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Abstract
Systemic lupus erythematosus (SLE) is a systemic and potentially fatal autoimmune disease. SLE pathophysiology is complex
and involves the interplay between the innate and adaptive immune systems, with a particularly significant role for type I
interferons. Recently, the participation of other actors such as platelets and IgE has been described in SLE. On the one hand,
platelets activated by different stimuli (antiphospholipid antibodies, immune complexes...) participate in immune dysregulation
through direct interactions with immune cells. On the other hand, autoreactive IgE can activate basophils, promoting a Th2
environment and subsequent antibody production by plasma cells. In synergy with IgG, IgE is also able to activate plasmacytoid
DCs (pDCs) increasing interferon alpha production. Mirroring the IgG paradox, total nonautoreactive IgE is described as a
potential regulator of IFNx production. This review summarizes recent and novel data on innate immunity in SLE pathophys-
iology with a focus on platelets and IgE, as they represent novel players in immune dysregulation and potential therapeutic
targets.
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Abbreviations

AAV ANCA-associated vasculitis

ADP Adenosine diphosphate

ALPS Autoimmune lymphoproliferative syndrome
ANCA Anti-neutrophil cytoplasmic antibody
BAFF B-cell-activating factor

BAK Bcl-2 homologous antagonist killer

BETs Basophil extracellular traps

CD Cluster of differentiation

DAMP Danger-associated molecular pattern
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DC Dendritic cell

DNA Deoxyribonucleic acid

GC Germinal center

GM-CSF  Granulocyte/macrophage
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HCQ Hydroxychloroquine

HLA Human leukocyte antigen

HMGB-1 High-mobility group box 1

IC Immune complex

ICAM Intercellular adhesion molecule
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IFN Interferon

Ig Immunoglobulin

IL Interleukin

IVIg Intravenous immunoglobulin

JAK Janus kinase

KO Knock-out

MCP-1 Monocyte chemoattractant protein 1

mDC Myeloid dendritic cell

miRNA Micro-RNA

mRNA Messenger RNA

mtDNA  Mitochondrial DNA

NETs Neutrophil extracellular traps

NLRP3 NOD-like receptor family, pyrin
domain containing 3

pDC Plasmacytoid dendritic cell

PMP Platelet-derived microparticles

PRR Pattern recognition receptor

RNA Ribonucleic acid

ROS Reactive oxygen species

SLE Systemic lupus erythematosus

SLEDAI  SLE disease activity index

STAT Signal transducer and activator of transcription

STING Stimulator of interferon genes

TLR Toll-like receptor

TXA2 Thromboxane A2

Introduction

Systemic lupus erythematosus (SLE) is a rare albeit potential-
ly severe autoimmune systemic disease. Although the exact
etiology of SLE remains unclear, it is now well established
that SLE is a complex and multifactorial disease resulting
from the interaction of several genetic and environmental fac-
tors, eventually characterized by inappropriate activation of
the immune system and the development of autoantibodies
targeting self-nuclear components [1].

Genetic susceptibility studies have allowed us to gain in-
sights into SLE pathophysiology and, particularly, the in-
volvement of the innate immune system. For example, Clq
deficiency leads to a defect in nucleic autoantigen clearance,
responsible for reaction against nuclear components such as
DNA [2]. Autoantibodies aggregate with circulating
autoantigens forming immune complexes (ICs) responsible
for both immune system activation (e.g., activation of
plasmacytoid dendritic cells (pDCs)) and organ-specific dis-
ease (e.g., immune-complex nephritis). Genome-wide associ-
ation studies have identified many genetic predispositions
which often have a cumulative effect on the risk for SLE [3],
many of them concerning the immune response or antigen
processing (e.g., HLA).

Because anti-nuclear antibodies are a hallmark of SLE, it
has long been considered as an adaptive immune system
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disorder. Over the past decade, insights into SLE pathophys-
iology have brought a better comprehension of how the innate
and adaptive immune systems interplay in a vicious circle
promoting and maintaining autoimmunity. In this complex
interplay of immune cells, platelets and immunoglobulin E
(IgE) have been recently shown to be new players in modu-
lating the immunopathology of SLE.

Blood platelets are small enucleate cellular fragments de-
rived from megakaryocytes and the second most represented
population in the complete blood count. Their role in hemo-
stasis as guardians of vascular integrity has long been known,
but as suggested by the fact that their circulating number is far
higher than what is needed for this purpose, recent studies
have uncovered that platelets play a major role in immunity.
Platelets have been reported to be involved in the defense
against pathogens [4, 5], as well as in the promotion of auto-
immune diseases [6]. Therefore, platelets may be seen as a
cellular component of the innate immune system.

In SLE, the role of platelets goes beyond the well-described
thrombosis risk. Their activation is increased, leading to the
exposure of co-stimulatory proteins (e.g., CD40L) and the
release of pro-inflammatory molecules (e.g., damage-
associated molecular patterns (DAMPs)). For example, plate-
lets have shown their unique capacity to prime pDCs’ immune
complex-mediated secretion of interferon alpha (IFN), a cen-
tral cytokine in SLE pathophysiology [7]. As an amplification
loop, each activated platelet produces many platelet-derived
microparticles (PMPs) which can individually expose such
pro-inflammatory and prothrombotic factors [8]. This explains
how platelets may act as a powerful adjuvant of the immune
system activation and thrombosis, which can be further am-
plified by autoantibodies.

IgE is the least abundant of all circulating immunoglobu-
lins (about 5 times less than IgQG). It is involved in the defense
against extracellular parasitic organisms, especially helminths
and protozoa [9]. In western countries, where parasitic infec-
tions became rare due to improved hygiene conditions, these
immunoglobulins often react against innocuous antigens,
sometimes causing allergic symptoms. The low serum con-
centration of IgE is to be relativized, since the majority of it is
in tissues and bound to FceRI (Fc epsilon receptor 1), the
high-affinity Fc receptor for IgE. IgE has the shortest half-
life of all the Ig isotypes (about 1-5 days versus up to 24 days
for IgG1, IgG2, and IgG4) [10], but due to the high affinity of
FceRlI, basophils and mast cells are covered with relatively
long-lived FceRI-IgE complexes (about 2 weeks after
binding).

In SLE, autoreactive IgE has been identified not only as a
potent basophil activator but also as a potential trigger for
pDC leading to IFN secretion, thereby increasing disease ac-
tivity [11, 12]. On the contrary, total non-autoreactive IgE has
been found to have opposing effects. Consistent with its abil-
ity to suppress the inflammation in SLE, its levels negatively
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correlate with disease activity [13]. Together, these findings
define an emerging concept: the IgE paradox in autoimmunity
[14].

The purpose of this review is to summarize recent and novel
data on innate immunity in SLE pathophysiology with a focus on
platelets and IgE. Indeed, they represent new players in immune
dysregulation, and beyond their respective roles in thrombosis
and allergies, both may modulate immune (and autoimmune)
response and represent potential therapeutic targets.

Noncellular Innate Factors Responsible
for SLE Development

Toll-Like Receptors and Other Pattern Recognition
Receptors

Toll-like receptors (TLRs) belong to the pattern recognition
receptor (PRR) family and are evolutionarily conserved innate
immune components. They have the unique capacity to rec-
ognize pathogen-associated molecular patterns (PAMPs)
while inducing immune system activation and linking innate
and adaptive immune responses. TLRs are membrane-bound,
and their localization determines the type of ligand they rec-
ognize: bacterial or fungal PAMPs for TLRs 1, 2, 4, 5, and 6
which are located on the cell surface; and nucleic acids (sin-
gle- or double-strand RNA, DNA) for TLRs 3, 7, 8§, and 9
located on endosomal membranes (Table 1). In SLE patho-
genesis, nucleic acid-sensing TLRs (mainly TLRs 7 and 9)
have been strongly implicated since they mediate IFN« pro-
duction by pDCs upon activation by circulating ICs contain-
ing self-nucleic acid components [17].

