CellR4 2020; 8: 2850

Targeting Toll-Like Receptor 4:

a promising strategy to prevent type 1 diabetes

occurrence or recurrence

M. Alibashe-Ahmed*, T. Berney*?, L. Giovannon#*, E. Berishvili**3

!Department of Surgery, Cell Isolation and Transplantation Center, University of Geneva Hospitals, Geneva, Switzerland
’Diabetes Center, University of Geneva School of Medicine, Geneva, Switzerland

3Institute of Medical Research, llia State University, Thilisi, Georgia

Corresponding Author: Ekaterine Berishvili, MD, PhD; e-mail: Ekaterine.Berishvili@unige.ch

Keywords: Type 1 diabetes, Islet transplantation, Pre-
vention, Toll-like receptor, TLR4

ABSTRACT

TLR4 is a transmembrane receptor of the innate
immune system that recognize LPS of gram-
negative bacteria. Its stimulation induces pro-in-
flammatory responses and also modulates adap-
tive immunity. In this article, we discuss the role
of TLR4 in the activation and proliferation of T
cells at the onset of autoimmune diabetes. We
review the pathways involved in these observa-
tions. Finally, we show how targeting TLR4, by a
variety of strategies, can prevent the occurrence
of the disease but also its recurrence after alloge-
neic islet of Langerhans transplantation.

INTRODUCTION

Type 1 diabetes (T1D) is an autoimmune disease of
unknown origin. It represents 5- 10% of the cases
of diabetes diagnosed worldwide and mainly af-
fects pediatric patients'. It is characterized by auto-
immune destruction - of the insulin-secreting cells
(B-cells) of the islets of Langerhans. The decreased
number of B-cells leads to an insufficient secretion
of insulin and consequently to the dysregulation
of glucose uptake and metabolism. There are ge-
netic predispositions and environmental factors
involved in the onset of the process leading to the
destruction of the B-cells?. In fact, there is growing
evidence to suggest that TID has remarkable in-

terindividual heterogeneity in terms of clinical and
immunopathological features®.

In this context, identifying modifiable factors is
essential for the set-up of preventive strategies for
patients at risk for T1D, but also to avoid recurrence
of autoimmunity and allograft rejection after pan-
creas or islet transplantation and possibly, in the fu-
ture, after autologous stem cell-derived islet trans-
plantation or other innovative $3-cell replacement or
regeneration therapies. In this review, we will dis-
cuss the importance of chronic inflammation and
insulitis in the pathogenesis of T1D. We will focus
on the involvement of Toll-Like Receptor 4 (TLR4),
a component of the inflammatory response, in the
pathogenesis of T1D and on how it can be targeted
for the prevention of the disease occurrence, or re-
currence after 3-cell replacement strategies.

ToLL-LIKE RECEPTORS AND AUTOIMMUNE DIABETES

The Toll-Like Receptor (TLR) family consists of 10
members in the human and 12 in the mouse*. They
are either transmembrane molecules or expressed in
intracellular compartments. Each transmembrane
TLR is made of leucine-rich repeats (LRRs) at their
N-terminal ends and a cytoplasmic Toll/IL-1 recep-
tor (TIR) domain. TLRs are expressed in innate and
adaptive immune cells, but also in fibroblasts, epi-
thelial cells and adipocytes. Recently they have been
identified in the B-cells®. As pattern recognition
receptors (PRRs), expressed by antigen-presenting
cells (APC), they are able to recognize exogenous
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pathogen-associated molecular patterns (PAMPs),
that include bacteria-, virus-, fungus- and parasite-
derived components, but are also able to recognise
endogenous damage-associated molecular patterns
(DAMPs), such as self-DNA from necrotic or apop-
totic cells. TLRs are essential to immune responses
against pathogens. However inappropriate activation
may promote inflammation and autoimmunity’. Re-
cent discoveries have linked TLRs to inflammatory
and autoimmune pathologies such as multiple scle-
rosis, autoimmune uveitis, arthritis, psoriasis, vas-
culitis, lupus erythematosus, inflammatory bowel
disease and autoimmune diabetes®2.

