signaling 

INHIBITORY PEPTIDES 

BB loop peptides TLR adaptors inhibition of TLR and IL-1R signaling 

peptides from TIR TLR4 TLR4 inhibition of TLR4 signaling 

peptides from TIR MAL/TIRAP MAL/TIRAP inhibition of TLR4 or TLR2 signaling 

VIPERIN A46 
inhibition of TLR4 signaling (VIPERIN targets MAL/TIRAP 

and TRAM) 

INT peptide MyD88 
inhibition of MyD88 dependent signaling (INT peptide targets 

IRAK4) 

INHIBITORY PEPTIDOMIMETICS 

hydrocinnamoyl-L-valyl pyrrolidine MyD88 inhibition of IL-1R signaling 

EM77, EM110 MyD88 inhibition of MyD88 dependent signaling 

ST2825 MyD88 inhibition of MyD88 dependent signaling 

 

abrogated with dnMyD88, dnMAL/TIRAP and dnTRAM 

while the inhibitory effect was not evident in myeloid cells 

[58, 137]. In vivo, the application of dominant negative pro-

teins for therapeutic inhibition has been demonstrated for 

ischemia/reperfusion (I/R) injury, a medical condition which 

correlates with NF- B activation. Blocking the MyD88 me-

diated pathway by adenoviral introduction of dnMyD88 

(MyD88 DD) into myocardium of rats protected from I/R 

injury by blunting NF- B and activation of the protective 

Akt signaling pathway [138]. 

 Revealing the details of the structure and molecular func-

tion of TIR-domain containing proteins new challenges are 

offered for the improvement of the existing TLR protein 

inhibitors. Structural data uncovered the receptor TIR dimer 

[46, 56, 139] as a functional signaling scaffold for binding of 

adapters while it was also shown that MyD88 oligomerizes 

via its DD and TIR domains [132, 134]. Thus, based on the 

predicted TIR domain interactions in the signaling com-

plexes the dimerized TIR domains should have higher affini-

ties for each other which would lead to their higher inhibi-

tory potency. Covalently tethered TIR domain dimers con-

firmed this assumption as they exhibited improved inhibition 

of TLR signaling compared to monomeric TIR domain in-

hibitors [36]. The concept of TIR domain dimerization for 

the construction of improved inhibitors was further exploited 

by linking TIR domains via coiled-coil segments. Coiled-coil 

mediated TIR domain dimerization is a successful strategy 

used by bacterial TIR domain containing proteins [91-93] 

utilized for host TLR signaling subversion. The fusion pro-

tein GCN-mTIR where the MyD88 TIR domain was linked 

to the artificial strong coiled-coil segment GCN4-p1 con-

ferred superior inhibition, several orders of magnitude more 

efficient than monomeric TIR domain inhibitors or inhibitory 

peptides [36]. GCN-mTIR has an expanded spectrum for a 

broad range of TLRs/IL-1R and is therefore of particular 

therapeutic interest as pathogens often engage several TLRs. 

From the point of potential therapeutic application one 

should also consider that the selection of a specific TIR do-

main of an adapter does not always narrowly define the 

specificity for TLR inhibition [130, 137] which was also 

observed with inhibition of TLR3 with dimeric MyD88 TIR 

domain inhibitors [36] indicating a cross-talk between 

MyD88 and TRIF dependent pathways. As a comprehensive 

overview the protein inhibitors originating from TLR adapt-

ers with their mechanism of inhibition, TLR specificity and 

application is given in Table (3).  