Platelets have functional TLRs 1, 2, 3, 4, 6, 7, and 9 [15].
The role of platelet TLR-7 in antiviral immunity has recently
been demonstrated by Koupenova et al. During viral chal-
lenge, TLR-7 is responsible for platelet activation leading to
platelet-leukocyte aggregates possibly involved in priming
the immune system. In fact, TLR-7 KO mice did not present

Table 1 Toll-like receptors expressed in platelets
TLRs Ligands References
Extracellular localization
TLR-1 Multiple triacyl lipopeptides [15]
TLR-2 HMGB-1, lipoteichoic acid [15, 16]
TLR-4 Lipopolysaccharide (LPS) [15, 16]
TLR-6 Diacyl lipopeptides [15]
Intracellular localization
TLR-3 Double-stranded RNA, poly I:C [15]
TLR-7 Single-stranded RNA [4]
TLR-8 Single-stranded RNA [15]
TLR-9 DNA, HMGBI1 [15]

such platelet activation and platelet-leukocyte aggregates and
had decreased survival after a viral challenge [4]. In SLE,
circulating ICs are a major factor responsible for platelet acti-
vation and immune system priming, at least via TLR-7.

However, TLR signals can be modulated. In a recent study,
total circulating IgE levels were found to be increased in lupus
patients in remission compared to active lupus patients sug-
gesting a protective role of IgE in SLE. Mechanistically, the
authors demonstrated that nonautoreactive IgE negatively im-
pacted TLR-7 and TLR-9 expression in pDCs [13], therefore
negatively regulating IFNo production in response to ICs. A
similar mechanism has been described in atopic asthma,
where FceRI engagement by elevated levels of total IgE was
responsible for TLR-7 downregulation and, ultimately, to de-
creased IFNo production by pDCs in response to influenza
infection [18]. On the other hand, another team demonstrated
that autoreactive IgE, such as anti-dsDNA IgE, was elevated
in SLE patients and elicited an increase in IFN« production by
pDCs [19]. Therefore, a tight balance between total and
autoreactive IgE seems to be at play for TLR-7/9-mediated
IFN« production.

Cytosolic PRRs such as RIG-I, MDAS, and TMEM173/
STING have been implicated in SLE pathogenesis through type
Iinterferon production. For example, a gain of function mutation
responsible for aberrant STING activation has been described to
cause a pediatric lupus-like syndrome called SAVI (STING-
associated vasculopathy with onset in infancy) [20]. Of note,
baricitinib, a Janus kinase (JAK) inhibitor, is the first drug to
allow sustained disease control and corticosteroid tapering in
these young patients, demonstrating the importance of the
JAK-STAT pathway in IFN-mediated diseases [21].

Damage-Associated Molecular Patterns

DAMPs are endogenous molecules released upon tissue dam-
age capable of activating the immune system and promoting
inflammation without the need for foreign antigens. They
were initially theorized by Matzinger in 1994 then further
described by the same author 10 years later [22, 23].
DAMPs are highly heterogeneous in terms of origin, localiza-
tion, structure, and function, but all converge at either initiat-
ing or promoting the inflammatory response.

Mitochondria and mitochondrial DNA (mtDNA) are potent
activators of TLR-9 and STING, therefore inducing IFN«x
production by pDCs and NETosis of polymorphonuclear cells
[24, 25]. mtDNA (as well as whole mitochondria) is released
in the extracellular milieu in the case of necrosis, apoptosis, or
NETosis [26]. Interestingly, platelets are able to release mito-
chondria and mtDNA upon activation. Thus, considering their
prevalence in the blood, platelets are a major source of
mtDNA [27]. Furthermore, inflammation provides a pro-
oxidative extracellular milieu with the release of reactive ox-
ygen species (ROS) promoting mtDNA oxidization,
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increasing its immunogenicity and its capacity to stimulate
IFN production, including in SLE models [28, 29]. In addition
to TLR-9 stimulation, oxidized mtDNA also activates the
inflammasome, namely nucleotide-binding domain leucine-
rich repeat family (NLRP3) to produce IL-1B [30]. Of note,
other DAMPs are released by mitochondria such as formyl-
peptides which promote sterile inflammation [24, 31].
High-mobility group box 1 (HMGB-1) and S100A8/A9 (al-
so known as calprotectin) are two proteins released in the
extracellular milieu upon cell activation, necrosis, or
NETosis. Bioavailable HMGB-1 and S100A8/A9 are found
to be increased in many autoimmune diseases, including SLE,
and correlate with disease activity [16, 32]. Mechanistically,
HMGB-1 and S100A8/A9 act via TLR-4 and receptor for
advanced glycation endproducts (RAGE) to promote immune
system activation and pro-inflammatory cytokine secretion by
immune cells [16, 33-35]. Both SI00A8/A9 and HMGB-1
were demonstrated to induce activation, chemotaxis, and mi-
gration of neutrophils/monocytes [34, 36]. Interestingly, plate-
lets and PMPs are a consequential source of HMGB-1 and/or
S100A8/A9, thus not only participating in immune dysregu-
lation but also organ damage such as in cardiovascular dis-
eases by their role in the promotion of thrombosis [37-39].

The Complement System

The complement system was originally discovered by a
Belgian immunobacteriologist, Jules Bordet, who found evi-
dence of heat-labile plasmatic factors which increased
opsonization (bacterial coating facilitating macrophage up-
take) and antibody-mediated bacteria death, therefore termed
“the complement” [40]. It is composed of more than 30 pro-
tein components mostly evolutionarily conserved, which are
present in the plasma as soluble factors or bound on the cel-
lular membrane.

Defects in the complement system, such as Clq, C2, or C4
deficiency, have been described as major risk factors for SLE
[41]. An increase in apoptosis leading to high levels of circu-
lating apoptotic bodies containing nuclear autoantigens is
commonly described. One of the roles of complement and,
in particular, C1q is to promote clearance of apoptotic bodies,
ICs, and the strongly immunogenic neutrophil extracellular
traps (NETs) [42]. The facts that almost all patients with a
defect in Clq develop SLE and that patients with severe
SLE (e.g., lupus nephritis) very often have anti-C1q autoanti-
bodies underline the importance of this mechanism in regulat-
ing the development of autoimmunity [43, 44]. Another role
for the complement system is to activate the cellular compo-
nents of the innate immune system including platelets and to
prepare the adaptive immune response.

C4d, a by-product of the classical pathway activation, is
found on the platelets of nearly 20% of patients with SLE
and is associated with a worse prognosis, more particularly
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with a risk of thrombosis [45]. Platelet C4d is a biomarker of
classical pathway activation which is both promoted by and a
result of platelet activation. Platelets also bind C3b through
interaction with P-selectin which is relocated to the platelet
surface upon activation [46], leading to alternate pathway ac-
tivation and a complement amplification loop [47, 48].
Activated platelets upregulate the surface Clq receptor
(C1gR) promoting classical pathway activation on their sur-
face. Moreover, cross-linking C1q to C1gR on platelets leads
to platelet activation and release of prothrombotic factors [49].
Finally, the terminal complement step produces the membrane
attack complex (C5b-9), which activates tissue factor, von
Willebrand factor multimers, and prothrombinase (a stimula-
tor of platelet activation) secretion from endothelial cells
[50-52]. These mechanisms uniquely place platelets at the
interface between the inflammatory response and vessel
thrombosis in SLE.

