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Abstract

Sections

Immune-mediated inflammatory diseases (IMIDs) are characterized

by excessive and uncontrolled inflammation and thrombosis, both of
which areresponsible for organ damage, morbidity and death. Platelets
have long been known for their role in primary haemostasis, but they
are now also considered to be components of the immune system and
to have a central rolein the pathogenesis of IMIDs. In patients with IMIDs,
platelets are activated by disease-specific factors, and their activation
oftenreflects disease activity. Here we summarize the evidence
showing that activated platelets have an active role in the pathogenesis
and the progression of IMIDs. Activated platelets produce soluble
factors and directly interact withimmune cells, thereby promoting
aninflammatory phenotype. Furthermore, platelets participate in
tissue injury and promote abnormal tissue healing, leading to fibrosis.
Targeting platelet activation and targeting the interaction of platelets
with theimmune system are novel and promising therapeutic strategies
inIMIDs.
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Introduction

Immune-mediated inflammatory diseases (IMIDs) such as systemic
lupus erythematosus (SLE), rheumatoid arthritis and psoriasis are highly
prevalent, for example affecting 3-8% of the populationin high-income
countries, and they remain amajor cause of morbidity and death world-
wide despite therapeutic advances'. IMIDs include autoimmune dis-
eases characterized by autoantibodies and autoreactive T cells, such as
SLE or systemic sclerosis, and inflammatory diseases such as psorias or
inflammatory bowel disease. For most of these diseases, corticosteroids
and nonspecific (antiproliferative) immunosuppressive drugs such as
methotrexate or mycophenolate mofetil are the standard of care. These
drugsreduce disease activity but have significant side effects, including
myelosuppression and increased risk of infection®. Furthermore, the
risk of cardiovascular complications is increased significantly in indi-
viduals with IMIDs, as aresult of both the disease itselfand some of the
drugs used totreatit (suchas corticosteroids). For example, the risk of
myocardialinfarctionis 50 times higher inyoung women with SLE than
inage-matched and sex-matched controls®. Theincreasedrisk of death
from cardiovascular complications is shared across different IMIDs*,
which positions IMIDs as anindependent risk factor for cardiovascular
disease. A disease feature that has been identified as having a major
contribution to the increased risk of thrombosis and cardiovascular
diseaseis plateletactivation. Inthe past 20 years, interestin understand-
ingtheimmuneroles of platelets has grown exponentially; in addition

Box 1

Megakaryocytes

Megakaryocytes are large (50-100 um) polyploid cells that are
responsible for the production of platelets. Megakaryocytes in
the bone marrow are located around the sinusoids and shed
newly formed platelets into the circulation'®’. More recently,
megakaryocytes were reported to be present also in the lungs'®
and the spleen'®*. Of particular interest, these extramedullary
megakaryocytes have distinct transcriptomic, morphological
and functional properties. Although lung megakaryocytes
produce functional platelets in mice, they also express MHC
class Il molecules and are enriched in immunologically

relevant transcripts such as those encoding Toll-like receptors
and chemokines', which suggests that they have a role in
immunosurveillance. Single-cell RNA sequencing identified three
functionally distinct populations of megakaryocytes in mice and
humans, specialized in platelet production, niche interaction

or the inflammatory response’*'®®. Furthermore, these distinct
megakaryocyte populations may produce platelets with different
immunological attributes. Indeed, in a mouse model of sepsis,
splenic megakaryocytes produced platelets with high levels of
CD40 ligand (CD40L) expression, promoting immune system
activation and the production of neutrophil extracellular traps
(NETosis), and thereby conferring protection against sepsis-related
death'™. Furthermore, the inflammatory environment (such as
increased levels of type | interferon) can affect the transcriptomes
and proteomes of megakaryocytes and subsequently platelets,
which may increase the risk of vascular disease'’.

totheirwell-characterized rolein primary haemostasis, platelets have
been found to have important roles inimmunity and inflammation.

Platelets are small (2-5 pm) anucleate cells that originate from
megakaryocytes (Box1). They are the most prevalent blood component
afterred blood cells, and they patrol the circulatory system to seal areas
of damage to the vessel wall through platelet aggregation. The lack of
anucleus, which is suggested to provide platelets with the ability to
spread optimally and to better resist shear flow in the case of blood ves-
sel damage, is partially compensated for by the presence of coding and
non-coding RNAsinthe cytoplasm, as well as cellular organelles such as
ribosomes for protein translation and mitochondriafor energy produc-
tion. Platelets contain two types of granules. Dense granules contain
serotonin, nucleotides (adenosine triphosphate (ATP) and adenosine
diphosphate (ADP)) and calcium, whichincrease platelet activationin
autocrine and paracrine manners’. a-Granules containmolecules that
promote haemostasis such as von Willebrand factor and CXCL4 (also
known as platelet factor 4), as well as molecules associated with the
immunological functions of platelets, such as CD40 ligand (CD40L),
P-selectin (also known as CD62P) and complement®.

During wounding, platelets rapidly recognize the damaged vas-
culature, leading to activation and aggregation of platelets and their
expression of receptors that promote the recruitment of immune
cells. This process, which contributes to preventing the invasion of the
bloodstream by microbial agents, exemplifies the role of platelets as
afrontline ofimmune defence. Some clinical examples reinforce this
notion. For example, during sepsis (resulting from severe infection),
platelets may become overactivated and formclotsin small vessels —a
phenomenon known as disseminated intravascular coagulation — to
limit the haematogenous spread of the infectious agent. Although
disseminated intravascular coagulation and, more generally, sepsis-
associated thrombocytopenia are associated with a severe prognosis,
the inhibition of disseminated intravascular coagulation in mice is
linked to greater lethality from infection with Gram-negative bacteria®,
suchthatthisfunction of plateletsis now knownasimmunothrombosis.
Furthermore, platelets migrate to the site of bacterialinfection and can
trap microorganisms ontheir surface by mechanically scavenging fibrin
and bacteria, which ultimately facilitates neutrophil activation and
phagocytosis to clear the infection’. More recent findings that we dis-
cuss hereindicate thatin addition to these ‘mechanical’ rolesinimmune
defence, platelets also have roles in linking the innate and adaptive
immune responses and may promote inflammation and organ damage.

This Review summarizes current evidence as to the mechanisms by
which plateletsbecome activated in IMIDs and change their phenotype
to secrete soluble factors and express surface glycoproteins through
which they alter the function of immune cells. Activated platelets
interact with and influence the phenotype of bothinnate and adaptive
immune cells, making them adriver ofimmune dysregulationin IMIDs.
Furthermore, owing to their increased aggregation, activated platelets
contribute totheincreased cardiovascular disease risk that character-
izes IMIDs and to the promotion of end organ damage by magnifying
local inflammation and fibrosis. The evidence that links platelets to
the pathogenesis of IMIDs is rapidly evolving (reviewed in refs. *°),
and several strategies targeting platelet activation or platelet-derived
factors are being developed and tested in patients.

