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La vie, c'est comme une bicyclette, il faut avancer pour ne pas perdre I'équilibre.

Albert Einstein
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RESUME : La transfusion sanguine permet de sauver des vies et réduit la morbidité pour un
grand nombre de maladies et d'affections cliniques, mais elle n'est pas exempte de complications.
Un incident néfaste lié a une transfusion, également appelé Effet Indésirable Receveur (EIR), est
un incident défavorable survenant chez un patient pendant ou aprés une transfusion sanguine.
Parmi eux, le TRALI est considéré comme l'une des réactions inflammatoires les plus critiques.
Cette pathologie se développe généralement dans les 6 heures apres transfusion. On en reconnait
deux types, les TRALI immunologiques et les TRALI non-immunologiques. En France, les
premiers sont presque entierement prévenus par une politique de sécurité des produits sanguins,
tandis que la fréquence des seconds augmente. La physiopathologie du TRALI reste mal connue.
Tandis que certains y accordent une place importante aux plaquettes sanguines du patient
transfusé, d’autres les considérent comme pas réellement impliquées. Le but de ce travail de these
a été, dans un premier temps, d’investiguer le potentiel inflammatoire des plaquettes sanguines
conservées dans les concentrés plaquettaires et linfluence de cette inflaimmation sur
I'endothélium vasculaire général. Ensuite, sera évalué le role des plaquettes sanguines de
l'organisme, notamment par I'intermédiaire de leurs produits de sécrétion, dans la pathogénie de
cette complication transfusionnelle. Pour cela, un ALI (mimant un TRALI) a été déclenché, dans
un modele iz vive, par une injection d’anticorps anti-CMH I chez des souris préalablement
stimulées avec du LPS. L’ensemble de nos résultats confirme le potentiel inflaimmatoire des
plaquettes sanguines, au sein des concentrés plaquettaires, pouvant probablement assumer
I'entiere responsabilité du déclenchement d’'un TRALI non-immunologique, ainsi qu’un role
secondaire des plaquettes sanguines de 'organisme, participant activement a "amplification de la
sévérité de la pathologie. Cette thése s’inscrit dans la continuité logique des études menées, au
sein du laboratoire GIMAP-EA3064, investiguant la place des plaquettes sanguines au sein de

I'inflammation, ouvrant ainsi de nouvelles perspectives dans la sécurité transfusionnelle.

MoTs CLES : TRALI — Transfusion — Plaquettes — Inflammation — CD40L
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Abstract: Even though used systematically with leukocyte reduction, platelet transfusions still cause
adverse reactions in recipients. They include Transfusion-Related Acute Lung Injury (TRALI),
respiratory distress that occurs within six hours of the transfusion. The pathophysiology of this
transfusion complication brings complex cellular communication into play. The role, particularly
inflammatory, played by blood platelets in TRALI pathophysiology has been demonstrated, but is still
under debate. Blood platelets play a role in inflammation, particularly via the CD40/CD40L (sCD40L)
immunomodulator complex. In this study, we examine in particular the specific involvement of the
CD40/CD4O0L (sCD40L) complex in the inflammatory pathogenesis of TRALI. This molecular complex
could be a major target in a TRALI prevention strategy. Improving the conditions in which the platelet
concentrates (PC) are prepared and stored would contribute to controlling partly the risks of non-

immune TRALI.



1. Transfusion-Related Acute Lung Injury (TRALI)

1.1. Introduction

TRALI is described as the onset of respiratory distress that occurs within six hours of the transfusion.
This complication is characterised by the occurrence of bilateral pulmonary oedema, qualified by the
observation of a characteristic infiltrate. Several events are considered to be evocative of TRALI,
including dyspnoea, tachypnea and hypoxia. Unlike non-lesional fluid overload, TRALI, which is a
lesional oedema, is characterised by bilateral pulmonary infiltration, observed by chest X-ray and
non-cardiogenic pulmonary oedema, defined by pulmonary blood pressure lower than 18 mm Hg or
left arterial hypertension, and by a Pa0,/Fi0, ratio less than 300 [1]. In 2015 in France, red blood cells
(RBC) concentrates and platelet concentrates (PC), both labile blood products, are the most
frequently involved in cases of TRALI with imputability of 1 to 3 (an incidence of approximately 0.2
per 100,000 RBC and 0.3 per 100,000 PC transfused). This transfusion complication represents 0.32%
of the serious adverse reactions occurring in recipients (sAR) [2]. Internationally, the impact of TRALI

is estimated at 0.08% and 15% of transfused patients [1].

1.2. “Two-hits”

According to current consensus, the pathophysiology of TRALI is described as an inflammatory
phenomenon characterised by two successive events or “Two-hits”. The first event, also called
priming, results in a pre-activation of the polymorphonuclear (PMN) cells. This initial attack results in
a change in the phenotypic profile of the central cells involved in the physiopathology of TRALI, such
as endothelial cells, neutrophils and platelets. The expression of adhesion molecules on the surface
of these same cells triggers an exacerbation of intercellular communication in a conducive
environment, an inflammatory environment. This causes, in particular, increased expression of
CD62P (P-Selectin), CD62E (E-Selectin) and ICAM-1 on the surface of endothelial cells and a change of
expression notably of PSGL-1 and Mac-1 (called also B2-Integrin and CD11b/CD18) on the surface of

neutrophils [3].

The second event is the step causing the induction of TRALI. It can be classified as two types: immune
TRALI and non-immune TRALI. In the case of immune TRALI, the cause is mainly the infusion of
pathogenic antibodies (more rarely, or even exceptionally, pre-formed antibodies). Three types of
antibodies are mostly encountered: anti-HLA-I, anti-HLA 1l, and anti-HNA (mainly anti-HNA-3A). The
mode of action of these antibodies may vary according to their target. Anti-HLA | antibodies,

especially anti-HLA-A2, primarily target PMN. This direct activation allows the activation of
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neutrophils, and the adhesion and interaction of these antibodies on the surface of endothelial cells.
Active neutrophils then migrate into the alveolar space. The uncontrolled production of reactive
oxygen (ROS) and protease derivatives causes the development of pulmonary oedema [4]. Anti-HLA Il
antibodies interact specifically with monocytes and macrophages rather than neutrophils. Excessive
production of proinflammatory Biological Response Modifiers (BRM) is essential for the activation
and recruitment of neutrophils in the lungs [5]. Finally, anti-HNA antibody, particularly anti-HNA-3a,
targets both neutrophils and endothelial cells by adhering directly to the CTL-2 protein (choline
transport-like protein 2). The pulmonary attack is on two fronts; the severity of this event is
considered to be the most important [6]. One of the hypotheses that we propose is that the severity
of immune TRALI could be dependent on the inflammatory condition of the PSL involved and not just

the antibodies present (Figure 1 and 2).

A
3
® Level of patient platelet
T s Level of PC activation Level of patient leukocyte
E T inflammation (BRM secretion (sCDA0L), and endothelium
= & (BRM composition (sCD40L)) platelet-leukocyte- activation
5 i endothelial cell interaction...)
E B?-E' Threshold for
sFE L o o o o o o e e e e e e e e e Y Y Y Y Y Y Y Antibody
T mediated-TRALI
9 Presence or absence of pathogenic antibodies in the transfused blood components induction

Figure 1: Hypothetical involvement of PC and platelets in the severity of immune TRALI

The immune TRALI trigger is dependent on the combination of anti-leukocyte antibodies, platelet
concentrates and other PSL. The hypothesis focuses on the level of severity of immune TRALI
dependent on the degree of inflammation of the PC and the degree of activation of the patient’s
blood platelets. These two parameters are particularly related to the BRM rate, such as sCD40L,
secreted by platelets in the PC and/or in the patient. At the same time, the activation state of
leukocytes and endothelial cells of the patient are considered in this hypothesis. The level of the
activation threshold of immune TRALI could also be decreased according to the inflammatory degree

of these three parameters.
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Figure 2: Hypothetical involvement of PC and platelets in triggering and in the severity of non-
immune TRALI

The hypothesis is evoked for non-immune TRALI where the trigger is dependent on the degree of
inflammation of the PC, the activation state of the patient’s platelets and also the degree of
activation of the neutrophils and endothelial cells. The severity of TRALI also depends on these three
parameters. The first two parameters are particularly related to the BRM rate, such as sCD40L,

secreted by platelets in the PC and in the patient.