Fas/FasL System

Fas is a transmembrane protein belonging to the TNF receptor
superfamily and is expressed on many innate and adaptive im-
mune cells [53]. Its first known action is to mediate apoptosis
which is illustrated by the fact that a genetic deficit of Fas is
responsible for the autoimmune and lymphoproliferative syn-
drome (ALPS) which shares autoimmune features with SLE.
Fas ligand (FasL)-induced apoptotic cells present increased syn-
thesis of pro-inflammatory cytokines such as IL-6, monocyte
chemoattractant protein-1 (MCP-1), and granulocyte/
macrophage colony-stimulating factor (GM-CSF) [54]. These
cytokines are also responsible for neutrophil/macrophage activa-
tion and priming for phagocytosis, which subsequently initiates
adaptive immune system activation. However, FasL and, more
specifically, its soluble form (sFasL) have demonstrated many
nonapoptotic but pro-inflammatory actions, including in SLE
[53]. Indeed, sFasL acts as a chemoattractant on neutrophils
and Th17 lymphocytes, promoting their migration to inflamed
tissues [55, 56]. There is a fine-tuning between the protective and
pro-inflammatory roles of the Fas/FasL system. In fact, patients
with Fas deficiency fail to eliminate a subgroup of germinal
center B cells (GC B cells) called rogue GC B cells which sub-
sequently differentiate into IgG1* and IgE* long-lived plasma
cells capable of producing IgG and IgE autoantibodies [57].

Innate Immune Cells in SLE Pathogenesis
Dendritic Cells and IFN Secretion in SLE
Global Picture

Dendritic cells (DCs) are localized in nearly all human tissues
and are responsible for immunosurveillance, professional
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antigen presentation, and/or innate and adaptive immune sys-
tem activation.

In humans, we can functionally distinguish two types of
DCs, determined by the specific expression of surface mole-
cules [58]:

—  Mpyeloid (or conventional) DCs (mDCs). Immature mDCs
residing in tissues have optimal antigen capture (optimal
phagocytosis) and minimal presentation properties (low
expression of co-stimulatory and antigen-presenting mol-
ecules). They undergo a maturation process after encoun-
tering foreign antigens under inflammatory conditions,
migrate to secondary lymphoid organs such as lymph
nodes, and acquire the ability to optimally present anti-
gens to B and T cells, therefore initiating the adaptive
immune response [59]. Two subpopulations of mDCs
can be identified according to their membranous localiza-
tion of CD1c (BDCA-1) or CD141 (BDCA-3) [60].
CDI1c* mDCs, the predominant subpopulation in blood,
tissue, and secondary lymphoid organs, express high
levels of PRRs allowing efficient antigen capture and
presentation. They have a strong ability to stimulate naive
T cells. CD141" mDCs can internalize dead cells, detect
viral nucleic acids, and cross-present antigens to CD8* T
cells. They have the capacity to produce large amounts of
tumor necrosis factor &« (TNFx) [61].

—  pDCs can derive from a myeloid or a lymphoid progen-
itor [62]. Their main function is to detect foreign nucleic
acids via PRR and to secrete large quantities of type I
IFN, which is about 1000 times higher than any other cell
type [63—65]. Type I IFNs have multiple roles in the im-
mune system: they support monocyte and T-cell function,
as well as B-cell activation, proliferation, and differentia-
tion into antibody-producing cells [66]. This massive type
I interferon secretion also leads to type II IFN (IFNvy)
production by NK cells, which amplify the inflammatory
response [66]. pDCs can also produce pro-inflammatory
cytokines (IL-1, IL-6, TNF ) thus recruiting and activat-
ing other immune cells. By promoting T- and B-cell acti-
vation, pDCs serve as a bridge between innate and adap-
tive immunity.

The role of mDCs in the pathophysiology of SLE was
identified when Blanco et al. showed that monocytes from
healthy individuals differentiated into mDCs in the presence
of serum of lupus patients [67]. Myeloid DCs are then able to
phagocytize nuclear material and present self-antigens to na-
ive CD4™ T cells [67]. These mDCs can also, just like the
previously activated CD4" T cells, activate the cytotoxic func-
tions of CD8" T cells and support the proliferation and differ-
entiation of B cells.

The soluble factor inducing this differentiation to mDC has
been identified as type I interferon. This result is particularly

interesting because IFNx is present in large quantities in the
serum of lupus patients and its quantity correlates with disease
activity. The well-recognized IFN« signature has been identi-
fied by showing that many genes overexpressed in SLE are
dependent on this cytokine [68]. This signature can be
extinguished by steroid bolus, blocking the production of
IFN« by pDCs; 95% of children and 50 to 70% of SLE adults
have this IFN« signature in their genomic profile [68].

In parallel, the pivotal role of pDC in IFN secretion was
underlined [69, 70]. Interferon production by pDCs is mainly
mediated by TLRs and CD32 (FcyRII). TLR-7 and TLR-9
especially are involved in type I IFN secretion, usually as an
antiviral response system. Nucleic acids (bacterial, viral,
contained in immune complexes or in apoptotic bodies) after
binding to these TLRs lead to the recruitment of an innate
immune signal transduction adaptor, MyD88 (myeloid differ-
entiation primary response 88). This latter activates the tran-
scription factors NF-kB (nuclear factor-kB) and IRF7 (inter-
feron regulatory factor 7) through the sequential phosphory-
lation of kinases IRAK4/1 and auto-ubiquitination of TRAF6
[71, 72].

The collaboration of these three actors (DCs, T cells, and B
cells) induces the production of autoantibodies targeting nu-
clear components and ultimately forming ICs. The latter are
then recognized by the pDCs (mainly through TLRs) and
promote the production of IFN« in a vicious circle (Fig. 1).
Many factors such as platelet components and IgE may mod-
ulate IFN« production and could therefore have an impact on
SLE disease activity.

Platelet-Induced Priming of pDCs and mDCs
Through CD154/CD40

Many authors have described how platelets are activated in
SLE compared to healthy donors. Many factors interplay in
platelet activation: ICs (through FcyRII), viruses (through
TLRs), or anti-phospholipid antibodies (through direct bind-
ing or glycoprotein Ib (GP-Ib)) [73]. Interestingly, IgE, and
particularly IgE-ICs, may also activate platelets since they
express functional FceRI [74].

Upon activation, platelets undergo degranulation and
relocalize at their surface proteins which allow deep interac-
tion with the immune system (Table 2). One of these interac-
tions is mediated by CD40 (or TNFRSF5), a stimulatory re-
ceptor belonging to the TNF«x family expressed by dendritic
cells, B cells, and macrophages. Its stimulation by CD154
(CD40L) plays a major role in the adaptive immune response.
As an example, the CD40-CD154 interaction was initially
described between T follicular helper and B lymphocytes as
amajor factor promoting class switch, somatic hypermutation,
and the development of professional antibody-secreting cells
(plasmablasts and plasma cells) in the germinal centers.
Interestingly, platelets are the main reservoir of bioavailable
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Fig. 1 General overview of DC involvement in SLE pathogenesis.
Various environmental triggers, such as viral infection, apoptotic
bodies, or circulating immune complexes promote IFN« secretion by
plasmacytoid dendritic cells. This type I interferon production induces
the transformation of monocytes to myeloid dendritic cells. mDCs are
at the interface between innate and adaptive immunity. Indeed, by their
antigen presentation skills, they can activate CD4+ T cells. Both mDC

CD154 which is in part released in a soluble form by activated
platelets upon cleavage [80].

