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Abstract

Toll-like receptor (TLR)/interleukin (IL) 1 receptor (IL-1R) play
a fundamental role in the immune response. These receptors are
distributed in various cellular compartments and recognize different
components of pathogens. All TLR/IL-1Rs, with the exception of
TLR3, interact with MyD88, an intracellular adapter protein that
triggers a signaling cascade that culminates in the expression of in-
flammatory genes. Because aberrant activation of TLR/IL-1Rs can
promote the onset of inflammatory or autoimmune diseases and
malignancies, this pathway has attracted considerable interest as a
potential therapeutic target. Given the central role of MyD88 in
TLR/IL-1R signaling, we set out different strategies to develop drugs
that can block its function. Structural and functional analysis of the
MyD88 domains allowed us to identify crucial residues required for
MyD88 homodimerization. Moreover, we developed small cell-per-
meable peptides and peptidomimetic agents that inhibit MyD88
homodimerization and function. Our results pave the way for the
development of new therapeutic drugs for the inhibition of MyD88-
dependent signaling.

Introduction

Toll-like receptors (TLR)/interleukin (IL)-1 receptors (IL-1R)
play key roles in host defense and inflammation. TLR/IL-1Rs are
expressed by a variety of immune and nonimmune cells' and recog-
nize exogenous pathogen-associated molecular patterns, such as lipo-
polysaccharide, lipopeptides, flagellin, bacterial DNA, and viral dou-
ble-stranded RNA, as well as endogenous, host-derived danger-
associated molecular patterns, as high mobility group Box 1 and heat
shock proteins.” TLR/IL-1Rs are characterized by the presence of the
Toll/IL-1 receptor (TIR) domain in their cytoplasmic portion.” The
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TIR domain is required for the recruitment of adapter proteins
through interaction with their own TIR domain. The recruitment of
these adapters then triggers the pathway involved in signal transduc-
tion.” With the sole exception of TLR3, all TLR/IL-1Rs use MyD88
as adapter protein, either alone or in association with other adapters.*
MyD88 has a modular structure that consists of an N-terminal death
domain (DD) and a C-terminal TIR domain, separated by a short
linker sequence.” Upon ligand recognition, MyD88 is recruited as a
dimer to the cytoplasmic domain of TLR/IL-1Rs via homophilic
interaction between the respective TIR domains. This, in turn, al-
lows MyD88 to associate with members of the IL-1R-associated
kinase (IRAK) family through homophilic interaction between the
respective DDs. This multimeric complex, named Myddosome,
propagates the signal downstream of the receptors, with conse-
quent activation of MAP kinases and the transcription factors
nuclear factor-kappa B (NF-kB), activator protein-1 (AP-1), in-
terferon regulatory factors (IRFs), to elicit antipathogen re-
sponses and inflammation.®”

Dysregulation of the TLR/IL-1R pathway was suggested to pro-
mote the onset of various autoimmune, chronic inflammatory, and
infectious diseases,® and it also was recently involved in tumorigen-
esis.” ' Notably, MyD88 itself was shown to play a determinant role
in the promotion of several human cancers, including blood malig-
nancies such as lymphoma and chronic lymphocytic leukemia.''">
For these reasons, the TLR/IL-1R pathway has attracted consider-

able interest as a potential therapeutic target.](”17

Rational Development of MyD88
Inhibitors

Given its central role in the TLR/IL-1R signaling pathway, inter-
fering with the function of MyD88 is likely to represent a suitable
approach for therapeutic treatment of diseases in which these recep-
tors are involved. MyD88 has no catalytic activity, but its ability to
homodimerize and to interact with upstream receptors and down-
stream kinases is crucial for its function. Thus, it is conceivable that
MyD88 activity can be inhibited at various steps involved in the

formation of the Myddosome complex, such as homodimerization of
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Figure 1 Targeting the Toll/Interleukin (IL)-1 Receptor (TIR) TIR or Death Domains (DD) of MyD88 for the Development of Toll-like
Receptor (TLR)/IL-1R Signaling Pathway Inhibitors. TLR/IL-1Rs Recognize Ligands With Their Extracellular Portion Constituted
of Leucine-Rich Repeat Domain (LRR) or Inmunoglobulin-like Domains, Respectively. Upon Ligand Stimulation, They Interact
With MyD88 by Their Respective TIR Domains. MyD88 Oligomerizes and Recruits the IL-1R-associated Kinase (IRAK) by Their

Respective DDs. This Multimeric Complex Propagates the Signal Downstream of the Receptors, With Consequent Activation of
Nuclear Factor-kappa B (NF-«B) and Induction of Genes Involved in Inflammatory Responses. Inhibitors of the
Homodimerization of the TIR Domain (A) or DD (B) of MyD88 Can Interfere With the Interaction Between TLR/IL-1Rs and
MyD88 (A) or the Recruitment of IRAKs by MyD88 (B), Thereby Preventing the Activation of NF-«B
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the TIR domain or DD, interaction of its TIR domain with TLR/
IL-1Rs, or recruitment of IRAKs by its DD (Figure 1).