At the present time, non-immune TRALI is more discussed than immune TRALI in the scientific and
medical community. Cases of TRALI without the observation of anti-leukocyte antibodies in patients
are emerging [7] as are cases of non-observed TRALI in patients with a pathological past that is
conducive to the development of Acute Lung Injury (ALl), transfused with PSL with anti-leukocyte
antibodies [8]. A current question is based on the ability, or not, of proinflammatory BRM present in
PSL - especially the PC in our research - to trigger TRALI [9]. This is based on the different correlations
observed between the increase in the risk of triggering TRALI and the excessive release of
proinflammatory BRM depending on the RBC storage time [10] and the PC [11, 12]. However, this
theory is controversial, as several studies have shown the inefficiency of older RBC to trigger TRALI
[11] and also in volunteers who previously received an injection of LPS (lipopolysaccharide) [13].
Regarding the PC, we are attempting to respond partly to this theory by focusing on the
inflammatory impact of the PC on endothelial cells, which are cells central to TRALI. Could this
cocktail of cytokines/chemokines bear full responsibility for the outbreak of non-immune TRALI

(Figure 2)? Could they also participate in the increase of the severity of immune TRALI (Figures 1)?

2. TRALI and blood platelets: Development of animal models

2.1. Inflammatory role of platelets
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In recent years, several controversial studies have addressed the involvement of platelets in the body
in TRALI physiopathology. Platelets are recognised as both inflammatory and immune cells [14]. At
the present time, their role is debated by the scientific community. Some support a protective impact
of platelets in an inflammatory process through a recovery of the endothelial functions [15], while
others evoke the contribution of platelets to the activation of inflammation [16]. Other parameters
evoke an important role of platelets in inflammation. On their surface, platelets have inflammatory
and immune receptors, such as Toll-like receptors (TLR), NLRP3 or SIGLEC [17]. Moreover, in the
circulation, several proinflammatory BRM are released by platelets themselves. They have a
secretory power that can stimulate and maintain an inflammatory condition in the body. Among
these BRM are the proinflammatory soluble factors, such as sCD40L, RANTES and PF4 [3]. Finally, the
action of platelets in the inflammatory process is probably through their ability to interact with
various cells (immune or not). Platelets interact directly with endothelial cells and different
leukocytes through the expression of adhesion molecules on the surface of these cells [18]. The
problem described in the literature is the balance between the involvement of platelets in
inflammation vs. in haemostasis. Indeed, if platelets are an inflammation stimulus, what is their
specific role in TRALI (Figures 1 and 2)? Finally, is their role in haemostasis too important to be able

to block their activation at the expense of a haemorrhagic context?

2.2. Investigation of the role of platelets in TRALI: animal models

To respond to this new hypothesis, several inhibition animal models have been developed to study
TRALI and its inhibition potential. Anti-platelet treatment, such as Bulsufan®, an anti-platelet serum,
aspirin and 15-Epi-LXA,;, seem conducive to the protection of mice in ALl models [16, 19-22]. Unlike
these studies referring to the significant involvement of platelets in this pathology, others
demonstrate that platelets are perhaps not central to TRALI. Indeed, in a recent study, mice treated
with several platelet antagonists, such as aspirin, Clopidogrel® or even JAQ1l (anti-GPVI mAb),
nevertheless developed TRALI, accompanied by intense bleeding episodes [23]. All these differences
open the field to new studies focusing on the real involvement of platelets in the transfusion

complication.

As mentioned in the paragraph above, several studies have defined the significant impact of the
platelets during TRALI, notably through their ability to release multiple BRM. Several TRALI and ALI
animal models targeting platelet proteins also seemed to be effective for the protection of these
syndromes. Indeed, these animal models target soluble immunomodulator factors, such as sCD62P,
RANTES, PF4 and B-TG [16, 19, 20, 24, 25]. Among all these proinflammatory soluble factors, one

stands out from others: sCD40L, secreted mainly by platelets [26], seems to be a key molecule in the
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induction and modulation of TRALI. This molecule allows platelet activation and interaction between
platelets and immune system cells via an autocrine, paracrine and endocrine signal. Involvement of
the CD40/CD40L complex, including immune cells, participates in the liberation of proinflammatory
factors. The CD40/CD40L complex plays a leading role in the maintenance of the permeability of the
endothelial wall of the blood capillaries and the expression of adhesion molecules, such as CD62E,
ICAM-1 and VCAM-1 [27]. All these physiological elements are central to TRALI pathophysiology.
Other parameters can evoke the influence of sCD40L in TRALI, and particularly during non-immune
TRALI. Indeed, the release of platelet sCD40L is often correlated with the duration of storage of the
pockets of blood products [28]. In an inflammatory and transfusion context such as TRALI, the
implication of sCD40L has often been observed [29-31]. In addition, CD40OL has already been
correlated to the triggering of TRALI [32], although this is not consensual [33], and of ALI [34, 35].
Would the release of sCD40L, notably by platelets, be a risk factor for TRALI whose impact has long

been underestimated (Figures 1 and 2)?

3. Ways of exploring the involvement of platelets in TRALI or experimental ALI models

3.1. Our research project

Our investigations involve two directions: i) the influence of platelet secretion products in PC having
induced an sAR on endothelial cells, which are central to TRALI, through an in vitro model and ii) the
impact of these secretions (notably sCD40L) and blood platelets, in the regulation or the
amplification of an inflammatory condition with a focus on ALI pathophysiology through an in vivo

model.

3.2. Inflammatory power of platelet concentrates having induced an sAR

To answer the first hypotheses, we are developing an in vitro model to highlight the impact of the
platelet BRM present in PC supernatants having induced an sAR, on the ability of endothelial cells to
secrete proteins regulating their impermeability, notably by the assessment of Endocan production.
Endocan is a protein regulating positively the impermeability of the endothelial cells and therefore it
is essential to the preservation of their integrity [36]. We found significant expression of Endocan by
endothelial cells that could be seen as a marker of the post-transfusional inflammatory response and
could probably be extrapolated in ALl physiopathology (work accepted for publication). It would be
interesting to assess the impact of the inflammatory status of these same PC directly on leukocytes,
other cells central to ALl. We could test the hypothesis of a trigger and the severity of TRALI

dependent on the inflammatory condition of the PC before transfusion (Figure 1 and 2).
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3.3. Inflammatory power of blood platelets: Their role in ALI

We developed simultaneously an in vivo experimental model to evaluate the inflammatory power of
blood platelets. In the first instance, we studied the inflammatory impact of platelet secretion in a
murine model of systemically induced inflammation. For this, we used Nbeal2”" mice. This murine
model has platelets deficient in a-granules and an inability to produce platelet BRM formed in these
same granules, i.e. more than 300 elements [37]. Assessment of the inflammatory response to LPS
injection in these mice could highlight the real involvement of platelets in inflammation (article in

editing).

Moreover, several protocols allow the study of platelet inhibition to evaluate the platelet activation
cascades triggered during ALl. We can therefore model the inhibition of certain platelet activation
pathways and assess the potential modulation of physiological disturbances observed during AL,
such as vascular permeabilization, pulmonary leukostasis or polymorphonuclear activation (work in

progress).

In addition to determining the precise role of platelets in ALI, we discuss the role of the CD40/CD40L
(sCD40L) immune complex. Our work contributes to the understanding of the role of platelets and
associated BRM in the PC during the induction of inflammatory sAR in transfused patients (including
TRALI) as well as in the process of preparation and storage of platelet concentrates (work submitted

for publication).

We postulate that platelets present in the PC and in the patient play an important role in TRALI and
post-transfusional inflammatory pathologies (Figures 1 and 2), beyond their haemostatic role.
Targeting a platelet product more specifically, such as sCD40L, rather than general platelet inhibition
could participate partly in the prevention of cases of TRALI and also other post-transfusional
inflammatory reactions, such as multi-organ failure sometimes encountered during transfusion that

can cause ALl (work submitted for publication).
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Transfusion of blood cell components is frequent in the therapeutic arsenal; it is globally
safe or even very safe. At present, residual clinical manifestations are principally inflam-
matory in nature. If some rare clinical hazards manifest as acute inflammation symptoms
of various origin, most of them linked with conflicting and undesirable biological material
accompanying the therapeutic component (infectious pathogen, pathogenic antibody,
unwanted antigen, or allergen), the general feature is subtler and less visible, and
essentially consists of alloimmunization or febrile non-hemolytic transfusion reaction.
The present essay aims to present updates in hematology and immunology that help
understand how, when, and why subclinical inflammation underlies alloimmunization and
circumstances characteristic of red blood cells and — even more frequently — platelets
that contribute inflammatory mediators. Modern transfusion medicine makes sustained
efforts to limit such inflammatory hazards; efforts can be successful only if one has a
clear view of each element’s role.