Elzey et al. have been the first to demonstrate the platelet role
in linking the innate and adaptive immune responses. They
showed that platelets could activate mDCs in a CD154/CD40-
dependent manner, and increase co-stimulatory molecule
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and activated CD4+ T cells will subsequently support the cytotoxic
functions of CD8+ T cells. Moreover, mDC will support the
proliferation and differentiation of B cells, subsequently enhancing
autoantibody production. Such autoantibodies will aggregate with
circulating autoantigens therefore forming immune complexes and will
perpetuate IFN« production in an amplification loop. IC, immune
complex; mDC, myeloid dendritic cell; pDC, plasmacytoid dendritic cell

expression (CD80/CD86/ICAM) as well as pro-inflammatory
cytokine production (IL-6, IL-12) [81].

Our team has demonstrated that in SLE, platelets were acti-
vated by ICs via a CD32-dependent mechanism (FcyRIla) lead-
ing to the exposure of membrane-bound CD154 [7].
Furthermore, activated platelets were able to interact with pDCs

Table 2 Interaction between
dendritic cells and platelets in

SLE

Action Pathway References
Myeloid dendritic cell (HLA-DR* CD11¢* CD1237)
Increase pro-inflammatory cytokine secretion Platelet CD40L/mDC CD40 [75]
Increase co-stimulation molecule expression Platelet CD40L/mDC CD40 [75]
Induce tolerogenic phenotype Platelet-selectin/mDC PSGL-1 [76]
Induce pro-inflammatory phenotype Platelet serotonin [77]
Plasmacytoid dendritic cell (HLA-DR* CD11¢” CD123")
IFN secretion in response to ICs Platelet CD40L/pDC CD40 [7]
Promote IFN secretion Platelet-released mitochondria/pDC TLR-9 [27, 78]
Promote IFN secretion Platelet HMGB-1/pDCs RAGE and TLR-9 [79]
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via CD154/CDA40 and, therefore, increase type I IFN production
in response to ICs. Of note, blocking platelet activation with
clopidogrel (a platelet receptor P2Y, blocker) and with it,
CD154 exposition and release, increased lupus mouse model
survival and lowered anti-dsDNA titers [7]. Another group dem-
onstrated that blocking CD154 with a monoclonal antibody im-
proved survival and prevented nephritis development in the
NZBxXNZW lupus mouse model [82].

Platelet-derived microparticles may also participate in SLE
pathogenesis, at least through an amplification mechanism. In
fact, one activated platelet can produce many PMPs, which
individually possess pro-inflammatory proteins on their sur-
face (CD40L, P-selectin...) [8]. Interestingly, Cloutier et al.
reported that in rheumatoid arthritis, patients’ circulating
PMPs acted as IgG immune complexes displaying
autoantigens such as histones [83]. Recently, another group
suggested that MP—immune complexes might also contribute
to SLE immune dysregulation, notably by promoting a pro-
inflammatory monocyte phenotype [84]. Considering the
platelet system hyperactivation in SLE and the fact that
PMPs have been found to be elevated in active patients [8],
it is very likely that these PMP—-ICs participate in pDCs acti-
vation and IFN-I production in SLE (Fig. 2).

IgE-Induced Modulation of pDCs’ Activation Through FceRI

IgE autoantibodies were described in SLE and autoimmune
diseases for the first time 40 years ago [85]. However, studies
focusing on their role in autoimmunity are fairly recent. As for
1gGs, autoreactive IgGs have been reported to have multiple
antigen targets in SLE [86]: dsSDNA, Sm, SS-A, SS-B, ribo-
nucleoprotein (RNP), and nucleosomes. Specific autoantigens
recognized by IgE have also been described: APEX, MPG,
and CLIP4, especially in lupus nephritis [12].

IgE is recognized by Fc epsilon receptor 1, the high-affinity
Fc receptor for IgE. In humans, two forms of FceRI have been
described. The tetrameric receptor (x[3y-) is composed of one
alpha chain binding to IgE, two gamma chains initiating signal
transduction, and one beta-chain amplifying the signal [86]. It
is expressed mainly on basophils and mast cells, localized in
tissues. The trimeric receptor (ccy,) is expressed at a lower
density on dendritic cells including pDCs, neutrophils, eosin-
ophils, monocytes, Langerhans cells, and certain epithelial
cells (bronchial, intestinal cells) [87]. Upon antigen recogni-
tion by cell-bound IgE, the signal transduced through FceRI
leads to potent secretion of inflammatory mediators, such as
histamine. These mediators are responsible for symptoms as-
sociated with allergic rhinitis, asthma, and anaphylaxis [88].
With a thousand times lower affinity, IgE is also recognized by
FceRII (CD23). This second receptor is expressed on mono-
cytes/macrophages, natural killer cells, B lymphocytes, den-
dritic cells, eosinophils, Langerhans cells, activated epithelial
cells, and platelets. FceRII-IgE interaction leads to the

secretion of mediators of immediate hypersensivity: pro-
inflammatory cytokines and chemokines. It is also involved
in antigen capture and presentation, promoting T- and B-cell
activation [88].

FceRI has recently been described for its ability to inhibit
the IFN type 1 responses from pDC. Of note, the FceRI found
on pDC lacks the (3-chain [9]. Two specific pDC receptors
involved in the downregulation of IFN-I production have been
described: BDCA2 and ILT7 [89]. Because they lack signal-
ing domains, these two receptors can modulate the pDC IFN-I
response only upon association with FceRI gamma chain ho-
modimer [90, 91]. It has also been shown that the cross-
linking of FceRI on the surface of pDCs inhibits the produc-
tion of [IFN« after stimulation of TLR-9 or TLR-7 [18, 92]. In
addition, two different studies showed that FceRI is strongly
expressed on the surface of pDCs in allergic patients, with a
direct correlation between its expression and serum total IgE
levels [18, 93]. Following stimulation of TLR-7 or TLR-9,
pDCs from allergic patients produce significantly lower
amounts of IFN« than healthy subjects. Interestingly, the se-
cretion of [IFN« in allergic patients is inversely correlated with
the expression of FceRI at the pDC surface and with the levels
of total serum IgE. These results support an inhibitory role of
FceRlI in the production of IFN-I by pDCs.

Later, two publications supported this important role of IgE
in the regulation of IFN« secretion by pDCs (Table 3).

The first team found that self-reactive IgE levels (espe-
cially against nuclear antigens) were increased in lupus pa-
tients [19]. This finding had already been described earlier
in the literature [12]. Indeed, autoreactive IgE could be used
as a clinical indicator of disease activity. In this study which
included 196 SLE patients, autoreactive IgE were found in
65% of all subjects and in 83% of patients with active dis-
ease. Also, the best prediction of disease activity was found
to be the presence of both dsDNA-specific IgE and IgG,
possibly indicating a role for auto-IgE in SLE [12]. A pre-
vious study showed that disease flare rates were higher in
SLE patients with demonstrable circulating anti-dsDNA-
IgE antibodies than in those without [94]. Furthermore, a
role of these IgE in the activation of basophilic polynuclear
cells has been elucidated [11] and will be detailed later. The
novelty is that autoreactive IgE was shown to enhance IC
internalization by pDCs in human SLE. ICs, formed with
autoreactive IgGs and nuclear antigens, are recognized by
the self-reactive IgE whose Fc fragment will bind to the
FceRs (especially FceRI) on the pDC surface. This subse-
quently facilitates the internalization of the complexes and
TLR-9 activation, then promotes IRF7 activation leading to
IFNa production [19]. Interestingly, DNA-IC with IgG or
IgE isotypes induced comparable IFNa amounts, while
DNA-IC with both isotypes had a synergistic effect on
IFNa production (even when reproducing the unbalanced
autoreactive IgE/IgG ratio of SLE serum).