The study of TLRs in autoimmune diabetes is
complex. More than one cell, involved in the patho-
genesis of T1D, express TLRs in addition to the
multiple ligands that can interact with them. Thus,
numerous contradictory results on the course of
T1D have been published?>. TLR4 is a member of
the TLR family. It complexes with myeloid differ-
entiation factor 2 (MD-2) and recognizes bacterial
lipopolysaccharide (LPS). Structural analysis re-
vealed that five of six lipid chains of LPS bind to a
hydrophobic pocket in MD-2, while the remaining
chain binds to TLR4. TLR4-MD2-LPS complexes
dimerize and induce signal transduction by recruit-
ing adaptor proteins containing a TIR domain such
as MyD88, TIRAP, TRAM and TRIF". MyDS88/
TIRAP-dependent pathway induces the produc-
tion of pro-inflammatory cytokines whereas TRIF/
TR AM-dependent pathway is necessary for the pro-
duction of type I IFN, a large subgroup of proteins
that regulate the innate immune system to elicit
responses against pathogens or tumors'. Although
pathogen-recognition receptors in autoimmune dia-
betes have been widely studied, little is known about
the role of TLR4 in the pathogenesis of this disease'.

The expression of TLR4 in the islets of Langer-
hans has been documented to be deleterious both in
murine and human B-cells®!>. Exposure to LPS induc-
es a loss of B-cells and decreases the synthesis and
secretion of insulin®>*'%">, Moreover, it has been ob-
served that the sera of type 1 diabetic patients exhibit
increased levels of endogenous TLR4 ligands, such
as endotoxins, HSP60 and HMGBI1'. TLR4 expres-
sion is also upregulated on monocytes from type 1
diabetic patients'. Additionally, in a human cell mod-
el, CXCLI10, through TLR4 signaling, induces -cell
death and dysfunction (18). Taken together these data
provide convincing evidence for the deleterious ef-
fects on 3-cells mediated by TLR4 activation.

TLR4 IN THE NON-0BESE DIABETIC (NOD)
MOUSE MODEL

Little is known about the role of TLR4 in the devel-
opment of autoimmune diabetes and contradictory
observations are frequent. In an attempt to address
this issue, a TLR4- deficient NOD mouse model
has been developed'. Giilden et al'? reported that
TLR4-deficient NOD mice present an accelerated
form of autoimmune diabetes'?. The mean age of
diabetes incidence was 17 weeks in TLR4-deficient
NOD mice and 25 weeks in the control group. On
the other hand, Devaraj et al”® described a protec-
tive phenotype in another TLR4 knock-out mouse
model. Along a similar line, MyD88-deficient
NOD mice, with impaired TLR4 signaling, do not
develop diabetes®. Kim et al’ also reported that the
median age of diabetes onset was not affected by
TLR4 gene knock-out. Moreover, the prevalence of
diabetes was similar between TLR4+/+, TLR4+/-
and TLR4-/- mice'?.

The TLR4-deficient NOD mouse model is a use-
ful tool to study the involvement of TLR4 in the
pathogenesis of autoimmune diabetes. However, a
general knockout of TLR4 appears to be not suffi-
cient to understand the complex crosstalk between
TLR4- expressing cells and to define their putative
role in the onset of autoimmunity.

So far, the cell-specific role of TLR4 engage-
ment has mainly been studied in B-cells and APC.
The activation of TLR4 in murine B-cells impairs
the insulin secretion and increases -cell apoptosis
in a murine model of type 2 diabetes?. On the oth-
er hand, TLR4 blockade preserves the survival of
human and murine islets in the presence of LPS".
In this context, the engagement of TLR4 in B-cells
may have a direct damaging effect.

TLR4 is mainly expressed in APC and its ac-
tivation increases phagocytosis, antigen presenta-
tion and secretion of pro-inflammatory cytokines?.
Macrophages can be found at the early stages of
islet infiltration and probably play an important
role in the onset of autoimmune diabetes****. The
activation of TLR4 in APC increases the secretion
of pro-inflammatory cytokines in diabetic mice?'.
On the contrary, TLR4-deficient macrophages
show reduced pro-inflammatory cytokine secretion
and unresponsiveness to LPS exposition in NOD
mice'?. On the basis of this evidence TLR4-defi-
cient APC in NOD mice could have a possible pro-
tective phenotype against autoreactivity.
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PREVENTION OF AUTOIMMUNE DIABETES
BY TLR4 INHIBITION

Because of these considerations, we have explored
whether TLR4 blockade could prevent the develop-
ment of insulitis and the onset of autoimmune di-
abetes in NOD mice (25). Using CLI-095, a cyclo-
hexene derivative that inhibits TLR4 signaling, we
were able to observe a protective effect mediated
by the decreased activation and proliferation of the
diabetogenic autoreactive CD4+ T lymphocytes
as well as IFN-y production by these cells, both in
the pancreatic lymph nodes and in the spleen, and
consequently the inhibition of the autoimmune pro-
cess. Interestingly, this was specifically observed
in CD4, but not CD8 T-cells?.