Keywords: inflammation, transfusion, allergy,
alloimmunization

blood components, leukocytes, platelets, erythrocytes,

INTRODUCTION

Historically, inflammation was viewed as the compendium of all four stigmas: “rubor, calor, dolor,
and tumor”; this concept fits well with the theory of humors; bloodletting — and surrogates (e.g.,
leeches and suction cups) — have long been applied to treat, if not cure, inflammation symptoms.
As a matter of fact, iron depletion caused by bloodletting happened to alter bacterial growth and
ameliorate certain disease conditions, as already observed by Tissot in 1761 (1). The Hippocratic
theory of humors was probably the first to introduce the relationship between blood and inflam-
mation, though using wrong descriptors. In its earliest days, transfusion was clearly associated with
acute inflammation, though the connection was not acknowledged as such: indeed, the very first
reported serious adverse events (SAEs) of “modern” transfusion in the early twentieth century were
dual in nature: first, immune-hematological [i.e., antigen-antibody (ABO)] conflicts, and second,
blood-borne and blood-transmitted infections, such as syphilis and malaria (2). Both conditions —
presenting as very severe — were later on acknowledged as being dominated by cytokine storms and
standing for acute inflammatory reactions (often lethal) (3, 4).

The concept of inflammation has been largely revisited by modern internal medicine; series of
autoimmune and auto-inflammatory diseases have thus been acknowledged. No organ-specific
disorder is actually beyond the scope of the large clinical inflammation spectrum, since a number of
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neurological disorders (5) — as well as many cardiovascular lesions
especially the atheroma plaque deposit (6) - are inflammation
stigmas. The causality of inflammation in organ-specific lesions
is being questioned, but combinations of genetic predisposition,
lifelong hygienic habits, other environmental factors, and infec-
tious triggers are commonly evoked. For decades now, clinical
inflammation has not been restricted to acute Hippocratic symp-
toms and is acknowledged to present as more subtle symptoms
of varying degrees.

We believe two major achievements have helped reconsider
clinical inflammation as it may apply to transfusion medicine
and cell, tissue, and organ transplantation. Neither was intended
to apply to this discipline; however, the first is the (re)discovery
of the danger signal theory, as proposed by P. Matzinger at the
NIAID, NIH, in the 1990s, after its seminal conceptualization
by E. Metchnikoff at the Pasteur Institute 100 years earlier. This
discovery is basic to immunology and helps reframe the reading
of immunology (7). The second is the conceptualization of the
microbiota’s role in immunity - initially presented as governing
what Ph Sansonetti (at the Pasteur Institute in Paris) called “war
and peace” at the mucosal surfaces. This concept helped show
that inflammation spans the whole spectrum, from physiology
to pathology (8-10). It has since been suggested that healing
(e.g., of tissue attrition or organ lesions) is the ultimate step of
inflammation (11, 12).

TRANSFUSION AND INFLAMMATION:
FROM BEDSIDE TO BENCH

From the bedside, one can consider two periods in relation to
transfusion-related hazards, especially inflammation. The initial
period concerns acute symptoms of SAEs: inflammation is
observed among other symptoms such as shock. Those accidents
were principally reported with reference to their major cause(s):
the ABO conflict, transfusion-transmitted bacterial, viral, or
parasitic infections, and allergy. In 1983, a novel cause of trans-
fusion-transmitted SAE was described: transfusion-related acute
lung injury (TRALI) (13-15). Interestingly, this SAE is ascribed
to a dual cause: an Ag/Ab conflict — within the human leukocyte
antigen (HLA) or, more rarely but more severely, the human
neutrophil antigen (HNA) systems — and an inflammatory layer:
sepsis, stress, etc. Besides conflicting Abs (when identified, i.e.,
in two out of every three cases on average), the principal actors
are leukocytes recruited or residing in lung capillaries. The
TRALI concept prompted a reinvestigation of SAEs in transfu-
sion and acknowledgment of serious inflammatory cases. This is
also true for allergy: though one cannot exclude the possibility of
pathogenic IgE transfer, it is rather felt that such an occurrence
cannot account for one-third of adverse events (AEs) varying in
severity (16, 17). Transfusion allergy is, in general, considered to
present like allergy, though it is not believed to have a link with
atopy or involve allergens or Abs specific to allergens. It is rec-
ognized as one of the most frequent inflammatory consequences
of transfusion (18).

In summary, despite this is over-simplistic, one may acknowl-
edge that inflammation symptoms manifested by a transfused
patient and in relation with the transfusion process has two

Transfusion and Inflammation

principal causes: it is either due to the transfer of pathogenic
material collected from the donor or it is due to a conflict between
high affinity receptors found on the recipients’ cells or plasma
molecules and ligands brought by the transfused component.

The majority of AEs in patients receiving blood (recipients)
manifest either allergy or febrile non-hemolytic transfusion reac-
tions (FNHTRs), both being clearly inflammatory conditions
(19). Leukocytes transferred with blood were ascribed to as the
principal causes of TT inflammation. Systematic “leucoreduc-
tion” - often inappropriately, but nevertheless officially, termed
“leucodepletion” — was proposed at the start of the millenium
by many countries or blood transfusion systems. However,
leucoreduction has neither been become recommended nor
a mandatory practice for mitigating inflammatory responses
but is instead used to limit transfusion-transmitted viral risks
as many “serious transfusion-associated viruses” are intracel-
lular. Leucoreduction was principally aimed to reduce the risk
of transmitting the Creutzfeldt-Jakob prion (20). Veterans
of transfusion medicine very well recall the time when every
single transfused patient was “shaking and heating,” manifest-
ing common symptoms that were subsequent to the therapy
and introduced as such to patients (when patients happened
to receive information). Pre-storage leucoreduction was then
acknowledged to have largely improved comfort and safety in
patients, suggesting a deleterious role for leukocytes (21, 22).
When leucoreduction is performed post-storage (e.g., at the
bedside, prior to the infusion of the blood component), inflam-
matory manifestation is intermediate, largely suggesting that not
only leukocytes but also their secreted content play a role in the
transfusion inflammation pathophysiology (23).

However, as the transfused patient profile changed, more
and more recipients benefited from platelet components (PCs).
This major change took place more or less at the same time as
the implementation of systematic hemovigilance, and it soon
became obvious that PCs - though representing no more than
10% of issued blood components — provide between one-quarter
to one-half of reported AEs (24). This means that leukocytes
were not the only cells associated with transfusion-associated
inflammation.

Another population of patients benefiting from frequent trans-
fusion episodes, sickle-cell disease patients, led to an important
discovery: first, they manifest complex hemolytic reactions that
involve activated complement and present as essentially inflam-
matory (25) and second, they are subjected to the most frequent
rate of alloimmunization among tracked cohorts of transfused
patients (26). This prompted specialists to also examine the
inflammatory potential of stored erythrocytes.

THE MAJOR IDENTIFIED CAUSES
OF TRANSFUSION-ASSOCIATED
INFLAMMATION

There is good evidence in favor of an undesirable role for residual
leukocytes in transfused patients; blood banks can get rid of such
residual leukocytes with a high degree of efficacy by using filtra-
tion methods. Leucoreduction is highly recommended by the
European Community and the American Association of Blood
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Banks with a target of no more than 10° residual leukocytes
per blood component after filtration (27, 28); most pre-storage
methods allow scores of leucoreduction ranging between 2
and 5 X 10° residual leukocytes per component (29). However,
clinical observations suggest that other constituents of pre-stored
and leucoreduced cellular blood components still lead to some
inflammatory manifestations in patients.

To simplify and summarize, pro-inflammatory factors in labile
blood components fall into one of the following four categories:
(1) infectious pathogens transmitted by blood that cause bacterial
sepsis, acute or chronic viral infection, or acute parasitic infection
(and often hemolysis); (2) pathogenic, undesirable, Abs (caus-
ing hemolysis when encountering target Ags, especially when
capable of binding complement; causing TRALI, depending
on circumstances or predisposition; causing Reagin-mediated
allergy; and causing a number of non-hemolytic situations,
now ascribed to FNHTRs); (3) leukocytes and their content,
and especially their high loads of pro-inflammatory cytokines,
chemokines, and the like, collectively termed biological response
modifiers (BRMs); and (4) (pro)inflammatory material linked to
plateletand erythrocyte pathophysiology, especially when cellular
blood components [PCs and packed red blood cell components
(pRBCCs)] are stored over time and undergo so-called storage
lesions, which consist of extracellular vesicle emission and the
freeing of membrane-bound molecules and intracellular content,
either iron (erythrocytes) or BRMs (platelets). It is not unusual
that extracellular vesicles are called microparticles.

The first two categories are chiefly inflammatory, involving two
principal mechanisms: first, the triggering of a cytokine storm,
with broad consequences for all systems, exposing the patient
to multivisceral failure and severe central neurologic disorders.
Second, if erythrocytes are ultimate targets of the Ab or infectious
pathogens, there is acute hemolysis with obvious consequences.
This essay will not further discuss such cases. Neither will it dis-
cuss the specific case of bacterial contamination of PCs, largely
related to the storage temperature of 22 + 2°C; 18.5 severe cases
per million PCs delivered are recorded annually according to the
latest French hemovigilance records; and one such case happens
to be lethal, on average (30).