@ Springer



Clinic Rev Allerg Immunol

sP-selectin

Q

- —

Platelet activation
(ICs, aPL Ab, nucleic acids ...)

V4
&y

TN

‘ mt DAMPs sCD154 PMPs
P-selectin/PSGL1 ' /
NETosis Ml \
TLR9 TLR4/RAGE
activation 0
) ‘ « ’ == CD154/CD40
@0 (’ | L
CD154/CD40 pDC '
Qo Adaptive o ©
@ —— |immunecells | «~—— IL-6
IFNa activation IL-12

Fig. 2 Interactions between platelets and innate immune cells in SLE. In
SLE, platelets are activated in response to several factors: immune
complexes, antiphospholipid antibodies, and nucleic acids. Activated
platelets relocalize these factors to their surface or secrete several
molecules which can interact with the immune system (CD154,
DAMPS, P-selectin ...). They can also produce many platelet-derived
microparticles which amplify platelet actions. Apl Ab, antiphospholipid

In the second publication, the authors focused on total IgE
(i.e., nonautoreactive IgE) [13]. An inverse correlation be-
tween total IgE levels and SLE disease activity (assessed by
the SLEDAI) was observed in SLE patients. The engagement
of FceRI by these nonautoreactive IgE inhibited IFN« pro-
duction by pDCs stimulated with TLR-7 or TLR-9 ligands
[13]. Moreover, monoclonal IgE-primed pDCs secreted less
amounts of IFN#| in response to SLE-ICs as compared to
nonprimed pDCs [13].

Considering that nonautoreactive IgE negatively regulates
type I IFN pathways in pDC, the authors suggested a new
paradigm describing an IgE protective role in the context of
SLE. In fact, their data suggest a paradox with IgE: on the one
hand pathogenic self-reactive IgE and on the other hand non-
pathogenic and even protective non-self-reactive total IgE
(Fig. 3). This echoes the IgG paradox: on one hand, IgG au-
toantibodies, e.g., found in lupus or rheumatoid arthritis, cause
inflammation through various mechanisms [97]. Especially,
they can activate FcyRs and the complement system, promot-
ing the activation of several pro-inflammatory effector
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antibodies; ICs, immune complexes; IFN«, interferon o; IL, interleukin;
mDC, myeloid dendritic cell; mt, mitochondria; mtDNA, mitochondrial
DNA; pDC, plasmacytoid dendritic cell; PMN, polymorphonuclear;
PMPs, platelet-derived microparticles; PSGL-1, P-selectin glycoprotein
ligand 1; sCD154, soluble CD154; sP-selectin, soluble P-selectin; RAGE,
receptor for advanced glycation end products; TLR, toll-like receptor

pathways. On the other hand, the perfusion of a large amount
of intravenous immunoglobulin (IVIg) acts as an anti-
inflammatory agent and is associated with immunomodulato-
ry effects in autoimmune diseases [97]. Moreover, IVIg and
the Fc portion of IgG inhibited IFN« produced by pDCs in
response to several viruses [98]. Multiple mechanisms have
been discussed to explain this paradox [97]: competition for
activating FcyR, saturation of FcRn (involved in increasing
IgG half-life), and induction of inhibitory FcyR expression.
We have demonstrated here that DCs play a major role in
SLE and that their functions are greatly affected by platelets
and IgE. Besides DCs, neutrophils are another major cellular
component of the innate immune system involved in SLE.

Neutrophils
Global Picture

Neutrophil involvement in SLE pathogenesis has long been
known since the lupus erythematosus (LE) cell was described
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Table 3

Autoreactive IgE interaction with innate immune cells involved in SLE pathogenesis

Immune cells Action of autoreactive IgE on immune cells

Consequences of interaction

References

Activation and degranulation

Migration to lymph nodes and spleen

Membrane expression of BAFF, APRIL, CD40L
1L-4, -5, -6, -13 secretion

Basophils

B cell interaction:
Auto-reactive B cell proliferation and maturation
Class switch (towards IgG, IgA and IgE)
Humoral memory response

Plasma cell survival and autoantibody production

Surface expression of CD40 and MHC-II

IL-6 and histamine secretion

IL-4, TSLP, IL-25 and RA secretion

T cell interaction:
—» - T cell activation
IL-3 secretion: sustaining basophil activation and survival
{ » - Thl7 polarization

t» - Th2 polarization

Charles et al. 2010 [11], Sanjuan et al.
2016 [86], Pellefigues and Charles 2013
[94], Rodriguez Gomez et al. 2010 [95]

pDC maturation and migration
plasmacytoid

Dendritic Cells

Antigen presentation to T-cells
Induction of IFNa and pro-inflammatory cytokines

secretion

Induction of IFNa secretion:
DC maturation, monocyte differentiation to DC
T and B cell activation and proliferation
IFNy production by NK cells

Pro-inflammatory cytokines secretion (IL-6, IL-8, TNFa):
Recruitment and activation of other immune cells

Endothelial activation

Dema et al. 2014 [12], Henault et al.
2016 [19], Hanaoka et al. 2012[96]

Neutrophils recruitment and NETosis

IL, interleukin; BAFF, B-cell-activating factor; APRIL, a proliferation-inducing ligand; 7SLP, thymic stromal lymphopoietin; RA, retinoic acid; MHC,
major histocompatibility complex; pDC, plasmacytoid dendritic cell; /FN, interferon

in 1948. This cell is a mature neutrophil in the bone marrow
that has phagocytized the nucleus of another cell, thus con-
taining a large amount of nuclear material. This LE cell, also
called Hargraves cell, was initially used as a reference diag-
nostic test for SLE [99].

Besides phagocytosis, neutrophils are able to undergo
a specialized cell death called NETosis, during which
they release NETs allowing the NETs to bind pathogenic
material. NETs are extracellular structures composed of
chromatin studded with antimicrobial proteins, and
DAMPs, such as histones, myeloperoxidase, and ROS
[100]. While NETosis is probably an evolutionary con-
served innate defense mechanism, it is also responsible
for autoantigen release participating in the loss of toler-
ance against self-nuclear antigens [101]. This is exem-
plified by the fact that antibodies targeting histones,
DNA, or myeloperoxidase are often found in autoim-
mune diseases such as SLE and anti-neutrophilic cyto-
plasmic antibody (ANCA)-associated vasculitis. NETs
then interact with pDCs, facilitating the internalization
and delivery of DNA fragments to endosomal TLRs,
while protecting this DNA from nuclease degradation.
Those NETs are part of immune complexes capable of
(1) stimulating pDCs via TLR-9 and (ii) eliciting an au-
toimmune response with the production of anti-DNA and
anti-microbial peptide antibodies. In turn, these

autoantibodies present in the serum of lupus patients
are able, like ANCAs, to stimulate NETosis [102], dem-
onstrating a vicious circle.

There is a self-sustaining circle between neutrophils and
pDCs, IFNa promoting NET production, itself supporting
the secretion of IFN« [102, 103]. Furthermore, NETSs are del-
eterious to endothelial cells [104] and found in excess in the
skin and kidney of lupus patients [105].

NETosis relies on ROS for its induction as well as for its
antibacterial activities [29, 101]. Two recently published stud-
ies have highlighted the importance of oxidative stress in lu-
pus, with a major role played by oxidized mtDNA [28, 29]. In
SLE patients, neutrophils undergo NETosis in response to
RNP ICs, leading to the production of ROS, the oxidization
of mtDNA, and its release in the extracellular milieu. This
oxidized mtDNA is highly immunogenic and promotes type
I IFN production by the cGAS-STING pathway [29].
Interestingly, mitochondrial ROS produced during NETosis
can induce NETosis in SLE patients’ low-density
granulocytes, showing another pro-inflammatory activation
loop [29].