To develop tools that interfere with the MyD88 function, we
designed a multistep strategy. First, we analyzed the primary

structure of the TIR and DD of MyD88 and of homologous
proteins to identify residues that are evolutionary conserved, with
specific attention to charged/polar residues that are likely to be
involved in protein-protein interactions. Next, we performed
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Figure 2 An illustration of the Multistep Strategy Designed to Obtain Tools That Are Capable of Interfering With MyD88 Function.
Our Strategy Is Organized into 3 Subsequent Steps. In Step 1, the Approach Used to Identify the Residues in MyD88
That are Crucial for its Homodimerization and Activity. Steps 2 and 3 Show the Procedure Used to Develop Tools That
Interfere With MyD88 Function. In Step 2, How the Identification of a Small Region of MyD88 Death Domain Important

for Its Homodimerization by Mutagenesis Experiments Has Allowed Us to Design a GFP-MyD88 Fusion Protein Able to
Interfere With Toll-like Receptor (TLR)/Interleukin (IL)-1 Receptor (TLR/IL-1R) Signaling Pathway Inhibitors, TLR/IL-1R
Responses in Live Cells (see Ref.'8). Step 3 Is an lllustration of How We Used the Sequence of the BB-loop of the TIR
Domain of MyD88 to Design a Small Cell Permeable Eptapetide (see Ref.2°) or a Peptidomimetic Compound (ST2825)

(see Ref.?%) That Interfered With MyD88 Homodimerization and With TLR/IL-1R Signaling Pathways
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site-directed mutagenesis of such residues within the MyD88 TIR
domain or DD and analyzed the ability of the mutant protein to
homodimerize, to recruit IRAKs, and to activate NF-kB (step 1 in
Figure 2). These features of the protein can be analyzed by dual-
tag coimmunoprecipitation assays (homodimerization and re-
cruitment of IRAKs) and by reporter gene assays (NF-kB
activation).'®

By following this strategy, we were able to identify 3 residues
that are required for the interaction of MyD88 with IRAKs and
for MyD88-dependent activation of NF-«kB.'® Remarkably, mu-
tations in one of these residues, glutamic acid 52, was also found
in patients affected by recurrent infections,'” which thus vali-
dated our in vitro studies in a physiopathologic setting. Our stud-
ies also revealed that the small stretch of residues in the DD of
MyD88, constituted by the al, a2, a3 helices and by the first
portion of the a4 helix, offers a surface of interaction between
MyD88 and IRAKs. Step 2 in our strategy aims at interfering with
MyD88 function by delivering portions of the molecule that can
compete as a decoy with the endogenous MyD88 (Figure 2). We
proved that expression of the above-mentioned small region of
the MyD88 DD as fusion protein with a green fluorescent protein
(GFP) moiety interfered with TLR/IL-1R responses.'® Thus, this
short amino acidic stretch could serve as template to design decoy
peptides and synthetic analogues (peptidomimetics) that might
interfere with TLR/IL-1R pathways (step 3). We tested this pos-
sibility in another set of studies that targeted the TIR domain of
MyD88, which also is required for homodimerization. Site-di-
rected mutagenesis analyses identified a crucial stretch of residues
in the BB-loop region, which connects the second B-strand with
the second a-helix of the TIR domain and is conserved among
TLR/IL-1Rs.*° Muration of these residues interfered with
MyD88 dimerization and with downstream signaling events.”'
Next, we synthesized a cell-permeable peptide by fusing the
MyD88 aminoacidic sequence ArgAspValLeuProGlyThr (aa
196-202, RDVLPGT) to the antennapedia sequence that allows
internalization in the cell®® (Figure 2) and showed that this
MyD88 BB-loop decoy hepta-peptide blocked MyD88 ho-
modimerization and reduced IL-1—dependent signaling in live cells.””

Natural peptides are not suitable drugs in vivo, due to their
rapid clearance through proteolytic digestion. An alternative
strategy is to develop synthetic molecules that closely mimic the
original peptide. To this end, we developed and screened a series
of synthetic molecules for their biologic activity toward MyD88
signaling.22 One such drug, ST2825 (Figure 2), was selected for
its ability to interfere with MyD88 homodimerization and TLRY-
dependent signaling in vitro and in vivo.”® These studies proved
that a rational design for the development of selective inhibitors

of MyD88 is indeed possible.

Application of MyD88 Inhibitors to
Models of Human Diseases

After our discoveries, the effect of the MyD88 decoy epta-peptide,
the only commercially available MyD88-specific inhibitor, and of
ST2825 have been analyzed in different models of human dis-
eases.'*?*?% For instance, it was recently described that an onco-

genic-activating mutation of MyD88 is responsible for the un-
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controlled proliferation of cells from patients affected by
lymphomas and Waldenstrom’s macroglobulinemia, a subgroup
of immunoglobulin M—secreting non-Hodgkin lymphomas. In both
studies, treatment of patient cells with the MyD88 decoy epta-pep-
tide strongly inhibited oncogenic proliferation in vitro,'*'* which
suggests that MyD88 inhibitors could be therapeutically suitable for
these neoplastic diseases. This is particularly relevant for patients
with Waldenstrom’s macroglobulinemia, because a mutation of
MyD88 was found in the large majority of patients affected by this
neoplasia.'* The MyD88 peptide also was shown to downregulate
inflammation in normal human knee articular chondrocytes stimu-
lated with TL-1B8,* which indicates its potential also in the treatment
of chronic inflammatory diseases. In a similar vein, its synthetic an-
alogue ST2825 was demonstrated to be effective in inhibiting the
production of autoantibodies from patients with systemic lupus ery-
thematosus, by blocking the generation of autoreactive plasma cells
from memory B cells after TLR9 stimulation.?”

It is foreseen that pharmacologic modulation of the TLR/IL-1R
pathway might yield clinical benefits in the treatment of several hu-
man pathologies, including some forms of cancer. Thus, inhibitors of
MyD88 function, such as those developed in our studies, are likely to
represent a good therapeutic strategy to interfere with the molecular
mechanisms of several human diseases triggered by aberrant activa-

tion of TLR/IL-1R—dependent signaling events.
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