Mechanisms of platelet activation

Circulating platelets patrol the bloodstreamin aresting state (Fig. 1a),
waiting to encounter stimuli such as vessel wall injury or bacteria to
become activated. Platelet activationis amultistep and complex event
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Fig. 1| Effects of platelet activation. a, Resting platelets express platelet-
specific markers such as the glycoproteins GPIIb/Illa, GPIb and GPVI. Platelets
also express Fcy receptor (FcyR), which enables them to scavenge circulating
immune complexes. Resting platelets may inhibit CD8" T cells by the expression
of MHC class I molecules in the absence of co-stimulatory molecules, as well as by
expressing the ectonucleosidase CD73, which catalyses the production of anti-
inflammatory adenosine from adenosine monophosphate (AMP). b, Activated
platelets release cytokines such as IL-1, and molecules such as soluble P-selectin
(sP-selectin), soluble CD40 ligand (sCD40L) and serotonin. They also release
damage-associated molecular patterns (DAMPs), such as calprotectin and high
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mobility group box 1 (HMGB1), and extrude mitochondria and mitochondrial DNA
(mtDNA) into the extracellular milieu. Activated platelets relocalize to their surface
glycoproteins such as P-selectinand CD40L that are initially present in cytoplasmic
granules, which promotes interaction withimmune cells. Platelet antigens and
scavenged immune complexes are captured by antigen-presenting cells (APCs) for
processing and immune presentation. Furthermore, platelets express MHC class
Imolecules together with the co-stimulatory molecule CD86, and may directly
presentantigen to CD8' T cells and promote their activation. Finally, activated
platelets produce platelet-derived extracellular vesicles that contain platelet-
derived molecules such as P-selectin, CD40L, HMGBland IL-1. TCR, T cell receptor.

leading to several outcomes (Fig. 1b). Following activation, platelets
lose their discoid shape and acquire a spherical conformation with
lamellipodia that promote interaction with other cells’. This reshaping
issecondary tointraplatelet calciumrelease, leading to the activation
of the actin-myosin cytoskeleton’. In clinical practice, this reshaping
may be observed as anincreased mean platelet volume, which has been
reported in patients withactive SLE, inflammatory bowel disease (IBD)
and rheumatoid arthritis'>"2, Platelet activation also results in the expo-
sure onthe platelet surface of negatively charged phospholipids, which
supportthebinding and activation of coagulation factors together with
tissue factor and promote thrombosis’. Activated platelets release dense
granules and a-granules, leading to further amplification of platelet
activation through ATP or ADP and complement release®. The relocali-
zation of glycoproteins such as CD40L and P-selectin from cytoplasmic
granules tothe surface of activated platelets contributestointeraction
withimmune cells'*". The production of platelet-derived extracellular
vesicles containing numerous molecules from activated platelets can
disseminate platelet componentsto fluids and tissues that are normally
inaccessible to platelets’, such as the lymphatic system, as has been
shown inamouse model ofinflammatory arthritis”. In summary, activa-
tionreshapes the phenotype and morphology of platelets, which may
promote their interaction with immune cells. In the setting of IMIDs,
several factors caninduce such platelet activation (Table 1).

Immune complexes through Fcreceptors

FcyreceptorlIA (FcyRIIA; also known as CD32) recognizes the Fc (crys-
tallizable fragment) region of circulating IgG and is constitutively
expressed by human platelets (although absent in mice). Immune com-
plexes purified from patients with SLE promote platelet activationand
the production of platelet-derived extracellular vesicles, through an
FcyRIIA-dependent mechanism'*®, Transgenic NZB x NZW(F,) lupus-
prone mice expressing the human FCGR2A transgene develop more
severe lupus-like nephritis and have aworse prognosis than wild-type
NZB x NZW(F,) mice'®. Upon activation, FcyRIIA-expressing platelets
produce platelet-derived extracellular vesicles, interact with circu-
lating neutrophils and precipitate thrombosis in several organs'.
Furthermore, FcyRIIA-stimulated platelets release mitochondria,
either free or embedded in platelet-derived extracellular vesicles,
which function as autoantigens and damage-associated molecular
patterns (DAMPs), thereby promoting an (auto)immune response (as
discussed later)™. This mechanism of platelet activation is likely to
apply to many IMIDs, as IgG-containing immune complexes are found
inawide range of these diseases, including rheumatoid arthritis, sys-
temic sclerosis, vasculitis and Sjogren syndrome®®*. Furthermore,
human platelets also express FcaRI (also known as CD89) and FceR (also
known as CD23), which recognize the Fc regions of IgA and IgE, respec-
tively?*?, As IgA-containing or IgE-containing immune complexes are
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Table 1| Main mechanisms of platelet activationin
immune-mediated inflammatory diseases

Activation Platelet Stimulus Refs.
mechanism receptor
Immune FcyRIIA IgG-containing immune 8
complexes complexes
binding to . . 190
Fc receptors Antibodies to dsDNA
FcaRl IgA-containing immune 2
complexes
FceR IgE-containing immune =
complexes
Direct platelet Not required Antiphospholipid antibodies 28
binding by . . . 3435
auleanilecics Antiplatelet antlbpdles g
(for example, anti-GPlIb/Illa)
TLR binding TLR4 LPS, HMGB1 EEA0EY
TLR7 Viral RNA, U1 RNA of U1snRNP 4
TLR9 Viral (EBV and CMV) or 4
bacterial DNA, mitochondrial
DNA
Other platelet- GPVI Collagen S
activating stimuli ) ) . -
Not required Ischaemia-reperfusion injury
and reactive oxygen species
(Raynaud phenomenon)
Purine receptors  ADP, ATP o9

(P2Y and P2X)

ADP, adenosine diphosphate; ATP, adenosine triphosphate; CMV, cytomegalovirus;
dsDNA, double-stranded DNA; EBV, Epstein-Barr virus; FcaRl, Fca receptor I; FcyRIIA,
Fey receptor lIA; FceR, Fce receptor; GP, glycoprotein; HMGB1, high mobility group box 1;
LPS, lipopolysaccharide; snRNP, small nuclear ribonucleoprotein; TLR, Toll-like receptor.

also prevalent in patients with IMIDs such as rheumatoid arthritis,
Sjogrensyndrome and SLE (reviewed in ref. **), it is plausible that FcaRI
and FceR constitute an additional pathway of platelet activation in
these diseases. Collectively, this body of evidence underscores the
importance of immune complex-Fc receptor interactions in platelet
activationin human IMIDs.

Platelet-targeting autoantibodies

Asubset of IMIDs are characterized by the presence of alarge panel of
autoantibodies targeting a wide range of autoantigens. Among them,
antiphospholipid antibodies, which are a hallmark of antiphospholipid
syndrome (APS), are present in one-third of patients with SLE*, as well
asin patients with systemic sclerosis®, Sjégren syndrome? and other
IMIDs. The presence of antiphospholipid antibodies is linked to throm-
bosis and aworse prognosis in connective tissue disorders®?. These
antibodies canbind platelets directly through phospholipids present
inthe cellmembrane or through the platelet glycoprotein Iba (GPIba)
component of GPIb (also known as CD42), which forms part of the
receptor for von Willebrand factor, and they promote platelet activation
and aggregation®. Importantly, antiphospholipid antibodies also bind
lysobisphosphatidic acid presented by endothelial protein C receptor
(EPCR) onmonocytes and dendritic cells (DCs), which promotesinter-
feronsignalling downstream of Toll-like receptor 7 (TLR7) activation by
immune complexes, thereby linking the prothrombotic pathway with
autoimmune responses®. Consequently, patients with antiphospho-
lipid antibodies have increased circulating levels of markers of platelet
activation, such as soluble CD40L and platelet-derived chemokines®**',

Inaddition to antiphospholipid antibodies, antiplatelet antibodies can
bind platelets directly, resulting in their activation and/or immune-
mediated destruction through complement-dependent cytotoxicity
or antibody-dependent phagocytosis®. Antiplatelet antibodies tar-
get mainly the platelet glycoprotein receptors GPIb-IX (consisting of
GPIba, GPIbf and GPIX) and GPlain conjunction with the GPIIb/Illacom-
plex (also known as CD41/CD61)*, and are found in up to 88% of patients
with SLE who have immune thrombocytopenia (ITP)**. However, these
antibodies are also presentin up to17% of patients with SLE and 22% of
patients with systemic sclerosis who have normal platelet counts®*,
whichsuggests that antiplatelet antibodies might havearoleinawider
group of patients with IMIDs.