The latter two categories reveal that inflammation is not only
the result of substantial levels of BRMs secreted by leukocytes,
platelets, or lysed erythrocytes but also of products secreted as a
consequence of cell-cell encounters after the blood component
has been transfused. Cell-cell interactions occur mainly between
(i) donor transfused cells and recipient circulating cells and (ii)
donor transfused cells and recipient vascular endothelium cells.
Transfusion is a dynamic process, but it is often regarded as
the passive infusion of therapeutic components (31). This view
is misleading and a source of errors for the interpretation of
transfusion-associated inflammation.

MODELS OF TRANSFUSION-ASSOCIATED
INFLAMMATION HIT

This section will address three main issues: (1) how transfusion
can act as a stress for the recipient, subsequently triggering an
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immune defense; (2) how blood components can present with
varying degrees of stress signals, accompanied by pathogenic
storage lesions; and (3) how the stage is set for a recipient’s
adaptive immune response to donor cell Ags. These three
points parallel three major aspects of the transfusion process
or chain: donor-linked characteristics, additional pathogenic
steps during blood component production, and recipient-linked
characteristics.

Transfusion as a Stress and Donor-Linked
Characteristics Account for Recipients’
Inflammatory Symptoms

Transfusion is an unnatural process in the sense that the exchange
of body parts between individuals — other than mothers and their
embryos or fetuses - is not part of the human evolutionary pro-
gram. Each individual’s blood has potentially unique biological
characteristics. Thus, when foreign cellular material, is tentatively
grafted into a recipient, the latter identifies it as foreign and poten-
tially dangerous, even when it has a therapeutic purpose. Indeed,
many studies have shown that platelets express a large variety
of pathogen sensors, promptly engaged by several kinds of the
so-called pathogen-associated molecular pattern (molecules) or
PAMPs (if stresses are infectious in nature) or damage-associated
molecular pattern (molecules) or DAMPs (if stresses are internal,
such as Abs). This has been principally found relative to platelets
(32, 33), and similar findings have been reported for erythrocytes
(34). Furthermore, donor platelets express HLA class I Ags that
differ in general from those of recipients. Donor cells are thus
likely to be sensed as foreign by recipients’ circulating and vessel-
lining leukocytes, which are prone to signaling this through
a pro-inflammatory response, or by vessel endothelial cells.
Experimental data suggest that endothelial cells can also signal
the detection of foreign material by mountinga pro-inflammatory
response (35-38). In general, though it is still difficult to link with
certainty a host’s innate inflammatory response with unmanipu-
lated donor cells, the danger theory of innate immunity would
largely predict it in transfusion.

Recent data offer newer evidence supporting the hypothesis.
First, alarge Canadian clinical trial recently reported that age and
sex of donors influenced the outcome of transfusion in recipients,
more than any other factor (e.g., age of blood or pathology) (39,
40). Although there is now good evidence that there are differ-
ences between males and females in pathology and in particular
in immune responses to infection or vaccines and inflammation
processes, the gender issue has not been specifically addressed
satisfactorily in transfusion medicine (41): this is perhaps a path
for further investigation.

Our own investigations have shown that donors present great
variation in the genes coding for CD40L; CD40L was investigated
because platelets are the major purveyors of sCD40L in the body
(42), and this BRM influences both innate and adaptive immunity
(43). CD40L gene polymorphism was found to influence the pres-
entation of secreted CD40L (44). It has been hypothesized that
this genetic characteristic of donors may affect pro-inflammatory
secretion of donated platelets in BCs (45, 46). This type of result
is plausible as well for other BRMs.
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Blood Component Manufacturing and
Storage Lesions with Pro-inflammatory

Consequences in Recipients

A large body of reviews has documented this topic. We may
consider two sets of data for illustrative purposes: one explores
the secretory capacity of stored platelets over time or of platelets
undergoing stress lesions upon collection, processing, and storage
(47-50); the other explores the age of blood — and more precisely,
the age of pRBCCs - at delivery. Both data sets incorporate
diverse readouts: BRMs, oxidants, free iron, and extracellular
vesicles (51-54). Despite such extracellular vesicles are reported
to carry pro-inflammatory factors (55), some anti-inflammatory
properties of extracellular vesicles have been reported (56), sug-
gesting a fine-tune balance of inflammatory responses in relation
of extracellular vesicles, likely depending on their sizes (57),
origin, and abundance.

To summarize, it is generally reported that longer PC stor-
age is accompanied by greater production of pro-inflammatory
cytokines, which make up the majority of anti-inflammatory
products (58-62) (Table 1). If leukocytes are still present in the
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PCs, leukocyte- and platelet-originating cytokines and other
BRMs potentiate each other over time (63). Our own group has
reported that there is a direct relationship between (i) the secre-
tion of sCD40L [proved to exert a pathogenic effect in certain
recipients, together with companion BRMs Ox40L and IL-27 (64,
65)] and the component shelflife; and (ii) between the net amount
of sCD40L (alongside potentiating molecules IL-13 or MIP-1a)
and the manifestation of an inflammatory AE in the recipient
(62). Similar findings exist for mitochondrial DNA (66-68).
In addition, it has also been proposed that the techniques used
to obtain PCs influence pro-inflammatory reactions, as these
techniques do not expose platelets to the same stress (62, 69).
Together, these observations strongly suggest the platelet storage
lesions have a role in PC induced inflammation and its balance
in transfused patients.

Thesituation for erythrocytesiseven more complex. Substantial
experimental evidence suggests that the age of erythrocytes, and
the subsequent freeing of iron, is directly responsible for inflam-
mation in experimental models, both in vivo and ex vivo/in vitro
(70-74). Thus far, however, clinical trials have consistently failed
to support this hypothesis (75). It should nevertheless be noted

TABLE 1 | Blood product storage and biological response modifier release.

Usual storage
time

Packed red blood cell concentrates

42 days

Platelet concentrates

5 days

Main Leucoreduction Automated cell separation
product Irradiation Centrifugation
transformation Pediatric preparation Leucoreduction
Deplasmatization/washing Platelet additive solutions
Volume reduction Occasionally pathogen
Cryopreservation Reduction or inactivation technology
Reconstituted blood Irradiation
Deplasmatisation/washing
Cryopreservation
Volume reduction
Lesion Shape changes from a normal biconcave Shape changes from discoid to spheroid
storage disk to echinocytes and spheroechinocytes 1 Activation (1 release of granular contents)
1 Ammonium 1 Proteolysis
1 Free Hb in plasma Altered platelet surface receptor expression
1 K+ from 1 Platelet aggregates
1 ATP Decreased mean platelet volume (MPV)
1 2,3 DPG to <10% of original levels 1 Volume and density heterogeneity
— replenished 1 Procoagulant activity
| Labile proteins, e.g., complement, fibronectin, 1 Platelet apoptosis
and coagulation factors | to negligible 1 pH, pO;, and glucose
1 Na+ 1 pCO:
1 pH 1 Lactate production
| NADH 1 Glucose consumption
1 Bioactive substances (free Hb, hemin, | Calcium ion flux
microvesicles, iron, cytokines, lipids, and ATP/ADP ratio change
enzymes) | Mitochondrial oxidative respiration
1 S-nitrosohemoglobin (SNO-Hb) bioactivity 1 Fibrinogen binding
Released/ MPs, IL-8, TNF-a, RANTES, NAP-2, Gro-a, EGF, ENA-78, Gro-«, IL-1B, IL-6, IL-7, IL-8,
increased MIP-1a, SDF-1, ENA-78, TGF-B, ... IL-27, Lyso-PCs, sOX40L, PAI-1, PDGF-AA,
factor Microvesicles PF4, RANTES, sCD40L, TGF-B, TNF-a,
VEGF, -TG, ...
Microvesicles

Mitochondrial DNA

Plasma for direct therapeutic use

1 year

Leucoreduction

Freezing/thawing

Solvent-detergent

Chemical and light pathogen inactivation
Lyophilization

1 Proteases

1 Oxidation of Pro, Arg, Lys, Thr, Glu, or Asp
side chains

1 Cleavage of protein backbone

1 Incorporation of lipid peroxidation products
into Cys, His, or Lys residues

1 Formation of advanced glycation end products
1 Lipid peroxidation

MPO, ECP, and histamine increase after thawing
IL-1B, IL-4, and IL-10 increase with freeze/thaw
cycles

MMP-7 increases with the number of freeze/
thaw cycles

IL-4, IL-12, and TNF-a increase with the number
of freeze/thaw cycles ...
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that this is extremely difficult to investigate and that further trials
are necessary to resolve the matter (76).