We further investigated the impact of TLR4 in-
hibition on CD4+ T lymphocytes in an adoptive
transfer model of autoimmune diabetes. In this
model, naive NOD/BDC2.5 CD4+ T lymphocytes,
expressing a rearranged TCRaof, are transferred to
immunocompromised NOD/ragl. CLI-095 treat-
ment decreased the activation of CD4+ T lympho-
cytes and the number of IFN-y-and IL-17A-produc-
ing CD4+ T lymphocytes, as compared to control.
As observed in the NOD mouse model, TLR4
blockade impaired CD4+ T lymphocytes activa-
tion, proliferation and differentiation into diabeto-
genic effector cells, both in the pancreatic lymph
nodes and in the spleen®.

Since the injections of the CLI-095 TLR4 inhib-
itor were systemically (intraperitoneally) admin-
istered, numerous cells could have been targeted.
This protective effect is potentially not only due
to its effect on CD4+ T lymphocytes, but also on
APCs. A protective effect on B-cells is also possi-
ble. Therefore, TLR4 inhibition could have the dual
advantage of targeting the immune cells involved in
the pathogenesis of T1D and directly increasing the
viability of (-cells. Moreover, TLR4 is the recep-
tor for inflammatory mediators (HMGBI, DAMPs,
CXCLI10), autoantigens (Heat-shock protein 60;
HSP60) but also bacterial LPS, all being involved
in the pathogenesis of T1D. Therefore, targeting in-
flammatory and autoimmune processes involved in
the pathogenesis of T1D, using one single treatment
could synergize the therapeutic efficiency and ex-
plain the promising results observed in NOD mice.

CLI-095 (also known as TAK-242) and Eri-
toran, are 2 inhibitors of TLR4 signaling, which
have already been used in phase 3 clinical trials,

in patients with severe sepsis**?’. Regardless of the
negative results of the trials, these TLR4 inhibitors
were well tolerated. Therefore, inhibiting TLR4
by either of these agents in patients at risk for T1D
could be a valid and feasible intervention. A de-
rivative of HSP60 targeting TLR2 already demon-
strated promising results on the preservation of
pB-cell function in newly diagnosed T1D patients®®.
In addition, TLR polymorphisms are associated
with susceptibility to infectious, inflammatory and
autoimmune diseases”. Because of the highly-con-
served TLR functions throughout animal species,
findings on the roles of TLRs in murine models
could be easily translated to humans. Numerous
clinical trials targeting TLR2,3,4,5,7,8 and TLR9
are ongoing for prevention and treatment of various
cancers, allergic diseases, as well as inflammatory
and autoimmune diseases’.

PREVENTION OF DIABETES RECURRENCE BY
TLR4 BLOCKADE AFTER ISLET TRANSPLANTATION

TLRs provide a well-recognized link between the
innate and adaptive immune systems. In transplan-
tation, they are a key link between ischemia-reper-
fusion injury and graft rejection®-*. They play this
role by enhancing antigen presentation, upregulat-
ing costimulatory molecule expression and stimu-
lating proinflammatory cytokine and chemokine
production. TLRs are typically engaged by exog-
enous ligands (such as LPS) in infection, but are
also able to sense endogenous ligands, collectively
known as damage-associated molecular patterns
(DAMPs), such as key molecules involved in auto-
immune diseases* or necrotic cell products, usu-
ally released during ischemia-reperfusion injury in
organ or cell transplantation®-*,

TLRs were shown to play an important role in the
inflammatory phenomena observed in the first stages
of intraportal islet transplantation and leading to the
early destruction of significant number of implant-
ing endocrine cells. In particular, islet cells constitu-
tively express TLRs, notably TLR2 and TLR4, and
the isolation process upregulates TLR4 expression
at their surface®®?’. Further, the engagement of is-
let-expressed TLRs by DAMPs at the time of trans-
plantation leads to a massive release of proinflam-
matory cytokines and chemokines that contribute to
the immediate destruction of a sizeable amount of
implanting islet cells****. The role of TLRs in these
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processes was evidenced by experiments of synge-
neic islet transplantation in TLR4"- murine models.
Interestingly, absence of expression of TLR4 in the
islet donors, not the recipients led to better engraft-
ment, indicating that TLR4 expression by the islets,
not the host innate immune system, was responsible
for this phenomenon, which was largely mediated by
the inhibition of NF-kappaB activation®¢-*,