Toll-like receptors

Alarge body of literature indicates that platelets express all TLRs
at the protein level®***”, making platelets the most prevalent innate
immune sensors in the bloodstream. In IMIDs, circulating levels of
various pathogen-associated molecular patterns and DAMPs can be
increased, for exampleinresponse to viral reactivation or tissue dam-
age, and can activate platelet TLRs. For example, platelets express
functional TLR4 (ref.>®), leading to platelet activation and accumula-
tion in the lungs of mice exposed to lipopolysaccharide®*, although
conflicting dataexist regarding the ability of TLR4 agonists to activate
platelets®. Alternatively, high mobility group box 1 (HMGB1) may also
cause plateletactivation through TLR4 (ref. *°). TLR7 is an endosomal
TLR constitutively expressed in humanand mouse platelets that recog-
nizes single-stranded RNA, and itsimportance inantiviralimmunity has
been shown in mice*.. Indeed, treatment of mice with a TLR7 agonist
ledto platelet activation, thrombocytopeniaandincreased circulating
levels of platelet-neutrophil aggregates in a manner dependent on
P-selectinbindingto P-selectin glycoproteinligand 1(PSGL1; encoded
by the SELPLG gene)*. Similar platelet activation through TLRs was
reported when mice were infected with encephalomyocarditis virus or
when human platelets were exposed to encephalomyocarditis virusin
vitro.Importantly, the depletion of platelets precipitated the death of
mice infected withencephalomyocarditis virus, which was prevented
following the injection of wild-type platelets but not 7ir7" platelets*.
Furthermore, a gain-of-function mutationin the TLR7 gene was discov-
eredinone family withsevere and early-onset SLE, and amouse model
carrying this mutation developed severe thrombocytopenia, which
is suggestive of platelet activation’. As antibodies directed against
mitochondrial RNA are reported in patients with SLE and APS***, they
may be an additional source of immune complexes capable of pro-
moting antigen internalization and activation of endosomal TLR7 in
these diseases. Platelets also express TLR9, which promotes platelet
activation in response to CpG dinucleotides, such as those found in
the DNA of pathogens***, and mitochondrial DNA, which has been
reported in the sera of patients with SLE or rheumatoid arthritis'>*¢.
Chronic infection with DNA viruses such as Epstein-Barr virus (EBV)
haslongbeen associated with autoimmunity, with recent emphasis on
therole of EBV in multiple sclerosis*. Transient EBV reactivation (with
measurable viraemia) is relatively common in autoimmune diseases*®
and in patients with Long COVID, who may present with autoimmune
manifestations®. Indeed, patients with SLE are defective in controlling
EBV*%, and EBV reactivation correlates with disease flares®’. EBV may
activate platelets through TLR9 after endocytosis of viral particles®, as
well asthrough the direct binding of EBV to complement receptor type 2
(CR2)*. Therefore, reactivation of viruses such as EBV may promote
platelet activation and ultimately disease flares in IMIDs.
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Other platelet-activating stimuli

Gain-of-function mutations in components of the NOD-, LRR-and pyrin
domain-containing protein 3 (NLRP3) inflammasome are well known
in the context of autoinflammatory diseases characterized by sterile
inflammation owing toincreased IL-1B production®’. Human and mouse
platelets express NLRP3, which participates in their activation and
some of theirimmune functions’. Indeed, the NLRP3 inflammasome
may be activated through several stimuli, such as RNA virus infection
(through mitochondrial antiviral signalling protein (MAVS)), oxidated
mitochondrial DNA, mitochondrial reactive oxygen species (ROS)*
and platelet-derived HMGB1 signalling through TLR4 (ref. **), which
increases platelet activation and drives IL-1p production.

In pathological conditions, collagen is abnormally exposed on
the damaged blood vessel endothelium or joints and may interact
with GPVIor the GPla/llacomplex on platelets. In mice, a GPVIagonist
leads to the production of platelet-derived extracellular vesicles in
vitro, and knockdown of Gpé6 leads to reduced disease in the K/BxN
serum transfer model of arthritis®. In systemic sclerosis, which is
characterized by tissue fibrosis (in other words, collagen production),
platelets have upregulated GPVI expression®. In SLE, autoantibodies
targeting GPVI have been identified and shown to promote platelet
activation®®, Upon activation, platelets release ATP and ADP, which
function as paracrine factors promoting further platelet activation
through the ligation of purine receptors (P2X for ATP and P2Y for
ADP)*. In the setting of autoimmunity, ATP also functions as a DAMP,
which promotes neutrophil chemotaxis through the activation of P2X
receptors®’. ATPis normally degraded to anti-inflammatory adenosine
by ectonucleosidases (CD39 and CD73) expressed by variousimmune
cells® and platelets themselves® (Fig. 1a); however, in IMIDs such as
SLE or psoriasis, it has been reported that there is defective activity®
orexpression® of CD73, leading to adysregulated ATP-adenosine bal-
ance and immune activation. Itis not known whether this mechanism
isalsoresponsible forincreased platelet activation through ATP-P2X.

Physical factors may also activate platelets. Raynaud phenomenon
is characterized by peripheral vasoconstriction of the extremities,
which results in a local painful ischaemia of digits and toes. Raynaud
phenomenon is found in all patients with systemic sclerosis and also
commonly in patients with SLE and other connective tissue diseases.
Localized ischaemia-reperfusion injury damages endothelial cells, lead-
ingtothe exposure of collagen and the release of ROS, which synergize
with collagen binding to GPVIto induce platelet activation®®, Indeed,
individuals with primary Raynaud phenomenon are characterized
by increased serum levels of markers of platelet activation (such as
P-selectin), as well asincreased circulating levels of platelet-leukocyte
aggregates®®’,

Overall, several inflammatory, haemostatic and physical stimuli
can activate platelets in IMIDs. These stimuli often use different sig-
nalling pathways to activate platelets®®, which might account for the
heterogeneity of platelet phenotypes observed in these diseases®. The
various stimuli may also have cumulative effects on platelet activation.

Effects of platelet activation

Many studies have confirmed that platelet activation occursin multiple
IMIDs”® 7, through the mechanisms described in the previous section.
For example, platelet-derived extracellular vesicles wereidentifiedin
the synovial fluid of patients with rheumatoid arthritis, likely having
reached the joint and spread through the lymphatic system, thereby
pointing to platelet activation as occurring in the inflamed joints**”.
Here we describe the effects of platelet activationin terms of the release

of immune-activating stimuli, antigen presentation and interaction
with immune cells (Fig. 1b).

Release of cytokines and signalling molecules

Platelet-derived extracellular vesicles found in the joints and lym-
phatic system of patients with rheumatoid arthritis"” were found to
express surface IL-1a and IL-13” and to stimulate fibroblast-like syn-
oviocytes to produce pro-inflammatory CXCL8 (also known as IL-8) in
anlIL-1o/B-dependent manner, allowing the recruitment of neutrophils
into theinflammatoryjointand thereby driving disease*®. Furthermore,
platelet-derived extracellular vesicles in the synovial fluid form aggre-
gates with leukocytes, including neutrophils, which may promote
inflammation” (see later). The IL-1B released by human platelets upon
stimulation with serum from patients with SLE stimulates endothelial
cell activation through increased expression of adhesion molecules
and pro-inflammatory cytokines”.