Consequences of Inflammation in
Recipients: Manifestations of
Adaptive Immunity

There are two main consequences of inflammation in blood
component recipients. One — alloimmunization to foreign Ags
— is rather clear. The other is transfusion-related immune modu-
lation or TRIM. TRIM is a complex occurrence that involves a
number of adaptive immune tools, of which suppressive CD8+
T cells, regulatory T (and probably B) cells, anti-idiotypic T cell
clones, along with soluble HLA molecules and other supposed
mediators (77-79). It must be made clear that, if the main visible
consequence of immunization to foreign Ags is alloimmuniza-
tion, there is a likely strong T cell immunity; however, it seems
difficult to catch it up, and the majority of published works focus
on Ab production. One may hypothesize that T cell immunity
and TRIM rather explain cases where immunization is not pro-
ductive in terms of Ab formation. Another consequence of TRIM
is perhaps the likely depression of immune surveillance with the
report of suspected increase of posttransfusion infections (that
are quite well documented) and perhaps malignancies or organ
dysfunctions (that are to be ascertained) (80-83).

Alloimmunization remains the most frequently reported AE
of transfusion. It is often reported in pathologies where extended
matching of red cells is difficult to achieve, for people needing
repeated transfusions, such as sickle-cell disease or f-thalassemic
patients. Indeed, as there are near 350 Ags on erythrocytes, a
perfect match is unlikely. Recipient characteristics such as how
well one presents HLA are also considered to have a major impact
(84). In addition, residual leukocytes are highly potent immuniz-
ers (far more commonly in HLA groups than in HNA groups);
platelets are also good immunizers in both HLA class I and HPA
groups (85). However, it has been demonstrated that residual leu-
kocytes can influence the global immunization score: as shown
in experimental models, stringent but incomplete leucoreduc-
tion minimizes alloimmunization, while strict leucoreduction
reinforces it, supposedly by erasing the TRIM effect (84).

Yet in spite of several attempts to decipher innate immune
mechanisms acting as layers of inflammation that fuel Ag
presentation, the details of alloimmunization largely remain a
mystery (86).

Last, another consequence of inflammation is the reported
enhanced erythrocyte phagocytosis by spleen cells. Inflammation
created by excess iron and nitric oxide (NO) freeing - perhaps
linked with aged erythrocytes — would aggravate anemia instead
of correcting it by bringing Hb/O. (87). While there is good
experimental evidence in favor of this pathophysiology, clinical
relevance is not yet ascertained.

FROM BENCH TO BEDSIDE: PATHS TO
IMPROVE PATIENTS’ SAFETY

Pathophysiological studies of platelets reveal that any exposure to
stress may have consequences. Depending on the nature of this
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stress, platelets can mobilize predefined patterns of BRMs (88,
89). Indeed, contrary to what we might expect, given that they
are anucleate, platelets do not indiscriminately release granule
content through an all-or-nothing mechanism but rather exhibit
stress-dictated processes (32, 90-93). This may explain why
certain patients having received PCs manifest allergic reactions
(where §-granule BRMs predominate) or FNHTR/inflamma-
tion (where a-granule BRMs predominate) (Figure 1; Table 2).
A readout in the PC leftover is given by the predominance of
either IL-13 or MIP-1u in addition to sCD40L (62). Platelets
are extremely reactive cells, and it is almost impossible to not
pre-activate them while processing PCs for transfusion purposes.
However, it has been made clear that the collection process, i.e.,
apheresis vs. recovered platelets from whole blood; platelets
recovered from platelet-rich plasma vs. from buffy coats; PAS vs.
plasma; pathogen reduction/inactivation vs. no additional safety
measure; and in the case of apheresis, type of cell separator — and
the length of storage are important parameters to control activa-
tion (59, 62, 65, 94-97). Despite conflicting data (98), it cannot
be ruled out that ABO compatibility vs. identity also affects the
outcome of platelet transfusion (99, 100), but probably not by
triggering pre-activation. Furthermore, PCs are almost always
HLA incompatible, at least for the majority of expressed class I
Ags. This has not appeared to be deleterious in terms of clinical
outcome - in the PLADO trial (98), for example, but consistent
recommendations suggest that refractoriness to platelet transfu-
sion is better addressed with HLA-compatible PCs (97). The
HPA case is barely addressed, unless a specific and pathogenic
Ab is identified, or in the case of fetal/neonatal maternal incom-
patibility (101). Serious allergies, allergic reactions, or severe
FNHTRs can be addressed — when further PC transfusions are
needed - by washing the components. This process is neverthe-
less tedious as it may itself pre-activate the cells. Alternatively,
some teams may absorb pathogenic BRMs on columns when
available (102, 103). At present, there are parameters that cannot
be controlled (recipients’ genetic characteristics and - to a large
extent — donors™ characteristics) and those that can be partly
controlled, i.e., manufacturing, ABO matching, and aging of
the PCs (Table 3). Most efforts appear to focus on the last three
issues to limit inflammation in recipients. Further investigations
are needed to evaluate the actual impact of safety measures in PC
recipients and determine whether efforts can be made to propose
matching procedures that can calculate the most important fac-
tors to limit inflammatory responses in patients.

For pRBCCs, the appropriate strategy may be very simple or
very complex. In theory, it should be simple if one considers that
the enemy is alloimmunization, which concerns inflammation.
Tolimittherisk ofimmunization, animprovement of blood group
Ag matching would be ideal; however, considering the volume of
blood components to be issued to millions of recipients, this is
simply not achievable on a routine basis. Efforts are being made
to facilitate matching for at-risk recipients, such as those rou-
tinely receiving transfusions, though success varies according to
specific needs of ethnic groups transfused outside their native
region, where erythrocyte Ag group distribution differs from
their own. Further, if inflammation fuels alloimmunization,
some genetic control of responders vs. non-responders — or more
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T granule

PDI
Lysosome TLR-9
Acid proteases VAMP-8
Acid hydrolases
Membrane proteins

& granule
Nucleotides
a granule Cations
Adhesion molecules Bioactive amines
Cytokines/Chemokines GTP-ases
Angiogenic factors Membrane proteins
Growth factors
Coagulation factors

Immune mediators

FIGURE 1 | The figure cartoons the platelet’ main granules and their secretory content. Most products that can be released by platelets are listed in
complementary Table 2.

TABLE 2 | Platelet granule main contents.

« granules 8 granules T granul Lysc

Adhesion molecules Nucleotides PDI Acid proteases

allbp3, aVp3, CDY, fibronectin, GPlba, multimerin, osteonectin, ADP, ATP TLR-9 Acid phosphatase, arylsulphatase
PECAM, P-selectin, vitronectin, VWF Cations VAMP-8 Carboxypeptidase A-B, cathepsin
Cytokines/chemokines Calcium, magnesium D-E, collagenase, elastase, proline
p-thromboglobulin, CCL4, CCL17, ENA-78, Gro-a, IL-1, IL-7, IL-8, Bioactive amines carboxypeptidase

MCP-1, MCP-3, MIP-1a, NAP-2, PF4, RANTES, sCD40L, SDF-1 Serotonin, histamine Acid hydrolases
Angiogenesis/growth factors GTP-ases a-arabinofuranosidase,

ADAM10, ADAMTS13, angiostatin, angiopoietin-1, BDNF, bFGF, rab27a, rab27b a-fucosidase, p-fucosidase,
BMP-2, BMP-4, BMP-6, CTAP-Ill, CTGF, EGF, endostatin, HGF, Membrane proteins a-galactosidase, p-galactosidase,
HGR, IGF-1, kininogen, MMP-1, MMP-2, MMP-9, PDGF, TGF-p, ollbp3, CDE3, GPIb, B-glucoronidase, a-mannosidase,
thrombospondin, TIMP-1, TIMP-4, VEGF LAMP-1, LAMP-2, P-selectin a-glucosidase, p-glucosidase,
Coagulation factors Others B-N-acetyl-hexosaminidase
az-antiplasmin, az-antitrypsin, a2-macroglobulin, antithrombin, Polyphosphate, pyrophosphate Membrane proteins

factor V-VIII-XI-XIlI, fibrinogen, PAI-1, plasmin, plasminogen, CD63, LAMP-1, LAMP-2

protease nexin-2, protein S, prothrombin, TFPI

Immune mediators

p1H globulin, C1 inhibitor, complement factors, factor D, IgA, IgG, IgM,
platelet factor H, thymosin-f4

Others

Albumine, PDCI

ADR, adenosine diphosphate; ATF, adenosine triphosphate; BDNF, brain-derived neurotrophic factor; bFGF, basic fibroblast growth factor; BMR, bone morphogenetic protein;