Promoting immune system activation in a vicious circle,
NETs are likely to be the link between the interferon and
neutrophilic signatures often found in SLE patients [68].
Several factors may modulate neutrophils and NETosis in
SLE, therefore affecting disease activity.
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Fig. 3 IgE involvement in SLE pathophysiology. Left panel.
Autoreactive IgE bind to self-DNA or another autoantigen forming cir-
culating immune complexes (ICs). The latter induces cross-linking of
FceRI and engagement of ITAM-mediated signaling on basophils. This
leads to synthesis and secretion of IL-4 by basophils. Right panel.
Circulating ICs including autoreactive IgE and IgG act in synergy and
bind, respectively, to FceRI (lacking (-chain) and FcyRIla on
plasmacytoid dendritic cells (pDCs). After internalization, ICs, recog-
nized by TLR-7 or TLR-9, induce MyD88 recruitment and

Platelet-Induced Neutrophils Modulation of Inflammatory
Activity

Another vicious circle promoting innate immune system dysreg-
ulation in SLE pathogenesis is exemplified by platelet-neutrophil
interactions. As described earlier, NETosis induces the release of
immunogenic components such as histones and oxidized mtDNA,
both of which are potent platelet activators through their TLRs and
other PRRs (see “Toll-Like Receptors and Other Pattern
Recognition Receptors” section). Upon activation, platelets pro-
mote NETosis in a number of ways. On the one hand, activated
platelets relocalize and release mitochondria and mtDNA in the
extracellular milieu, promoting local inflammation and NETosis
[27]. On the other hand, P-selectin (CD62P), a membrane glyco-
protein exposed on activated platelets, has been shown to induce
NETosis, either directly by its interaction with its P-selectin
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Glomerulonephritis

Skin lesions

phosphorylation of transcription factors such as IRF7 and NF-«B.
Eventually, large amounts of type I interferon (IFN-I) and other inflam-
matory cytokines are produced. FceRI activation induced by
nonautoreactive IgE inhibits expression of TLR-9 and IRF7 through an
ITAM-mediated pathway. This leads to downregulation of type I [FN
secretion. ICs, immune complexes; IFN, interferon; IL, interleukin;
IRF7, interferon regulatory factor 7; NF-«kB, nuclear factor-kappa B;
pDC, plasmacytoid dendritic cell; TLR, toll-like receptor

glycoprotein ligand-1 (PSGL-1 or CD162) or by the priming of
neutrophils for NETosis by other stimuli [106]. Originally, P-
selectin (as well as E-selectin) was described as a cellular-
adhesion molecule responsible for neutrophil migration to the site
of inflammation, also called diapedesis [107]. It is therefore seduc-
tive to hypothesize that upon encountering inflammatory condi-
tions, platelets (and endothelial cells) exposing P-selectin locally
promote inflammation by priming neutrophil inflammatory func-
tions (ROS production, NETosis. . .).

Outside of direct and well-described platelet—neutrophil
interactions, platelet-derived microparticles may contain nu-
clear information (mRNA, miRNA) as well as pro-
inflammatory organelles (e.g., mitochondria). Recently, active
transfer of nuclear information from PMPs to neutrophils was
demonstrated, as well as its relevance in an in vivo model of
autoimmune arthritis [108].
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IgE-Induced Neutrophil Activation

Neutrophils appear to express very low levels of Fc2IRI and
IgE does not appear to induce an Fc#lRI-mediated signal in
them. However, Mac-2/2IBP, a protein of the S-type lectin
family expressed by neutrophils, has been described as a re-
ceptor for IgE [109]. Interestingly, polyclonal and monoclonal
IgE can induce a respiratory burst (ROS) in neutrophils and
therefore a pro-inflammatory phenotype [109].

Some authors have described IgE-containing ICs as activa-
tors of neutrophils [110], but these results have been chal-
lenged by others [111].

Basophil Activation
Global Picture

Although they have been neglected until recently because
of their similarity with tissue-resident mast cells, baso-
phils are potent effector cells of the innate immune sys-
tem. They are characterized by their ability to release his-
tamine. They also produce IL-4 and other cytokines for
Th2 polarization, while their antigen presentation ability
is still a matter of debate [94, 112]. They also have the
potency to induce a switch of B cells toward Th2-type
immunoglobulins (IgG1, IgG2b, and IgE), plasma cell
differentiation, and survival while supporting humoral
memory response. They also promote differentiation of
monocytes into M2 macrophages, the anti-inflammatory
and pro-fibrotic subtype of macrophages [94]. Basophils
can have beneficial and detrimental functions for the host.
While they play an important role in protection against
infections with parasites, including ticks and helminths,
they can be deleterious for the host by promoting pro-
inflammatory responses to allergens [113].

Recently, the deleterious role of basophils has been
highlighted in SLE patients. This is not only linked to
autoreactive IgE included in ICs but also to other factors dys-
regulated in SLE, which could influence the basophil activation
status and their recruitment to secondary lymphoid organs [94].

Platelet-Induced Basophil Activation

It has been shown that platelet-derived supernatants can in-
duce, in vitro, histamine release from human mixed leuko-
cytes containing basophils [114]. However, histamine release
was found only when using supernatants from activated plate-
lets. Thus, upon activation, platelets can produce a soluble
substance which can initiate basophil-mediated reactions, sug-
gesting that platelets may enhance inflammatory and allergic
reactions through its action on basophils [114].

Autoreactive IgE-Induced Basophil Activation

The role of basophils and Th2-type response have been dem-
onstrated in a murine model of lupus nephritis [11]. IgE acti-
vate basophils which promote a Th2 environment with, sub-
sequently, production of autoantibodies by plasma cells
(Table 3). In this lupus nephritis model using Lyn '~ mice,
depletion of basophils or the absence of IL-4 or IgE caused
a marked reduction in autoantibody production and preserved
kidney function.

In individuals with SLE, self-reactive IgE levels are asso-
ciated with active disease and active lupus nephritis. A more
marked activation (HLA-DR™) of their basophils was found.
Despite a low patient number, it was shown that these baso-
phils were found in the secondary lymphoid tissues where
they may influence T- and B-cell functions [11]. Here, they
act as amplifiers of the humoral immune response, inducing
the upregulation of CD62L, MHC-II, and the B-cell-activating
factor BAFF [11] enhancing B-cell proliferation and increased
IgG1 and IgE production. Furthermore, by producing IL-4
and IL-6, they promote a Th2 environment with an increase
of IL-4 producing activated T-helper cells [11, 115] (Fig. 3).

In a cohort of 48 newly diagnosed patients with SLE, a
decreased number and an increased activation state of periph-
eral basophils were found to correlate with increased autoan-
tibody production and disease activity [116]. Autoreactive IgE
activate basophils, resulting in an amplification of autoanti-
body production but also IL-17 secretion, thereby contributing
to the SLE pathogenesis [116].

In the same study, Pan et al. used another murine model of
lupus, the MRL/Ipr mouse, to confirm observations from
Lyn "~ mice. Basophil-depleted MRL/Lpr mice exhibited a
prolonged survival, a decreased level of serum anti-nuclear
IgG and IgE, a reduction of kidney injury due to a lesser
deposition of IgG and IgE immune complexes in the glomer-
uli, and a reduction of IL-17 production [116].

Of note, basophils activated by IgE or complement may
produce basophil extracellular traps (BETs) [117]. BETs are
similar to NETs and induce the release of DAMPs such as
mitochondrial DNA, ROS, and antibacterial nuclear compo-
nents such as histones and DNA [118].