Serotonin (also known as 5-hydroxytryptamine) is a neurotrans-
mitter derived from tryptophan that is scavenged in the circulation
by platelets and concentrated in dense granules, making platelets the
largestreservoir of the peripheral serotonin pool’. Serotonin derived
fromactivated plateletsinamouse model of autoimmune arthritis pro-
moted leakage of the joint vasculature, which may promote egress of
platelet-derived extracellular vesicles and other molecules fromblood
into the inflamed joint and the lymphatic system™”°. As most immune
cells express at least one type of serotonin receptor, serotonin released
fromactivated platelets may accordingly affectimmune cell function.
Indeed, mice lacking serotonin synthesis (TphI”~ mice) have decreased
neutrophil migration toinflammatory sites uponinfectious challenge
asaresult ofimpaired diapedesis®. Furthermore, serotonin promotes
theactivationof naive T cells (inmice) and proliferation of CD4" T helper
cells (inhumans) through 5-HT, and 5-HT z receptors, respectively®"%,

Platelets containawide range of chemokines stored in a-granules,
which are released upon activation to promote the local migration of
immune cells. These chemokines include CXCL4, CCL5, CXCL12 and
CXCL16 (ref.®%). Theimportance of platelet-derived chemokines such
as CXCL4 and CCL5 has been widely demonstrated in atherosclerosis
(amajor complication of IMIDs), where these chemokines driveimmune
cell recruitment to the plaques and promote a pro-inflammatory and
atherogenic milieu®. Importantly, the role of these chemokines now
extends beyond chemotaxis as they can also functionas superinducers
of typelinterferon production by plasmacytoid DCs (pDCs) through
aTLR9-dependent mechanism and therefore participate in the devel-
opment of autoimmunity®*. Similarly, thrombocidins, which are anti-
bacterial peptides that originate from carboxy-terminal deletion of
platelet chemokines, are released from a-granules upon platelet acti-
vation®, Platelets may also secrete other effector molecules, such as
B-defensins®®, as well as complement factors that can accumulate on the
platelet membrane and participate inthe development of theimmune
response (reviewed inref. %),

Release of DAMPs

Considering the likely bacterial origin of mitochondria and their simi-
larity to pathogen-associated molecular patterns, when presentin the
extracellular environment mitochondria are recognized as DAMPs by
immune cells through pattern recognition receptors such as TLRs®,
Upon activation, mouse and human platelets extrude mitochondria
into the extracellular environment, either free or embedded in the
membrane of extracellular vesicles”. Mitochondrial DNA is recog-
nized by endosomal TLR9 expressed by immune cells, especially when
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mitochondrial DNA is oxidized®**’, leading to the activation of pDCs
and neutrophils®. In patients with SLE, platelets are an important
source of circulating mitochondrial DNA in the blood", which can
resultin immune activation through TLR9 as well as the production
of autoantibodies.

S100A8-S100A9 (also known as calprotectin), which isa TLR4 ago-
nist, isanother DAMP that hasincreased serumlevels in several IMIDs,
including SLE, rheumatoid arthritis and IBD°. In SLE and vasculitis,
platelets upregulate SIOOA8-S100A9 expression and release it from
their granules upon activation® % In patients with acute myocardial
infarction, levels of platelet-monocyte aggregates (which are amarker
of platelet activation) correlate with SI00A8-S100A9 levels®®, which
supports the claim that platelets are a major source of circulating
S100A8-S100A9. SI00A8-S100A9 activates neutrophils through
TLR4 (ref. °**) and promotes their migration into the tissues by increas-
ing endothelial cell permeability®. Of note, SIO0A8-S100A9 can also
activate platelets through GPIba, thereby promoting the formation of
procoagulant platelets”.

HMGBL is a highly conserved DNA-binding protein that func-
tions as a DAMP when released by dying cells or by activated platelets
in sepsis’ or in IMIDs such as systemic sclerosis and IBD°”?%, Plate-
let-derived HMGBL is released as a soluble form or at the surface of
platelet-derived extracellular vesicles, and links inflammation with the
haemostasis system. Mice with a platelet-specific deletion of HMGB1
(Pf4-Cre Hmgb1"" mice) have shown that HMGBI1 increases platelet
aggregation and thrombus formation by promoting platelet activa-
tion in a TLR4-dependent manner*’. Furthermore, platelet-derived
HMGBI1 promotes surface expression of P-selectin on platelets, lead-
ing to increased interaction between platelets and neutrophils and
increased ROS production and antibacterial activity by neutrophilsina
mouse model of sepsis”. Importantly, post-translational modifications
of HMGBI, such as its oxidation (to disulfide HMGBI1), enhance its pro-
inflammatory and prothrombotic properties® . In patients with rheu-
matoid arthritis'”, SLE'* or Sjégren syndrome'®, circulating and tissue
levels of HMGBI1 are increased, suggesting arole in the pathogenesis of
these IMIDs.

Antigen presentation
Although MHC class I molecules are found on the surface of resting
platelets, most of this is adsorbed from circulating MHC class I mol-
ecules in plasma'®*. On activation, platelets redistribute intracellular
MHC classI molecules tothe surface and, together with other molecules
necessary for the formation of a synapse with T cells, such as the
co-stimulatory molecule CD86, these MHC molecules can present anti-
gens and promote T cell activation and proliferation'®., The machinery
necessary for antigen processing and presentation can also be trans-
ferred to platelet-derived extracellular vesicles, which can promote
Tcellactivationinamodel of antigen presentation using ovalbumin'®. In
contrastto platelets, whichdo not express MHC class I, megakaryocytes
canboth present antigens using MHC class | (ref.'””) and, a subpopula-
tion of megakaryocytes found in the lung, can promote CD4" T cell
activation and proliferation through expression of MHC class Il (ref. '°®).
Platelet-derived extracellular vesicles in the synovial fluid of
patients withrheumatoid arthritis are asource of citrullinated autoan-
tigens, such as citrullinated fibrinogen and vimentin”, and thus are
decorated with autoantibodies. In addition, activated platelets may
be phagocytosed by antigen-presenting cells such as DCs and sub-
sequently processed as foreign antigens'®’, thereby promoting the
development of antiplatelet antibodies such as those that are present

in the sera of most patients with ITP*, in the sera of some patients with
SLE and in some other IMIDs>**,

Interaction with endothelial cells

Plateletsactivatedin the circulationengageina crosstalk withendothe-
lial cells to promote the local immune response and limit pathogen
invasion throughimmunothrombosis". For example, platelet-derived
IL-1P activates endothelial cells and increases the permeability of the
endothelium, which promotes the localimmune response and tissue
healing””""'2, Activated platelets physically interact with endothelial
cells through P-selectin binding to endothelial PSGL1as well as through
other glycoproteins (such as GPIb binding to endothelial von Wille-
brand factor), which promotesimmune cell migration and participates
in the growth of the thrombus"’. Furthermore, the injection of human
platelet-derived extracellular vesicles into immunodeficient mice leads
to diffuse endothelial injury, atleastin part through HMGB1 present on

the vesicle surface leading to activation of neutrophils™.

Interaction withimmune cells

Intheir basal (resting) state, platelets have minimal ability to stimulate
theimmune system and may even have inhibitory effects through the
expression of MHC class I molecules in the absence of co-stimulatory
molecules suchas CD80 and CD86 (ref. ™). By contrast, activated plate-
lets express adhesion molecules that promote their interaction with
immune cells. Of these, the best described s P-selectin, alectin that relo-
calizestothe platelet surface upon activation and that bindsits ligand
PSGL1only whenthelatter is post-translationally modified to include
the sialyl Lewis X (sLe*; also known as CD15s) motif™. The presence
of the sLe* motif depends on cellular expression of fucosyltransferase 7
(FUT?7)™, which allows the preferential binding of platelets to select
immune cells that express FUT7 in humans (neutrophils and regulatory
T cells (T, cells))>"°. Other relevant adhesion molecules involved in
platelet-immune cell interactions in humans include the leukocyte
integrin Mac-1 (also known as aMB2 integrin or CD11b-CD18), which
interacts directly with platelet GPIba' or indirectly with GPIIb/Illa
through leukocyte-fibrinogen aggregates's; platelet CD40L, which
mediates physical interaction and signalling withimmune cells express-
ing CD40 (ref.™); and CD84, amember of the signalling lymphocyte
activation molecule (SLAM) family thatis expressed by both leukocytes
and platelets and is involved in homophilic binding™’.