From another standpoint, TLR4-mediated den-
dritic cell (DC) activation can lead, via the nucle-
ar factor kappa B pathway, to DC maturation and
Treg suppression®. In the setting of transplanta-
tion, ischemic injury can activate donor DCs by
means of heat-shock protein70-TLR4 interaction.
Donor-derived activated DCs can enhance immu-
nogenicity of the graft, thus promoting graft re-
jection®'#, Therefore, in addition to its impact on
controlling autoimmune diabetes, TLR4 blockade
could have the potential to mitigate the effects of
islet or pancreas graft allogeneic immunogenicity.

There have been contradictory reports about the
effect of TLR4 in allogeneic islet graft rejection, uti-
lizing TLR4”- murine models. While all publications
concur in finding a beneficial role of TLR4 inacti-
vation on allogeneic islet graft rejection, significant
differences are observed, depending on experimental
design. Reports show indefinite islet graft survival in
TLR4" to wild type transplants, while others show
the opposite (37,40,41). The different mouse strain
combinations used may partly explain these discrep-
ancies. They also exemplify the limitations of genetic
manipulation and the differences between constitu-
tional lack of expression and active blockade.

With an intent to develop an interventional strat-
egy, we have explored the effect of a pharmacologi-
cal TLR4 blockade, using monoclonal antibodies'.
In mixed lymphocyte-islet reaction (MLIR) exper-
iments, in which islets were co-cultured with allo-
geneic mononuclear cells, we were able to inhibit
T-cell proliferation and IFN-y expression with an
anti-TLR4 monoclonal antibody (mAb). Interest-
ingly, identical results were achieved in these in
vitro experiments, using murine or human mate-
rials and a species-specific mAb"”. In vivo, TLR4
blockade allowed indefinite allogeneic islet graft
survival in a majority of animals. This effect was
achieved only when both islet donors and islet graft
recipients were treated with the mAb, indicated that
TLR4 had to be inhibited both in the transplanted
islet cells and the host immune system in order to

achieve maximal effect’®. In further mechanistic
studies, animals tolerant to the islet graft (>100
days) were re-challenged with donor-specific or
third party skin grafts. Donor-specific skin trans-
plantation led to skin and islet graft loss within 12
days, whereas only skin got rejected, in the same
time frame, after third party skin transplantation.
This indicated that the protective effect of TLR4
blockade led to a phenomenon of graft accommo-
dation rather than true immune tolerance®.

It should be noted here that, in these murine ex-
periments, islets were transplanted under the kidney
capsule, unlike the current practice in clinical islet
transplantation, where islets are injected into the liv-
er via the portal vein. A significant portion of trans-
planted islets are thought to be destroyed very early
after injection by a phenomenon known as IBMIR
(“Instant Blood-Mediated Inflammatory Reaction”),
in which a cascade of inflammatory events is elicited
by intravascular coagulation within the portal vein*.
Involvement of TLRs in this phenomenon was re-
ported, which makes it very likely that TLR4 block-
ade could enhance islet engraftment by controlling,
or even inhibiting IBMIR®,

TOLL-LIKE RECEPTOR BLOCKADE:
TOWARD CLINICAL APPLICATION?

The literature reviewed in this article shows a clear
potential for TLR -and in particular TLR4- block-
ing agents, both for the prevention of type 1 diabe-
tes and also as a strategy aiming at promoting and
prolonging islet graft survival. The mechanisms of
action equally involve the targeting of inflammatory
phenomena mediated by the innate immune system,
but also purely adaptive immunity, such as occurs in
autoimmunity and allogeneic graft rejection.

It is of interest that TLR4 blockade can be
achieved in humans by a variety of agents, such as
CLI-095 and Eritoran, both already tested in clinical
trials**?’, but also by human-specific monoclonal an-
tibodies, which have been tested for another type of
autoimmune disease (rheumatoid arthritis) in phase
II studies*. The availability of these compounds
makes the clinical application of TLR4 targeting an
immediate possibility for clinical trials aimed to pre-
vent type 1 diabetes occurrence in subjects at risk
and to enhance islet graft implantation and survival
after pacreatic islet allotransplantation.
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