CONCLUSION 

 Recently, excessive activation of innate immune signal-
ing has been associated with several inflammatory diseases. 
Inhibitors targeting molecules of innate immunity therefore 
represent promising therapeutic agents. Recently, new find-
ings revealed important insight into the TLR signaling 
mechanisms [34] that enable design of more efficient inhibi-
tors. The ideal inhibitor should have high specificity against 
the selected targets, low dosage for the effective inhibition, 
high bioavailability and should be easily delivered in organ-
ism. It should also be obtained in large quantities and have 
sufficient purity to avoid side effects. Protein inhibitors en-
able strong and specific suppression of signaling due to mul-
tiple and specific interactions with their target and in this 
respect represent a more suitable type of inhibitors than pep-
tide and peptidomimetic inhibitors that sometimes lack the 
desired specificity. On the other hand, peptidomimetic in-
hibitors are low molecular weight compounds that are easily 
translocated into cells while protein size represents a chal-
lenge for the delivery. DNA constructs encoding TLR pro-
tein inhibitors can be delivered for therapy in vivo or ex vivo 
via different routes including lipofection, microinjection, 
electroporation, microbombardment or viral delivery [138]. 
However, the delivery of TLR inhibitor as a purified protein 
instead of the coding DNA represents an approach to over 
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Table 3.  Overview of TLR/IL-1R Inhibitory Proteins Targeting Intracellular Signaling Pathways 

Source 

Protein 

dn Mu-

tant 
Proposed Mechanism of Inhibition 

Experimentally Estab-

lished Inhibition 
Application 

TIR interferes into TIR:TIR interactions 
TLR41,2, TLR5

2
,  

IL-1R 
2,3

 

attenuates IL-1 /IFN-  mediated NO production and 

apoptosis, retains insulin secretion on pancreatic islets  

cells4 

DD interferes into DD:DD interactions  
protects from I/R injury by blunting NF- B and activa-

tion of the protective Akt signaling pathway5 

MyD88 

aa 53-

296 

P56N 

prevents dimerization of MyD88 

through DD
6
 

TLR4 (nonmieloid cells 

only), IL-1R7 

down regulates the production of inflammatory cytoki-

nes and metalloproteinases on cultures from human 

atherosclerotic plaques8 and synovial membrane cul-

tures from RA tissue9 

MyD88 

P56N 

prevents dimerization of MyD88 

through DD6 
IL-1R6 

attenuates IL-1 /IFN-  mediated NO production and 

apoptosis, retains insulin secretion on pancreatic islets  

cells4 

dTIR interacts with TLR2 
TLR3, TLR4, TLR5, 

TLR9, IL-1R2 
 

MyD88 

GCN-

mTIR 
interacts with TLR2 

TLR3, TLR4, TLR5, 

TLR9, IL-1R2 
 

TIR interferes into TIR:TIR interactions TLR4
10

 

Mal/TIRAP Mal 

P125H 

prevents Mal homodimerisation, het-

erodimerisation with MyD88 and 

interaction of MyD88 with TLR4
11

 

TLR4 (nonmieloid cells 

only)7 

down regulate the production of inflammatory cytokines 

and metalloproteinases on synovial membrane cultures 

from RA tissue9 

 

TIR interferes into TIR:TIR interactions 
TLR2, TLR3, TLR4, 

TLR7
12

 
 

TRIF 

TRIF 

P434H 
prevents TRIF homodimerisation

13
 TLR3, TLR4

14
  

TRAM 

P116H 

prevents TRAM homodimerisation and 

heterodimerisation with TRIF14 
TLR414  

TRAM 

TRAM 

C117H 

prevents TRAM homodimerisation and 

heterodimerisation with TRIF14 

TLR2, TLR4 (nonmieloid 

cells only)15 

reduces NF- B and metalloproteinases production in 

atheroma cell cultures8 

1[23, 37], 2[36], 3[37, 54], 4[136], 5[138], 6[132], 7[58], 8[131], 9[133], 10[37], 11[134], 12[130], 13[141], 14[18], 15[137]. 

come the disadvantages of the gene therapy, but introduces a 
problem of their cost of production. Besides electroporation, 
microinjection and liposome delivery of proteins into target 
cells, the intracellular delivery of the protein inhibitor fused 
to the protein transduction domain represents a promising 
strategy for therapeutic applications. The employment of 
different short cationic peptides such as HIV-1 TAT, pene-
tratin, synthetic poly-arginine and PTD-5 segments has been 
shown for the intracellular delivery of heterologous proteins 
as well for peptide inhibitors into cells [140]. Therefore, the 
future development of TLR signaling inhibitors relies on 
new discoveries of TLR signaling mechanism as well as on 
new ways of delivering inhibitors to targets. 
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