Patients with SLE, rheumatoid arthritis or APS have higher circu-
lating levels of platelet-monocyte, platelet-neutrophil and platelet-
lymphocyte aggregates than healthy controls™"°. Similar observations
havebeen described in other IMIDs, such as IBD and type 1 diabetes'"',
Patients with these diseases are also characterized by increased plasma
levels of platelet-derived extracellular vesicles and soluble P-selectin,
which are indicative of platelet activation and suggest that this acti-
vation could be the driving factor for increased levels of platelet-
leukocyte aggregates in IMIDs">'?, Indeed, neutrophils actively scan
the circulationforactivated (P-selectin-positive) platelets, which pref-
erentially interact with the neutrophil uropod by binding PSGL1, and
promote tissue damage in mouse models of organ injury'**.

Leukocyte-platelet aggregates are also characterized by enhanced
rolling on the endothelium compared with non-bound leukocytes'”.
Intravital microscopy in a mouse model of arthritis showed that the
impaired vascular adhesion of leukocytesin P-selectin-deficient mice
(owingtothelack of endothelial P-selectin expression and of platelet-
leukocyte aggregates) was partially rescued by the infusion of wild-type
platelets, particularly atsites of inflammation'?. These results indicate
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that platelets provide help for the migration of immune cells towards
inflammatory sites to promote the clearance of pathogens. In addition
to this role in promoting immune cell migration, recent dataindicate
that platelet aggregation with immune cells affects their activation,
phenotype and function.

Effects of platelet-immune cell interaction

A seminal study from 2003 identified that mouse platelets modulate
adaptive immune responses in vitro and in vivo in the setting of viral
infection'”. Platelet-depleted mice had adampened immune response
to adenovirus, and platelet infusion rescued humoral and cellular
responses'”’. Mechanistically, platelet CD40L was found to be instru-
mentalin B cellisotype switchingandin CD8' T cell activation (through
the modulation of DC phenotype) in mice during viral challenge'”".
Twenty years later, our understanding of the effects of platelets on
immune cells has expanded and encompasses their interactions with
bothinnate and adaptive immune cells (Fig. 2).

a Innate immunity

Innate immune cells

Neutrophils are the most prevalent circulating immune cell subset
andareinvolved inthe pathogenesis of awide variety of IMIDs, includ-
ing SLE, antineutrophil cytoplasmic antibody-associated vasculitis,
IBD and type 1 diabetes'*®. The role of neutrophils in the pathogen-
esis of IMIDs (reviewed in ref. '*) involves direct tissue damage and
the release of autoantigens through immunogenic cell death, such as
NETosis® or ferroptosis™. Patients with sickle cell disease are charac-
terized by increased levels of platelet-neutrophil aggregates, which
are reduced upon treatment with a platelet inhibitor (clopidogrel)
or an antibody to P-selectin™®. Furthermore, ischaemia-reperfusion
injury, whichis commonly observed in Raynaud phenomenon, induces
platelet activation and increased platelet-neutrophil aggregation
in vivo"®. Importantly, ex vivo mouse neutrophils aggregated with
platelets are characterized by an activated phenotype (higher levels
of CD11b expression) and an increased oxidative burst in response to
hypoxia-reoxygenation"®. These findings suggest that platelet binding

' b Adaptive immunity
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Fig.2| Activated platelets interact with and activate innate and adaptive
immune cells. Activated platelets and platelet-derived extracellular vesicles
physically interact withimmune cells and stimulate an inflammatory response.
a, Innateimmunity. Platelets aggregate with plasmacytoid dendritic cells (pDCs)
through CD40 ligand (CD40L)-CD40 interactions and stimulate interferon-a
(IFNa) production in response to circulating immune complexes. Platelets also
interact with monocytes and neutrophils through the P-selectin-P-selectin
glycoprotein ligand 1 (PSGL1) axis, leading to the maturation of monocytes to
antigen-presenting cells (APCs) and the priming of neutrophils. Platelets release

presentation

mitochondria and mitochondrial DNA (mtDNA), which induce neutrophil
activation and the production of neutrophil extracellular traps (NETosis). This
leads to the release of autoantigens that are processed by APCs and presented

to lymphocytes. b, Adaptive immunity. Activated platelets express membrane
CD40L and soluble CD40L (sCD40L), which stimulate B cell responses and the
production of autoantibodies. P-selectin-positive platelets and platelet-derived
extracellular vesicles interact with regulatory T cells (T, cells), leading to FOXP3
downregulation and T, cell dysfunction. BCR, B cell receptor; FcyR, Fcy receptor;
sP-selectin, soluble P-selectin; TCR, T cell receptor.
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to neutrophils induces a form of outside-in signalling that affects
their phenotype.

Evidence in mice indicates that the P-selectin-PSGL1 axis pre-
cipitates NETosis, which may provide another link between platelet-
neutrophil aggregates and autoimmunity and thrombosis™""* (Fig. 2a).
A recent study of APS identified that human or mouse neutrophils
exposed in vivo to antiphospholipid antibodies became activated,
upregulated expression of tissue factor and had increased sensitivity
to NETosis, leading to increased arterial or venous thrombus in vivo',
Interestingly, this prothrombotic phenotype was reversed in vivoupon
blockade of PSGLI (ref. '**). Furthermore, platelet-derived HMGB1
becomesoxidized in vivo and subsequently facilitates NETosis in mice
and participates in venous thrombosis’. This indicates a potential
sequence of events involving platelet activation by antiphospholipid
antibodies, followed by platelet-neutrophil aggregation, then NETosis
and finally thrombosis.

In the context of immune complex-mediated inflammation in
mice, platelet activation through GPVI, whichis targeted by antiplatelet
antibodies, is responsible for increased recruitment of neutrophils
to the site of inflammation and their increased degranulation and
release of elastase and matrix metalloproteases, leading to tissue
damage™*. Further research investigating the mechanisms of platelet-
induced neutrophil activation may open the way to therapies designed
to disrupt the platelet-neutrophil interaction.

pDCs have beenimplicated in the pathogenesis of several IMIDs,
such as SLE, psoriasis and rheumatoid arthritis'®. Levels of platelet-
pDCaggregates areincreased in patients with active SLE, and the inter-
action leads to increased interferon-a (IFNa) production by pDCs
in response to immune complexes through the CD40L-CD40 axis"
(Fig.2a).Furthermore, global depletion of platelets or treatment with
aplatelet P2Y,, inhibitor reduced the severity of lupus-like disease in
the NZB x NZW(F,) mouse model, emphasizing the role of platelets and
platelet-derived CD40L in autoimmunity.

Mouse monocytes also express PSGL1and interact with activated
platelets in vitro and in vivo"°. Furthermore, P-selectin drives the
maturation of monocytes to activated DCs withincreased expression
of CD80 and CD86, whichresultsinincreased T cell activation, includ-
ing greater antitumour activity of CD8' T cellsin vitro™®. In the context
ofviralinfection, activated platelets interact withmonocytes through
P-selectin-PSGL1 and CD40L-CD40, and promote the differentia-
tion of monocytes towards a pro-inflammatory DC phenotype with
increased production of the inflammatory cytokine IL-1B" (Fig. 2a).
Importantly, platelets also contain large quantities ofimmunomodu-
latory molecules such as transforming growth factor-p (TGF), and
several reports indicate that the incubation of monocytes with plate-
let lysates or their secretome induces the differentiation of DCs with
deficientimmunostimulatory activities”*®'*. Overall, the interactions
between platelets and innate immune cells, including DCs, lead to
multiple and complex effects on adaptive immune cells.