Mastocyte Activation

Mastocytes are myeloid-derived cells well known for their
role in allergy and anaphylaxis. These innate immune cells
are characterized by a large repartition in all epithelia, the high
expression of Fc#RI, and the fact that they possess many
vesicles loaded with vasoactive hormones such as histamine.
The mastocyte’s role in SLE has been suggested by the iden-
tification of mastocyte infiltrates in different organs affected
by lupus, such as the skin and kidneys [119, 120].
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Recently, a new subset of T-helper cells characterized by
IL-9 secretion (named Th9 cells) has been described [121].
Interleukin-9, found to be elevated in SLE [122], has the abil-
ity to mediate mastocyte migration into organs where it can
subsequently exert a pro-inflammatory or anti-inflammatory
effect based on other signals from the microenvironment
[123]. Among their pro-inflammatory effects, mastocytes
may present autoantigens to T cells through HLA T or II
[124], promote immunoglobulin production through CD40L,
or express the co-stimulatory factor OX40L which has been
shown to promote T follicular helper functions [125] and alter
Treg immunosuppressive activity (paper in press).

Outside of their activation by IgE, mastocytes possess
FcyRI and FcyRIII and may therefore be stimulated by IgG
and IgE ICs found in SLE. In summary, mast cells are found in
SLE lesions and may participate in the immune dysregulation
and organ disease in several ways, including the promotion of
autoantibody production and alteration of the IgE imbalance
(see IgE paradox “Dendritic Cells and IFN Secretion in SLE”
section).

Platelets as Innate Immune Cells

Although their small size and their lack of a nucleus, platelets
can be seen as a unique component of the innate immune
system. In fact, platelets constitute the second most prevalent
blood component and might play a major role in the case of
bacteremia (presence of bacteria in the bloodstream).

Firstly, platelets have the capacity to recognize pathogens
through their pathogen recognition receptors such as TLRs
(see “Toll-Like Receptors and Other Pattern Recognition
Receptors” section). Upon recognition, platelets acquire an
activated phenotype (e.g., exposition of tissue factor and P-
selectin) and alter their shape by remodeling their cytoskele-
ton. Gaertner et al. have beautifully demonstrated how plate-
lets could act as mechano-scavengers, binding bacteria and
trapping them on their surface [5]. Furthermore, platelet—
bacteria bundles facilitate phagocytosis by neutrophils as well
as NETosis [5]. As discussed in the “Neutrophils™ section,
NETs promote platelet activation (e.g., by the release of mito-
chondria) as well as aggregation and thrombosis [126].

Secondly, pathogen-activated and NET-activated platelets
promote thrombosis in a phenomenon called
immunothrombosis [126]. This evolutionarily conserved im-
mune mechanism is used to limit the dissemination of a path-
ogen via the bloodstream. Immunothrombosis explains why
some pathogens produce thrombolytic proteins as an escape
mechanism (e.g., streptokinase from Streptococcus) and why
severe infection can lead to disseminated thrombosis (called
disseminated intravascular coagulation). Therefore, we can
consider that in SLE, platelets play a central role as innate
immune cells, as well as effectors of thrombosis.
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Therapeutic Opportunities

Until a few years ago, SLE patients were treated with empiric
immunosuppressive therapies at the cost of severe adverse
effects such as infection and atherosclerosis which are nowa-
days the major causes of mortality in SLE [127].

Recent research providing new insights into SLE patho-
genesis has opened a huge window of opportunities for
targeted therapies. In fact, a recent meta-analysis by Felten
et al. identified 74 targeted therapies under development illus-
trating the dynamics of SLE research considering that its phar-
macopeia has little changed outside the recent marketing of
belimumab, an anti-BAFF agent [128]. We will describe here
the therapies that have potent action on the innate immune
system with a particular focus on platelets and IgE.

Nonspecific Therapies Acting Against Innate
Immunity

Corticosteroids have revolutionized the treatment of autoim-
mune diseases including SLE since their first use in 1948 to
treat a 29-year-old woman hospitalized for severe rheumatoid
arthritis [129]. However, the current paradigm is to avoid their
long-term use as they have been consistently linked to dose-
and time-dependent increased risk of infection as well as with
accelerated atherosclerosis and global damage accrual in SLE
[130, 131]. In fact, novel therapeutic protocols try to limit or
even avoid the use of corticosteroids [132]. Corticosteroids
affect nearly all immune cells, lowering their activation state,
pro-inflammatory cytokine production, and co-stimulatory
molecule expression. Of note, although intravenous cortico-
steroids extinguish the IFN signature in SLE patients, they
induce an increase in the neutrophil count and do not alter
the neutrophilic signature, suggesting that some pathophysio-
logical pathways might not be affected by corticosteroids [68].
Hydroxychloroquine (HCQ) is an antimalarial drug consid-
ered as the mainstay of SLE treatment. Hydroxychloroquine
use in SLE has demonstrated its ability to decrease damage
accrual, corticosteroid cumulative use, flare-ups but also in-
fection risks and thrombosis [133]. Its mechanisms of action
are multiple and still incompletely understood. One of them is
to decrease or inhibit endosomal and lysosomal acidification,
lower TLR activation in response to nucleic acids, and de-
crease [FN production by pDCs. Interestingly, platelets treated
with HCQ present lower activation by different stimuli, with a
synergistic effect with aspirin [134]. Furthermore, HCQ de-
creases antiphospholipid antibody-mediated platelet activa-
tion along with thrombotic events in SLE [135], suggesting
an anti-platelet mechanism of action of HCQ [136].
Molecules targeting IFN have been developed since the
description of the role of IFN in SLE pathophysiology and
of'an IFN signature in roughly two thirds of adult SLE patients
[137]. Different approaches have been used: monoclonal
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antibody (mAb) targeting IFN subtypes (e.g., rontalizumab
[138] and sifalimumab [139]), mAbD targeting IFN receptor
(e.g., anifrolumab), or IFN-kinoid which induces a transient
polyclonal humoral response against self-IFN [132]. So far,
the results have been inconsistent, even in the phase I1I trial of
anifrolumab which has the advantage of blocking most IFN by
blocking IFN receptor [140, 141]. Intuitively, patients with a
positive IFN signature benefit more from these treatments.
Another strategy in trials is to target directly pDCs using an
anti-BDCA2 antibody (e.g., BIIB059), and is currently in
phase II trial (NCT02847598). However, considering the mul-
tiple and redundant mechanisms involved in SLE pathogene-
sis, the blockade of a single cytokine might not be enough to
provide long-lasting disease improvement.

The Janus kinase inhibitor (JAKi) therapeutic class might
fill this gap. Janus kinases are a group of tyrosine kinases
which are responsible for signal transduction for numerous
cytokines and growth factors, including but not limited to:
IFN«, IFNvy, IL-2, IL-6, and GM-CSF. Consequently, JAKi
could have increased effect by blocking several signaling
pathways which are at play in complex inflammatory diseases
such as SLE. Moreover, the ubiquitous JAK expression makes
JAKi affect nearly all cells, including platelets, neutrophils,
and mastocytes [142—144] whose roles in SLE have been
detailed previously in this paper. Of note, baricitinib, a JAK-
2 inhibitor, has shown its efficacy in some pediatric lupus-like
IFN«-mediated diseases such as SAVI [20]. It also showed a
decrease of arthritis or rash symptoms (as defined by the
Systemic Lupus Erythematosus Disease Activity Index-2000
(SLEDAI-2K) in adults with nonsevere SLE at the higher
dose tested (4 mg/day) [145]. This promising study led to
two ongoing phase III trials of baricitinib (BRAVE studies,
NCT03616912 and NCT03616964).

Blocking complement activation might also be an interest-
ing strategy in SLE. Recently, an anti-C5a monoclonal anti-
body (NNC 0151-0000-0000) has completed phase I, but to
date, the results are not yet available.