C, complement; CTAP-Ill, connective tissue-activating peptide lll; CTGF, connective tissue growth factor; EGF, epidermal growth factor; HGF, hepatocyte growth factor; HGR,
histidine-rich glycoprotein; Ig, immunoglobulin; IGF, insulin-like growth factor; IL, interleukin; LAMP, lysosomal-associated membrane protein; MCF, monocyte chemotactic protein;
MIR, macrophage inflammatory protein; MMR, matrix metalloproteinase; NAR, neutrophil-activating protein; PAl, plasminogen activator inhibitor; PDCI, platelet-derived collagenase
inhibitor; PDGF, platelet-derived growth factor; PDI, protein disulfide isomerase; PECAM, platelet endothelial cell adhesion molecule; PF, platelet factor; RANTES, regulated on
activation normal T cell expressed and secreted; SDF, stromal cell-derived factor; TFPI, tissue factor pathway inhibitor; TGF, transforming growth factor; TIMR, tissue inhibitor of
metalloproteinases; TLR, toll-like receptor; VEGF, vascular endothelial growth factor; VAMR, vesicle-associated membrane protein; vWF, von Willebrand factor.

precisely, good vs. bad HLA presenters — seems to prevail: this  the effects of storage lesions and erythrocyte Ag alloimmuniza-
has been observed for certain blood group Ags and is very likely ~ tion (105). Various teams have provided indirect evidence after
true for all others (77, 104). The situation is more complex than ~ examining whether RBC collection can stress RBCs and subse-
for platelets because the triggers of inflammation are less clearly ~ quently stress endothelial cells exposed to such RBCs (at least
identified. The age of blood is a likely but unproven factor, and  in ex vivo/in vitro models) (106, 107). Here again, until more
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TABLE 3 | Examples of preventable and not yet preventable causes of inflammation in transfusion medicine.

Parameters that can be addressed

Donor-related - So-called irregular antibodies to red blood cells or HLA

parameters - Autoantibodies
— Potentially: allergens and IgE antibodies to allergens

Parameters that cannot yet be addressed

Genetic parameters predisposing to inflammation

- Infectious pathogens and infectious pathogen-derived material (toxins,

residues, superantigens)

Processed - Typically: leukocytes
component- — Microvesicles/microparticles
related - Alltypes of storage lesions
parameters - Age of blood®
Recipient-related - Certain therapies (drugs)
parameters

Standard of - Main blood group matching
operation - Blood component freshness®

parameters (SOP)

— Genetic parameters that predispose to inflammation

- Clinical state (causal disease or treatment being the cause of
the transfusion need)

- Most therapies, otherwise needed

- Preexisting alloimmune Abs, autoimmune Abs

- Fine-tuned blood group matching

2Age of blood appears to fall into either category as it affects the release of biological response modifiers (storage lesions) and likely sustains TRIM, and it affects the release of, e.g.,
oxygen (SOP) and the recirculation or cells (and propensity to apoptosis or to be prone to phagocytosis).

direct evidence becomes available, one may heed protocols that
minimize stress to donors’ RBCs and subsequently to recipients’
vascular endothelium. Accordingly, some authors recommend
not overexposing cellular blood components to radiation unless
absolutely required as this may increase storage lesions (54, 108,
109). Closer examination is needed to determine the extent
to which irradiation of BCs favors alloimmunization. Similar
caution has been suggested for pathogen inactivation/reduction
technologies, but there are conflicting claims in favor of reduc-
tion or alloimmunization based on impairment of indirect Ag
presentation (84). This too calls for further investigation.

CONCLUSION

Transfusion is an old therapy, though it is not obsolete. In fact, it
is quite modern if seen as cell therapy or biotherapy (110). It is
very commonly used and is nowadays associated with few noso-
comial AEs. Moreover, not all AEs are truly nosocomial as some
are in fact linked to characteristics of recipients that can neither
be dampened nor counteracted by matching blood components.
When transfusion is associated with AEs, most can be related to
an inflammatory state, which is either obvious (allergy, FNHTR,
hypotension) or ascribed to such a state by current knowledge
(alloimmunization). Indeed, transfusion-transmitted infection
has become a rarity, and novel means are regularly applied to
further minimize their occurrence. Means of decreasing the
occurrence of transfusion-associated inflammation have received
less attention and care, though they should be our new focus, to
help patients, secure resources, and limit indirect costs. Platelet
pathophysiology owes a lot to transfusion medicine: many of the
major discoveries in this field were made by researchers who,
questioning the role of PC transfusion in AEs (and occasionally

SAEs), attempted to solve questions about platelet activation and
secretion. This review has not considered the other side of the
coin with respect to platelets and their role in the inflammation
process. Namely, in addition to being the source of many pro-
inflammatory BRMs, platelets also produce healing factors (the
terminus of physiological inflammation) that may also be used as
therapeutic tools (111).
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Chapitre 2 — Transfusion-Related Acute Lung Injury :
Paspect clinique

Section 1 — Caractérisation du TRALI : /a terminologie

Le TRALI (Transfusion-Related Acute Lung Injury) a été depuis ces débuts considéré
comme une pathologie occasionnelle mais peut-étre sous-déclarée, mais dont la mortalité I’a placé
dans les premiers rangs des complications transfusionnelles les plus inquiétantes. Son existence a
été pour la premiere fois évoquée dans les années 1950 [1, 2] et le terme « TRALI » a été utilisé
pour la premicere fois par le Dr Popovsky, des les années 1980 [3]. On décrit, depuis le début du
20" siecle, cette pathologie comme une réaction pulmonaire aigué, 'ALI (Acute Lung Injury),
qui se développe dans les 6 heures apres transfusion de Produits Sanguins Labiles (PSL) [4].
Cependant, certains investigateurs évoquent des TRALI pouvant se déclarer jusqu’a 72h apres la
transfusion, parlant ainsi de «delayed TRALI» (dTRALI) (pour TRALI retardé) [5, 6]. Ce
TRALI atypique est souvent corrélé avec des cofacteurs pathologiques comme le sepsis ou un
traumatisme sévere. La physiopathologie serait liée a des médiateurs bioactifs plutot que des
anticorps anti-leucocytaires, contrairement au TRALI dit classique (vozr revue « Transfusion-related
acute lung injury: transfusion, platelets and biological response modifiers » page 38 [7]). Enfin, ces TRALI
présenteraient un taux de mortalité accru (45% vs. 10%) [8]. Une derniére catégorie de TRALI est
aujourd’hui envisagée, les possibles TRALI (pTRALI). De facon générale, la responsabilité des
ALI n’est en aucun cas d’origine transfusionnelle contrairement au TRALI Lorsque la cause de
cette détresse respiratoire ne peut étre clairement associée au processus de transfusion, bien que
le patient ait connu un épisode transfusionnel, on patle alors de pTRALI [9-12] (Figure 1). Ce
dernier terme est, a ’heure actuelle, encore débattu par la communauté transfusionnelle. En effet,
certains souhaiteraient un changement de la nomenclature, utilisant le terme de possible
syndrome de détresse respiratoire aigué (SDRA), car le pTRALI évoque, par son nom, une
composante transfusionnelle alors qu’il pourrait simplement étre dG a un facteur autre que la

transfusion elle-méme [13, 14].
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Figure 1: Les définition des différents TRALI, inspiré de [15] et [16]

Aujourd’hui beaucoup de critéres entrent en compte pour la définition du TRALIL La
complexité du diagnostic est corrélée a tous les facteurs de risques, propres aux patients, évoqués
dans la littérature. On peut, effectivement, citer une multitude de contextes pathologiques et
interventionnels médicaux favorables au développement dun TRALIL Les cancers
hématologiques [17, 18], les maladies cardio-vasculaires [17], le sepsis [5, 18, 19], les transfusions
massives [18, 20] et la ventilation mécanique [18] sont des facteurs de risques associés au TRALL
Dans un but de simplification du diagnostic du TRALI, plusieurs modeles théoriques, appelés
«modeles de seuil », ont alors été élaborés. On compte aujourd’hui trois modeles allant du plus
simple au plus complexe. Le premier, proposé en 2007 par Bux et Sachs [21], n’inclut que
I'activation des neutrophiles et de 'endothélium (essentiel a I'induction du TRALIL —vozr revue
« Transfusion-related acute lung injury: transfusion, platelets and biological response modifiers » page 38 [7]-)
induite selon la prédisposition du patient et selon 'impact inflaimmatoire de la transfusion. Dans
ce modecle, une prédisposition importante du patient (par exemple un épisode septique passé
sévere) nécessitera un pouvoir inflammatoire des PSL faible, c’est-a-dire avec des concentrations

basses d’anticorps anti-leucocytaires et de « Biological Response Modifiers » (BRM) (Figure 2).
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Figure 2 : Premier modele de seuil, d’aprés Middelburg et al. [22]
Modele de seunil du déclenchement du TRALL dépendant du nivean de prédisposition du patient transfusé et du
ponvoir d'activation des neuntrophiles et de 'endothélium par le produit transfusé. Les niveausx: d’activation des
denx: parameétres cités sont compensatoires. Une forte prédisposition du patient (par exemple, un lourd passé

pathologique) nécessite un pouvoir inflammatoire faible du produit sanguin transfuse.