Adaptive immune cells

In the case of ITP, patients with active disease (low count of activated
platelets) haveimpaired T, cell function, and treatment that leads to
the normalization of the platelet compartment also restores T, cell
functions™?, through incompletely understood mechanisms. It was
recently shown that although all subsets of human CD4" T cells express
PSGL1, only T, cellsand T follicular regulatory cells have PSGLI1 contain-
ing the sLe* motif™. Upon P-selectin engagement with sLe*-containing
PSGL1, PSGL1recruits and phosphorylates spleen tyrosine kinase (SYK),

leading to SYK-dependent calcium signalling. In T, cells, P-selectin
engagement rewires the human T, cell transcriptional programme,
involving downregulation of the TGFf axis, which ultimately leads to
impaired immunosuppressive function of T, cells and T follicular
regulatory cells” (Fig. 2b). Furthermore, inhibition of the P-selectin-
PSGL1axis withamonoclonal antibody to P-selectin resulted in milder
lupus-like disease in the Dnasell3”~ mouse model of SLE, emphasizing
theimportance of P-selectin-PSGL1interaction in SLE pathogenesis®.
Pten™"Pf4-Cre mice, which have platelet-specific PTEN deficiency lead-
ing to constitutive platelet activation, develop spontaneously lethal
autoimmune and lymphoproliferative disease'". Their phenotype is
characterizedbyincreased levels of platelet-CD4" T cell aggregates with
an expanded compartment of T follicular helper cells, expanded ger-
minal centres inlymph nodes and increased titres of autoantibodies”.
Although the mechanisms underlying this observation remain unclear,
these studies together indicate that dysregulated platelet activation
affects T cell phenotype and promotes autoimmunity.

Platelet-B cell interactions are less common than interactions
of platelets with other immune cells, mainly because B cells do not
express PSGL1 (ref. ). However, a descriptive study in humans found
thatlevels of platelet-B cell aggregates were increased in patients with
SLE and correlated with circulating levels of preswitched memory
B cells and immunoglobulins'*. Mechanistically, in vitro data sug-
gest that co-culture of human B cells with platelets leads to increased
immunoglobulin production and antibody class-switching, most likely
through the CD40L-CD40 axis'*. Indeed, platelets are the main source
of circulating CD40L"*, either as asoluble form or ontheir membrane,
and the CD40L-CD40 axis is instrumental for the development of a
Tcell-dependent B cell response. InIMIDs such as ITP, platelet expres-
sionof CD40L isincreased and drives the development of pathogenic
antibodies to GPIIb/Il1a'*.

Role of platelets in end organ damage

By interacting with both innate and adaptive immune cells, platelets
affect their phenotype and promote inflammatory and autoimmune
responses (Fig.3). As discussed earlier in this article, platelet-mediated
modulation ofimmune cell function occurs through both paracrine-
endocrine soluble factorsreleased by activated platelets and physical
interaction by ligand-receptor coupling. In addition to these effects
on immune cells, platelets also impact the pathogenesis of IMIDs by
promoting organ damage.

Tissueinjury
Multiple sclerosis is an autoimmune disease affecting the central
nervous system (CNS) that results in white matter and grey matter
injury, leading to neurological symptoms and disability. In the exper-
imental autoimmune encephalomyelitis mouse model of multiple
sclerosis, platelet depletion prevents the onset of clinical disease'*®.
Interestingly, platelets infiltrate the CNS several days before T cells
during disease onset, and platelet depletion prevents the invasion
of T cells and subsequent CNS damage. These results suggest that
platelets have arole in the homing of inflammatory cells to the CNS
and therefore in promoting immune-mediated CNS damage. Further-
more, platelets may also promote CNS damage by inducing apopto-
sis through FASL (also known as CD95L)** and the local release of
inflammatory cytokines™®,

The kidneys are the target of several IMIDs, and their involve-
mentin diseaseis linked to worse prognosis. Aggregation of activated
platelets may cause thrombi in the kidney microcirculation, leading
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Fig.3|Role of the P-selectin-PSGL1 axis inimmune-mediated inflammatory
disease. Inflammatory disease activity promotes platelet activation through
increased levels ofimmune complexes, autoantibodies and damage-associated
molecular patterns. Upon activation, platelets express P-selectin on their
surface, release soluble P-selectin and produce P-selectin-positive platelet-
derived extracellular vesicles. P-selectin subsequently interacts withimmune
cells through binding to its ligand P-selectin glycoprotein ligand 1 (PSGL1).
Inregulatory T (T,,) cellsand T follicular regulatory (T) cells, P-selectin-PSGL1
interaction induces FOXP3 downregulation and cell dysfunction, leading to

immune dysregulation, production of autoantibodies and further platelet
activation. In neutrophils, P-selectin-PSGL1interaction promotes the
production of neutrophil extracellular traps (NETosis), leading to the release of
autoantigens that are processed by antigen-presenting cells (APCs). P-selectin
promotes the differentiation of monocytes to pro-inflammatory APCs expressing
highlevels of MHC class Il, CD80 and CD86 to efficiently prime and co-stimulate
Tcells. BCR, B cell receptor; CD40L, CD40 ligand; TCR, T cell receptor;

Ty, Tfollicular helper.

to kidney damage. Such microthrombi are found in a wide range of
systemic autoimmune diseases, such as SLE with or without APS, sys-
temic sclerosis and vasculitis'*’. In haemolytic-uraemic syndrome,
a condition characterized by severe kidney injury caused by diffuse
microthrombi, platelet activation mediated by the lipopolysaccha-
ride of enterohaemorrhagic Escherichia coli drives tissue damage'°.
Of note, expression of the human FCGR2A transgene in lupus-prone
mice accelerated the accumulation of platelets in the kidneys and led
to worse pathology, which was consistent with the increased ability
of platelets to firmly adhere to kidney-deposited immune complexes
in an FcyRIIA-dependent manner'®”. In a model of anti-glomerular
basement membrane (GBM) antibody-mediated kidney injury, platelet

depletion resulted in decreased glomerular P-selectin expression,
decreased neutrophil migration and ultimately decreased kidney
injury®. P-selectin-deficient (Selp™") mice were also characterized
by a milder phenotype after anti-GBM injection, and the disease was
accelerated (increased neutrophil migration and local ROS produc-
tion) by infusion of wild-type platelets but not Selp™" platelets'*%,
Furthermore, CD40L" platelets stimulate human tubular renal cells to
secrete IL-6 and stimulate podocytes to produce matrix metallopro-
teinase 9, which promote an inflammatory environment and tissue
scarring, respectively>"*, Platelet-derived CD40L also stimulates
the local production of CCL2 (also known as MCP1) by human mesan-
gial cells in vitro, which may promote tissue injury by increased
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immune cell infiltration™. Finally, platelet-derived growth factor
and TGFp, both of which are released by activated platelets, promote
mesangial cell proliferation and scarring, which impair the integrity
of glomeruli®®.