The Interest in Blocking Platelet Activation in SLE

Blocking platelet activation or products of their activation
(e.g., CD40L) might be an interesting strategy in SLE.

Aspirin is an irreversible inhibitor of cyclooxygenase I,
blocking platelet production of thromboxane A2 (TXA2). It
has been demonstrated that TXA2 was increased in SLE and
that its level correlated with disease activity [146]. While as-
pirin could decrease TXAZ2 levels in healthy donors, its effect
was attenuated in patients with SLE, suggesting a strong and
multimodal platelet activation that would benefit from a com-
bination therapy [146].

Clopidogrel is an oral inhibitor of P2Y,, a receptor re-
sponsible for platelet activation in response to adenosine di-
phosphate (ADP). It is widely prescribed in patients with the

most severe cardiovascular disease. In a recent paper, our
group demonstrated that in a model of lupus-prone mice, treat-
ment with clopidogrel could decrease several markers of dis-
ease activity such as anti-dsDNA antibodies and proteinuria
[7]. The clopidogrel effect in SLE may be multimodal:
blocking CD40L exposure [147], PMP production [148],
and the release of pro-inflammatory factors such as serotonin.
These data have led our group to set up a trial of clopidogrel in
SLE (CLOPUS, NCT02320357).

CD40L blockade using a monoclonal antibody appears to
be an interesting target in SLE. To note, a full-sized monoclo-
nal antibody targeting CD40L was under trial in 2003, but its
further development was stopped early after several episodes
of thrombosis in the treatment group [149]. Indeed, CD40L-
bearing platelets were activated by the Fc fragment of this
therapeutic antibody, therefore inducing severe episodes of
thrombosis (e.g., myocardial infarction). This gap has been
bridged by replacing the Fc fragment by a polyethylene glycol
chain as in dapirolizumab, a recombinant humanized mono-
clonal antibody targeting CD40L. If dapirolizumab showed
interesting preliminary results in SLE and Sjogren’s disease
[150], it failed to meet its primary endpoint (dose responses at
24 weeks on the British Isles Lupus Assessment Group
(BILAG)-based Composite Lupus Assessment (BICLA)) in
a phase II trial [151].

Metformin is a biguanide drug widely used in type 2 dia-
betes. Its interest in SLE has been raised by a recent report
demonstrating its effect on platelet activation and its potency
to inhibit platelet release of mtDNA [152]. A proof of concept
brought promising data for the use of metformin in SLE as it
improved two major clinical endpoints: prednisone exposure
and flare incidence [153]. This very cheap and safe drug could
be used as an add-on therapy in SLE but more data are needed.

Therapies Targeting Directly IgE and Basophils

As previously detailed, autoreactive IgE and IC containing
IgE are involved in basophil and pDC activation. Moreover,
IgE deposits with pDC infiltration have been found in kidneys
from lupus patients suggesting a contribution to local inflam-
matory processes [19]. Therefore, IgE might be a promising
target in SLE.

Omalizumab, a humanized anti-IgE monoclonal antibody,
acts by neutralizing free IgE and inhibiting IgE production by
B cells [154]. Other effects have been reported such as a po-
tentially beneficial effect of IgE—anti-IgE immune complexes,
playing the role of antigen traps in the blood and in the extra-
vascular compartment and downregulation of FceRI on baso-
phils and mast cells [154]. Omalizumab is not able to bind to
IgE-bound FceRlI, thus preventing receptor cross-linking on
basophils or pDCs. Omalizumab has been successfully used
for patients with moderate to severe or corticoid-resistant asth-
ma [155, 156] and chronic urticaria [157]. This anti-IgE
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therapy also showed effectiveness in allergic rhinitis and non-
allergic asthma and a fair evidence of efficacy in atopic der-
matitis, physical urticaria, mast cell activation disorders, and
food allergies. Omalizumab was used to successfully treat
patients with bullous pemphigoid, another autoimmune disor-
der associated with the development of autoreactive IgE di-
rected against BP180 [157].

A phase I clinical trial recently proved the safety of
omalizumab for patients with lupus [158]. The efficacy of
anti-IgE in these patients remains to be evaluated.

However, it is interesting to note that SLE appeared in
patients treated with omalizumab (XOLAIR®) for a moderate
to severe asthma or chronic urticaria. Two cases evolved fa-
vorably after treatment discontinuation, and one other case
relapsed after reintroduction of treatment. Nevertheless, a
causal link between SLE and omalizumab could not be for-
mally identified [159].

Targeting FceRI by using specific inhibitory compounds
could be another approach. The pro-apoptotic molecule
BCL-2 antagonist/killer (BAK) and the IgE Ce3 domain have
been engineered to form a fusion molecule. In vitro, this fu-
sion molecule can efficiently deplete FceRI-expressing cells
[160]. Basophil and pDC depletion has also been achieved
with a cytotoxic anti-IL-3Ro antibody, with efficient in vitro
results, notably inhibiting TLR-9-induced IFN-inducible gene
expression [161].

Because pDCs and basophils predominantly express the
inhibitory FcyRIIb in opposition to other activating Fcy recep-
tors, tandem molecules of Fcy—Fce have been engineered. It
has been shown that these molecules could suppress FceRI
signaling by co-engaging FceRI and FcyRIIb receptors on
mast cells [162]. Thus, this could be an efficient way to inhibit
autoreactive IgE action on pDCs [163].

Helminth therapy. As suggested earlier [13], total IgE could
have a protective role in lupus. An inverse association was found
between autoimmune diseases and certain helminth infections
[164]. Helminth excretory/secretory (ES) products polarize the
immune system toward a Th2 response with increased IgE pro-
duction and prevent Thl or Th17 immune response, highly in-
volved in SLE pathogenesis. Furthermore, helminth ES products
favor an M2 anti-inflammatory macrophage phenotype, decrease
DC synthesis of pro-inflammatory cytokines (such as IFNy or
TNFw), and promote the production of immunosuppressive cy-
tokines such as IL-10 or TGF 3 thus promoting regulatory T cells.
The ability of parasitic worms to skew the immune response
from Th1/Th17 to Th2/Tregs has led to a new therapeutic ap-
proach: the helminth-based immunotherapy. More precisely, re-
search focused on helminth secretions in order to use them as
immunomodulatory drugs.

A secreted compound of the parasitic worm
Acanthocheilonema viteae, ES-62, was evaluated in a model of
lupus prone mice (MRL/Lpr) [165]. Known to inhibit T- and B-
cell activation [166, 167], it was successfully used to prevent
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lupus nephritis. Indeed, it decreased proteinuria and cellular in-
filtration of the kidney. It also inhibited plasmablast differentia-
tion with a consequent reduction in antinuclear antibody produc-
tion, IC, and complement deposition in the kidneys. It also re-
duced IL-22 production, a cytokine recently found to be involved
in lupus pathophysiology [168, 169].

Conclusions

Recent advances in the comprehension of SLE pathogenesis
have underlined the implication of the innate immune system
in the disease. We have focused our review on the recent data
describing the role of platelets and IgE in SLE, which are at
the interface between the innate and adaptive immune sys-
tems. This study allows a better understanding of systemic
lupus as well as the discovery of novel and promising thera-
peutic targets. In fact, considering that thrombosis and cardio-
vascular diseases are nowadays the primary cause of mortality
in SLE, it is inciting to consider development of therapies
targeting both platelet-induced immune dysregulation and
thrombosis. Moreover, a better comprehension of the interplay
between total and autoreactive IgE (the IgE paradox) might
allow us to develop novel and synergistic therapeutic
regimens.
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