Le second mode¢le, d’abord évoqué en 1999 par Rosendaal dans un modéle de thrombus
veineux [23], et, par la suite, rendu applicable au TRALI par Middelburg et Van der Bom en 2014
(Figure 3), utilise un principe plus complexe. Ici, les facteurs de risques sont différentiés selon
leur impact sur le niveau d’activation des neutrophiles et de I'endothélium et selon leur
répercussion dans le temps. Ces facteurs de risques peuvent étre une entité pathologique, telle
qu’une pneumonie ou un cancer hématologique, ou une intervention opératoire/médicale, par
exemple une chirurgie cardiaque ou un premier épisode transfusionnel. Ces différents facteurs de
risques sont, dans ce modele, juxtaposables, permettant I’élévation du niveau d’activation des
neutrophiles et de endothélium. Enfin, la transfusion, responsable du « second-hit » du TRALI,

permettra I'induction de la pathologie susnommée.
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Figure 3 : Deuxi¢éme mode¢le de seuil, d’apreés Middelburg er al. [22]
Modele de senil du déclenchement du TRALIL dépendant de impact de la transfusion et de la pathologie pré-

transfusionnelle du patient, en fonction du temps et du nivean d'activation des neutrophiles et de 'endothélinm
vasculaire. Tous les phénomenes sont juxtaposables. La sommation des différents niveanx d'activation, des
neutrophiles et de 'endothélinm, doit étre suffisamment importante pour dépasser le seuil de déclenchement du
TRALL On voit ici que la transfusion sanguine peut étre responsable a la fois du premier et du second évenement

(Transfusion X et Y).

Un dernier modele a été présenté. Inspiré du modele établi par Rothman, en 1976, dont
le but était d’instaurer une logique épidémiologique applicable a toutes les maladies [24],
Middelburg et Van der Bom ont présenté un dernier modele de seuil incluant le parametre « U »
représentant la constante inconnue trop souvent décrite dans les différents cas de TRALI (Figure
4). Ici, on considere la sommation inflaimmatoire du passé pathologique du patient (cancer
hématologique, séveére pneumonie, chirurgie cardiaque...) et de la transfusion non suffisante au
déclenchement du TRALIL Rentre alors en jeu la composante inconnue « U» dont 'impact
suffira a dépasser le seuil de déclenchement du TRALIL Cette composante peut étre génétique, ou

simplement due a I’hygie¢ne de vie du patient (consommation de nicotine, d’alcool...).
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Figure 4 : Troisiecme modé¢le de seuil, inspiré de Middelburg et al. [22]

Ce modele représente la part de chaque parametre sur l'induction du TRALL Les notions de temps et d'effet sur
Linflammation ne sont pas mentionnées. Cependant, ce modele inciut la variante inconnue « U », représentant

Linfluence des caractéristiques propres aux patients.

Finalement, le principal probleme rencontré, par le corps médical transfuseur, est
I'absence d’un consensus officialisant et simplifiant le diagnostic de ce syndrome. La frontiere,

entre TRALI et ALL est actuellement mince, ce qui sous évalue la fréquence du premier.

Section 2 — Caractérisation du TRALI : /a prévalence

Le TRALI est décrit comme I'une des pathologies inflammatoires dont la mortalité est la
plus élevée, mais avec une fréquence observée souvent trés faible. Le rapport de FISTARE (base
de données de la surveillance des Effets Indésirables Receveurs (EIR) associée aux dons de sang
et a la transfusion des composés sanguins), publié en 2016 et regroupant des rapports
d’hémovigilances de 25 pays entre 2006 et 2012, rapporte une fréquence d’EIR de 77,5 pour

100 000 composés sanguins transfusés. Parmi eux, 25% (soit 19,1 pour 100 000) sont dits
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séveres. Parmi ces réactions transfusionnelles, 349 décés ont été répertoriés dont 58% sont
attribués a atteinte du systeme respiratoire. Le TRALI serait responsable de 32,76% de ces déces
liés au dysfonctionnement respiratoire. Au sein de ce rapport, le TRALI représente 1% de toutes
les réactions et environ 4% des réactions dites séveres [25]. Dans des populations de patients
transfusés, la fréquence du TRALI observée est tres variable, pouvant aller de 0,005% a 15%.
Cette valeur dépend de plusieurs facteurs: i) la cohorte étudiée (facteurs de risques plus
importants dans une population de patients septiques transfusés par rapport a la population
générale des individus transfusés), ii) la période (évolution des processus de préparation des
produits sanguins dans le temps —par exemple, instauration de la leucoréduction dés 1998 en
France [26]-) et iii) la géolocalisation (la politique transfusionnelle differe entre les pays). Par
exemple, le rapport d’hémovigilance de I'année 2015 de France, publi¢ en 20160, fait référence a
26 cas de TRALI pour 529 204 patients transfusés, soit 0,005% [27]. A contrario, dans une
population de 150 patients admis en unité de soins intensifs, de 2002 a 2008, pour hémorragie

digestive, 22 patients ont déclaré un TRALI, soit 15% [28].

Ces résultats sont trés variables et probablement sous-estimés du fait de I'absence d’un
réel consensus sur le diagnostic et la terminologie du TRALI et de ses variantes (pTRALI,
dTRALI). Certains ALI sont probablement des TRALI, mais faute de preuve pouvant les

catégoriser tels quels, ils n’ont pas été catégorisés comme TRALIL

Section 3— Caractérisation du TRALI : /a clinique

Le TRALI sous toutes ses variantes, est caractérisé par différentes manifestations dont
les principales sont la dyspnée, la tachypnée et ’hypoxémie. Parallelement, plusieurs signes
peuvent accompagner ces dernicres, tels que des rougeurs, une tachycardie, de la fievre, une
hypothermie, une hypotension et, trés rarement, une hypertension. Enfin, des infiltrats
pulmonaires bilatéraux formés d’opacités alvéolaires cotonneuses plus ou moins confluentes,
pouvant aller jusqu’a I'aspect de "poumon blanc" en champ de coton bilatéral sont observables
par radiographie thoracique [16] (Figure 5). Une leucoagglutinine, présente chez les donneurs
impliqués, est souvent corrélée au développement du TRALI [29]. Une étude comparative entre
89 cas de TRALI et 164 controles transfusés sans manifestation d’cedéme pulmonaire a montré

P
que le nombre de neutrophiles circulants accroit jusqu’a 48 heures apres développement du
TRALI [30]. Cependant, une leucopénie transitoire peut étre observée dans certains cas de

TRALI [31-33]. Cette numération cellulaire est aussi accompagnée d’une relocalisation
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pulmonaire des neutrophiles plus importante [34]. Le devenir des plaquettes sanguines semble
différent. En effet, plusieurs cas de thrombopénie ont été rapportés dans la littérature et ce
jusqu’a 6 heures apres le début de la transfusion [35, 36]. De facon plus générale, au sein d’une
cohorte de patients transfusés, la chute du compte plaquettaire semble étre une conséquence a

I'induction du TRALI [30].

Figure 5: Radiographie de poumons d’un patient ayant développé un TRALI, d’apres
Ilango et al. [37]

La manifestation d’un état inflammatoire, pré- et posttransfusionnel, chez les patients
développant un TRALI est une conséquence quasiment inéluctable. Plusieurs études ont analysé
la libération de facteuts solubles pro et/ou anti-inflammatoires circulants et pulmonaires chez des
patients ayant déclaré un TRALI (Tableau 1). De fagon générale, plusieurs de ces cytokines ont
été mises en évidence chez des patients développant un ALI/SDRA, a la fois dans le
compartiment pulmonaire, mais également périphérique. Nous pouvons effectivement citer I'IL-
18, TNF-o (Tumor Necrosis Factor-a), IL-8 ou encore 1L-6 [38, 39]. Dans le cas plus précis des
TRALL la concentration des principales cytokines inflammatoires, telles qu’ll.-6 [34, 40], IL-8
[30, 34, 40] ou IL-1B8 [34, 41] est le plus souvent augmentée, a la fois dans le compartiment
vasculaire et pulmonaire. I’augmentation de cytokines anti-inflammatoires a aussi été constatée.
Ceest le cas d’IL-10 ou d’IL-1RA (antagoniste d’IL-18), ce qui évoque I’établissement d’une
réponse protectrice de la part de P'organisme, dont le but est de réguler cet exces inflammatoire

caractéristique du TRALI [30].
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Tableau 1: Evolution des cytokines inflammatoires chez les patients TRALI