Tissue fibrosis

The activity of platelets has been implicated in fibrosis progression
in many organs, such as heart, kidney, lung and skin'"". Platelets and
platelet-derived extracellular vesicles are the main sources of circulat-
ing TGFB, which is contained in their a-granules and is released upon
activation. It is widely accepted that TGF3 promotes fibrosis in the
skin and the lung by inducing fibroblast proliferation, extracellular
matrix degradation and the upregulation of profibrotic genes such
as those encoding collagen Al, collagen A2 and fibrillin, which have
demonstrated roles in the pathogenesis of SLE and systemic sclero-
sis'*®1%°, Other platelet-derived molecules, such as thymic stromal lym-
phopoietinand serotonin, are associated with the progression of skin
fibrosisinsystemicsclerosis"*'°, Platelet-derived B-thromboglobulin
and CXCL4 have been associated with fibrosis in experimental mod-
els,and they are found atincreased levelsin the lungs of patients with
systemic sclerosis who have lung fibrosis'®'. However, conflicting data
suggest that platelets may be necessary to reprogramme macrophages
inthelungsto an anti-inflammatory phenotype by stimulating T, cell
production of IL-10, which leads to the resolution of inflammation and
the prevention of fibrosis'*.

Therapeutic targeting of platelets

Considering the role of platelets in promoting both inflamma-
tion and tissue damage, targeting platelet activation and targeting
platelet-immune cell interaction might be valuable strategies for the
development of therapies for IMIDs (Fig. 4).

a Inhibition of platelet activation
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Fig. 4 | Potential therapeutic strategies to target platelets inimmune-
mediated inflammatory disease. Two strategies may be used to target platelets
inimmune-mediated inflammatory disease: inhibiting platelet activation
orinhibiting the interaction between platelets and immune cells. a, Platelet
activation can be inhibited by blocking agonist engagement (for example,
blocking adenosine diphosphate (ADP) binding to its receptor P2Y,, with
clopidogrel), inhibiting platelet cyclooxygenase (COX) activity using aspirin,
inhibiting Toll-like receptor 7 (TLR7) activation using hydroxychloroquine,
inhibiting Fcy receptor (FcyR) engagement or activation using high-

dose intravenous immunoglobulin (IVIg), inhibiting the NOD-, LRR- and

Targeting platelet activation

Inhibition of platelet activation in cardiovascular diseases using anti-
aggregation therapy is an effective strategy to prevent arterial throm-
bosis (coronary or cerebrovascular events). However, in severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, which
is associated with thrombotic events and a dysregulated inflamma-
tory response'®, platelet inhibition with a P2Y,, inhibitor led to worse
COVID-19 outcomes'®*. As previously discussed, activated platelets
driveatypelinterferonresponse'*, the lack of which has been linked
to severe COVID-19 and death'. Nevertheless, these results confirm
that platelet inhibition can alter the immune response in a clinically
meaningful manner in humans.

In the setting of autoimmunity, inhibiting platelet activation is
also currently being investigated as a therapeutic strategy (Fig. 4a).
A proof-of-concept study in 18 patients with SLE who were treated
with the P2Y,, inhibitor clopidogrel for 12 weeks showed that the
percentage of activated CD40L", P-selectin-positive platelets and
the mean platelet volume decreased significantly after initiation of
clopidogrel therapy but that these differences did not persist over
time'®®. A placebo-controlled randomized study of clopidogrel is cur-
rently being conducted in patients at very high risk of developing
systemic sclerosis to prevent disease onset (ClinicalTrials.gov identi-
fier NCT05098704). Indeed, platelets are likely to have a crucial role
in systemic sclerosis considering that its pathogenesis involves vas-
culopathy, endothelial dysfunction and autoimmunity'?. Other P2Y,,
inhibitors such as ticagrelor or prasugrel or the GPIIb/Illa inhibitor
abciximab are also highly inhibitory to platelets and may be useful in
IMIDs. However, the increased bleeding risk associated with their use
could counterbalance their potential benefit. Moreover, these drugs
were designed to inhibit platelet activation in conditions promoting
thrombosis, so they may not similarly affect the functions of platelets as

b Inhibition of platelet-immune cell interaction
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pyrin domain-containing protein 3 (NLRP3) inflammasome with colchicine and
inhibiting intracellular signalling (for example, targeting AMP-activated protein
kinase (AMPK) with metformin, spleen tyrosine kinase (SYK) with fostamatinib
or Bruton’s tyrosine kinase (BTK) with a specific inhibitor). b, Platelet-immune
cellinteractions can be inhibited by targeting ligand-receptor pairs that mediate
these interactions. For example, antibody to P-selectin prevents P-selectin
binding to P-selectin glycoprotein ligand 1 (PSGL1) on neutrophils and other
immune cells, and antibodies targeting CD40 or CD40 ligand (CD40L) prevent
interaction with B cells. Fab, antigen-binding fragment.
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Glossary

Antineutrophil cytoplasmic
antibody

Atype of autoantibody that targets
neutrophil components and is
characteristic of antineutrophil
cytoplasmic antibody-associated
vasculitis.

Ferroptosis

A form of programmed cell death
that is dependent on intracellular
iron, characterized by the intracellular
accumulation of lipid peroxides.

Antiphospholipid syndrome
(APS). An autoimmune disorder
characterized by antiphospholipid
antibodies responsible for arterial and
venous thrombosis and obstetric issues.

Immune thrombocytopenia
(ITP). An autoimmune disorder
characterized by severe
thrombocytopenia secondary to
immune destruction of platelets that is
responsible for increased bleeding risk.

Clopidogrel

An anti-aggregation therapy that targets
the platelet purine receptor P2Y,,, which
is widely prescribed for the prevention
of cardiovascular disease in patients at
high risk (such as patients with a history
of myocardial infarction).

Inflammatory bowel disease
(IBD). A group of immune-mediated
inflammatory diseases such as
Crohn’s disease or ulcerative colitis
characterized by inflasmation of the
bowel wall.

Disseminated intravascular
coagulation

A critical medical condition
characterized by widespread and
dysregulated clotting throughout the
blood vessels.

Ischaemia-reperfusion injury
A condition in which tissue damage
occurs after blood flow is restored to

an ischaemic tissue owing to the local
release of toxic factors after reperfusion.

Extracellular vesicles

Small (10-1,000 nm) vesicles
surrounded by a lipid bilayer that
are released from a cell (often after
activation) and that contain soluble
factors and surface molecules from
that cell.

Mesangial cells

Mesenchymal cells of the kidney that
are responsible for the architecture of
the glomeruli.

Primary haemostasis

The primary response to ensure blood
vessel integrity upon injury, which
involves platelets, subendothelial
matrix tissue factor and circulating
fibrinogen.

Sjogren syndrome

A connective tissue disorder
characterized by the involvement

of exocrine glands, causing dry eyes
and/or mouth, as well as systemic
symptoms.

Podocytes

Specialized epithelial cells that form the
finely fenestrated lining of the kidney
glomeruli and are responsible for blood
filtration with minimal loss of proteinin
the urine.

Psoriasis

A frequent skin inflammatory disease
characterized by widespread scaly and
itchy patches, which can be associated
with inflammatory arthritis (psoriatic
arthritis).

Raynaud phenomenon

A condition in which the blood vessels
in the extremities constrict upon
exposure to cold, resulting in skin colour
changes (typically white, blue then red)
and pain. The condition may be benign
(Raynaud disease) or associated with

an autoimmune disease (secondary
Raynaud phenomenon).

NETosis

A form of programmed cell death by
which neutrophils release the contents
of their cytoplasm and nucleus
(including DNA and histones) into the
extracellular milieu, often in the context
of infection or autoimmunity.

Rheumatoid arthritis

A non-rare (prevalence of 0.5%in
high-income countries) autoimmune
disease characterized by widespread
inflalnmation and destruction of joints,
as well as involvement of other organs
(lungs and eyes).

Systemic lupus
erythematosus

(SLE). A prototypical systemic
autoimmune disease characterized
by the production of antibodies to
DNA and the involvement of a wide
range of organs.

Systemic sclerosis

A connective tissue disorder
characterized by vasculopathy,
autoimmunity and excessive fibrosis.

von Willebrand factor

A multimeric blood glycoprotein
involved in platelet adhesionto a
wound and which is necessary for
the initial steps of blood clotting.

stimulated by immune receptors or thatinvolve different intracellular
signalling pathways.

Aspirin, anirreversible cyclooxygenaseinhibitor, is also being used
intheclinic to prevent platelet activation and cardiovascular disease.
However, considering that aspirin has lesser inhibitory effects than
P2Y,, inhibitors on the surface expression of P-selectin and CD40L by
platelets and on platelet-leukocyte aggregation', and given that the
response to aspirin is attenuated in patients with SLE'*, it is unlikely
that aspirin monotherapy would have a meaningful immunological
effectin these patients.

Theinhibition of FcyRIIA-mediated platelet activationis anappeal-
ing strategy. This goal may be reached by developing specific FcyRIIA
inhibitors or by the use of high-dose intravenous immunoglobulin'®’,
asiscurrently prescribed in some patients with severe manifestations
of IMID. FcyRIIA signals partly through SYK'°, and the use of a SYK

inhibitor such as fostamatinib, which is approved for use in patients
with ITPand functions by decreasing platelet phagocytosis by splenic
macrophages®, may also dampen platelet activation.

Hydroxychloroquine (HCQ) is the mainstay treatment for SLE and
other connective tissue diseases'”'. HCQ functions through several
mechanisms, including by limiting endosome acidification, leading to
impaired endosomal TLR activation and IFNa production. In addition,
HCQhasbeenshown to reduce platelet activation after ex vivo stimula-
tion with ADP or antiphospholipid antibodies. Furthermore, patients
treated with HCQ have lower levels of platelet activation and P-selectin
expression on platelets”% These results corroborate the abundant
literature linking HCQ treatment with decreased risk of thrombosis
in patients with SLE and APS">. Furthermore, HCQ ‘strips’ MHC class |
molecules from the platelet membrane', which limits the potential
forinteractions with CD8" T cells.
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Metformin, whichis widely used for the treatment of type 2 diabe-
tes, functions by activating the AMP-activated protein kinase (AMPK)
metabolic rheostat. Its ability to affect immune cell metabolism has
been shown invitro, in animal models'”"® and in promising proof-of-
concept studies in patients with SLEY” or multiple sclerosis"®. Inter-
estingly, metformin inhibits the activation of platelets in vitro and
prevents their release of mitochondrial DNA"°, a mechanism that is
involved in the pathogenesis of SLE and other IMIDs. Furthermore,
use of metformin led to decreased arterial and venous thrombosis
riskin in vivo models® and in patients with diabetes mellitus™’, which
reinforces its potential clinical benefit in IMIDs characterized by an
increased cardiovascular disease risk.

Colchicineisadrug classically prescribed to patients withgout and
insome IMIDs such as SLE pericarditis. Itinhibits microtubule assembly
andinflammasome activation. Interestingly, colchicine useis linked to
reduced cardiovascular disease risk in a meta-analysis of randomized
clinical trials'®". Multiple mechanisms are responsible for this effect,
including inhibition of inflammasome assembly and IL-1p production,
and a direct effect on platelets. Indeed, colchicine prevents platelet
activation in vitro and reduces the number of platelet-neutrophil and
platelet—-monocyte aggregates in healthy humans'®. Furthermore, the
pharmacological inhibition of Bruton’s tyrosine kinase (BTK) has been
identified asan efficientapproachtoinhibit the NLRP3 inflammasome'®,
and may therefore limit platelet activation.

Targeting platelet-immune cell interaction

P-selectin blockade prevents the formation of platelet-leukocyte
aggregates in humans and therefore is a promising approach to treat
IMIDs"® (Fig. 4b). Crizanlizumab, a human monoclonal antibody target-
ing P-selectin, is approved for use in patients with sickle cell disease'®*.
Crizanlizumab decreases the frequency of vaso-occlusive crisisin these
patients and has a good safety profile across several studies and 1,545
patient-years of treatment'®. Importantly, noincreased risk of infection
was reported, which might have been expected because platelets, as
discussed earlier in this article, facilitate the migration of leukocytes
to fight pathogens.

Inthe case of SLE, P-selectinblockade with amonoclonal antibody
reduces hallmark disease features of the lupus-prone Dnasell3” mouse
model (such as antibodies to double-stranded DNA, proteinuria and
kidney damage), at least in part by restoring T, cell functions"”. Fur-
thermore, another study showed that P-selectin inhibition led to the
reduction of proteinuria and kidney injury in lupus-prone MRL/fas""
mice, together with areduction of hypoxia in the renal tissue'®. Of note,
other inhibitors of P-selectin could be considered in addition to cri-
zanlizumab, such as a PSGL1 glycomimetic that was shown to reduce
venous thrombosis inan in vivo model'®, P-selectin inhibitionisaprom-
ising therapeutic strategy in IMIDs owing to its multimodal immuno-
logical effects, the absence of immunosuppression and the potential
protective effect on thrombosis.

Monoclonal antibodies to CD40L have also been tested in SLE
but resulted in severe thrombotic events, likely as a result of anti-
body-mediated crosslinking of CD40L on the surface of activated
platelets, causing further platelet activation and aggregation through
FcyRIIA ligation. More recently, new anti-CD40L compounds that
cannot ligate FcyRIIA, such as an anti-CD40L Fab with a pegylated tail
(dapirolizumab)'®® or a monoclonal antibody devoid of Fc receptor-
binding capacity, are being tested in autoimmune diseases. Although
the phasell trial of dapirolizumab in SLE missed its primary end point
by a small margin, treated patients showed improvement in terms of

several clinical and biological end points. As aresult, a phase Il study
of dapirolizumabis currently recruiting and isexpected toend inearly
2024 (ClinicalTrials.govidentifier NCT04294667). Finally, monoclonal
antibodies targeting CD40 (expressed by B cellsand T cells) have also
been developed, such as BI655064, but with disappointing results in
patients with lupus nephritis'®’.

Conclusions and future perspectives

In this Review, we have summarized the current evidence for platelet
activation in IMIDs and the multiple effects of platelets in promoting
disease activity and organ damage. Understanding the pathophysi-
ological mechanisms that underlie platelet-immune cell interactions
may lead to the identification of new therapeutic targets in IMIDs. How-
ever, several open questions remain that should be addressed torealize
this therapeutic potential.

First, we are only beginning to uncover the variety ofimmune cells
with which platelets interact and how these interactions alter their
function. Furthermore, the mechanisms that mediate such crosstalk
are still only partially understood, and novel molecular players need
tobeidentified. Second, recent dataindicate that some immune cells,
such as neutrophils, may be activated in the periphery (for example,
the skin) and then remigrate to internal organs to promote injury.
Platelet-neutrophil interaction promotes the migration of neutrophils
to inflammatory sites, and the potential role of platelets in promot-
ing neutrophil remigration should also be investigated. Finally, the
best timing and best strategy to inhibit platelet-mediated immune
dysregulation need tobeinvestigated. Although the global inhibition
of platelet activationis plausible, the benefit-risk ratio of this strategy
is conditioned by theincreased risk of bleeding. Therefore, molecules
that more specifically target the molecular mechanisms identified as
drivers of platelet-mediated immune dysfunction need to be identi-
fied. These molecules may limit platelet-immune cell interaction by
the blockade of adhesion molecules (such as antibody to P-selectin),
impair platelet co-stimulatory molecules (such as CD40L) or limit the
release of pro-inflammatory molecules (DAMPs). As platelet activation
can precede organ damage in some IMIDs, it will be important to test
the ability of platelet-targeted treatments to prevent the development
and spread of inflammation-mediated organ damage.

Published online: 27 January 2023
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