38

Vascular Pulmonary
Vascular compartment Pulmonary compartment
compartment compartment
. Pre- Post- Soluble . . " . .
Authors Populations TRAL | TRAU Post-TRALI mediators Evolution Final difference vs. control Final difference vs. control
16 Increase after surgery and don't change after No difference Higher than control
TRALI
IL-8 Increase after surgery and decrease after TRALI No difference Higher than control
IL-1B No change No difference Higher than control
Vlaar X X
134] Cardiac surgery patients X EA Increase after surgery and decrease after TRALI No difference Higher than control
TATC Increase after TRALI Higher than control Higher than control
PAA Decrease after TRALI Lower than control Lower than control
Higher than control
Increase after TRALI No difference
Increase after TRALI and pTRALI Higher than control
Looney .
30 Transfused patients X X
30] Increase after TRALI and pTRALI Higher than control
Increase after TRALI Higher than control
No difference No difference
No difference
S100A12 Higher than control but not significant
Miiller . . . . .
[41] Cardiac surgery patients Positively correlated with SI00A12 increase
Positively correlated with SI00A12 increase
Positively correlated with S100A12 increase
Positively correlated with S100A12 increase
. Higher than control Higher than control (post-
Increase after TRALI (2.7 fold increase) (pre-TRALI) TRALI)
Higher than control Higher than control (post-
IL-8 No change (pre-TRALI) TRALI)
Roubinian .
[40] Transfused patients X X Increase after TRALI (1.75 fold increase) No difference No difference
No change No difference No difference
No change No difference No difference
Kapur Transfused orthopedic .
[42] surgery patients Higher than control
K[a‘gljr Transfused patients No difference




Chapitre 3 — Transfusion-Related Acute Lung Injury :
transfusion, plaquettes et modificateurs de la réponse
biologique (BRM)

Les plaquettes sanguines sont des cellules de l'inflammation [44], bien que la seule
fonction qui leur a été longtemps accordée fut un réle dans ’hémostase et la thrombose. Le but
de cette revue est de mettre en évidence le role inflammatoire des plaquettes sanguines —celles
présentes dans les concentrés plaquettaires et celles présentes dans I'organisme— et leur possible
influence dans le développement d’un cedéme pulmonaire aigué transfusionnel, le TRALL Dans
un premier temps, les différentes hypothéses émises sur la physiopathologie du TRALI
immunologique vous seront présentés. Ensuite, Ihypothése reposant sur une induction de
«second-hit » du TRALI non immunologique régulée par les BRM secrétés par les plaquettes
pendant la conservation des concentrés plaquettaires (CP) sera évoquée. Finalement, le role des
plaquettes de P'organisme au sein de la physiopathologie des TRALI immunologiques et non-

immunologiques sera discuté, en particulier au sein de modeles expérimentaux.

Ce travail de synthese ayant été publié en 2016, une mise a jour bibliographique figure a
la suite de cette revue pour référer de 'avancée des recherches se concentrant sur I'impact i) des
médiateurs solubles des concentrés plaquettaires sur 'endothélium vasculaire et iv) des plaquettes

sanguines de 'organisme sur le devenir de ’ALI/TRALL

Erratum « Transfusion-related acute lung injury: transfusion, platelets and biological
response modifiers »: ICAM-1 exprinié a la surface de l'endothélinm et Mac-1 (B2 intégrine on
CD11b/CD18) expriné a la surface des neutrophiles.
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ABSTRACT

Transfusion-related acute lung injury (TRALI) may be induced by plasma, platelet concentrates and red
blood cell concentrates. The mechanism leading to TRALI is thought to involve two steps. The priming
step consists of previous inflammatory pathological conditions or external factors attracting leukocytes
to lung vessels and creating conditions favorable for the second step, in which anti-HLA or anti-HNA
antibodies or biologically active lipids, usually in transfused blood products, stress leukocytes and
inflame lung epithelia. Platelets may be involved in the pathogenesis of TRALI because of their secretory
potential and capacity to interact with other immune cells. There is no drug based-prophylaxis, but

transfusion strategies are used to mitigate the risk of TRALI.

Background

One of the most serious complications of blood component
transfusion is transfusion-related acute lung injury (TRALI) [1],
an acute lung injury (ALl) occurring within 6 h of blood
product transfusion [2]. TRALI is characterized by pulmonary
edema after blood component transfusion, especially after
plasma-derived drug injection, and by respiratory distress,
including dyspnea, tachypnea, and hypoxemia. Other TRALI
symptoms include rigor, tachycardia, fever, hypothermia, and
hypotension, with hypertension being rare [3]. Among the risk
factors that create conditions favoring TRALI development [4]
is a history of inflammatory pathology [5,6], including sepsis.
Nevertheless, sepsis can be considered as an inductor of acute
respiratory distress syndrome (ARDS); in this case, we refer to
an ARDS related to a sepsis and not a TRALI [7]. Several
investigations highlighted a more important incidence of
TRALI in ICU patients than on healthy subjects [8,9]. Blood
components that can trigger TRALI include plasma [2], red
blood cell (RBC) concentrates [10,11] and platelet concentrates
(PCs) [12]. Differences in the processing and storage of plasma
and cellular blood products may alter the hemodynamic char-
acteristics of blood, suggesting that some of these conditions
are associated with the development of TRALI [13-15].

The ‘Two-hit’ model

TRALI can be described as being induced by a ‘two-hit" model
(Figure 1), first proposed by Van Buren in 1990. The first hit
consists of priming, in which polymorphonuclear (PMN) are
preactivated [16]. Priming is essential for inducing the expres-
sion of adhesion molecules on endothelial cells and
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neutrophils. CD62P and CD62E on endothelial cells and
PSGL-1 on neutrophils interact with peripheral granulocytes,
whereas the expression of other molecules such as 2-integrin
on endothelium and ICAM-1 on neutrophils results in intrapul-
monary leukostasis [17,18].

The second event occurs when neutrophils are attracted
into the alveolar space and after transfusion of antibodies or
blood components. In more than 85% of patients, TRALI epi-
sodes are triggered by antibodies, whereas in the remaining
patients, TRALI is induced by activator lipids present in stored
blood components [22,26]. Pulmonary endothelium may be
damaged by oxidation radicals and lysosomal enzymes
secreted by priming neutrophils [27]. Pulmonary edema and
fluid intrapulmonary infiltration may then cause hypo-oxyge-
nation, which may even be fatal.

Antibody-mediated TRALI

TRALI may be induced by immune incompatibility between
reactive antibodies in donor plasma and target antigens on
recipient leukocytes. Three main types of antibodies have
been described, to human leukocyte antigen (HLA) classes |
and Il, and human neutrophil alloantigen (HNA) [28,29].
Antibodies to HLA classes | and Il have been detected in
59% and 30-56% of donor plasma in patients who developed
TRALI, whereas the prevalence of anti-HNA antibodies, to
HNA-1, HNA-2, and HNA-3, has been reported to range
between 3% and 33% [29]. Anti-HLA class | antibodies target
neutrophils, endothelial cells [3,30], and platelets [31]; anti-
HLA class Il antibodies target monocytes [32] and especially
macrophages [33]; and anti-HNA antibodies, primarily anti-
HNA-3a [34,35], target neutrophils and endothelial cells [36].
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Figure 1. Pathophysiology of “two-event’-mediated TRALI. TRALI is regarded as a “two-hit” model [3]. The first event is pre-activation of polymorphonuclear
leukocytes in response to a previous pathology [5]. Adhesion molecules, such as PSGL-1 and ICAM-1 on neutrophils, CD62E, CD62P and B2-integrin on endothelial
cells and CD62P on platelets, are expressed and promote cell-cell interactions [17-21]. These interactions induce neutrophil migration into the alveolar space. The
second event is induced by the transfusion of blood products containing factors such as antibodies and/or BRMs [22]. Leukostasis into the alveolar space is
accentuated, neutrophils are activated, NETs are formed and pro-inflammatory BRMs and enzymes are secreted [23,24]. Respiratory distress and protein-rich edema

fluid are characteristic of TRALI [25].

Abbreviations: BRM, biological response madifier; CD, cluster differentiation; GP, glycoprotein; ICAM. intercellular adhesion molecule; IL, interleukin; NET, neutrophil
extracellular trap; PF, platelet factor; PSGL, P-selectin glycoprotein ligand; RANTES, regulated on activation, normal T cell expressed and secreted; ROS, reactive

oxygen species.

HLA-A2 (HLA class 1) is the HLA antigen most frequently
implicated in TRALI, probably because it has allele frequencies
of 0.249 in the United States and 0.276 in Europe, as deter-
mined by the Allele Frequency Net Database. Expression of
HLA-A2 on cell membranes is greater in subjects homozygous
than heterozygous for this gene, increasing the interactions of
the former with anti-HLA-A2 antibodies [37]. A higher concen-
tration of anti-HLA-A2 antibodies in blood components thus
can result in the development of lung injury in HLA-A2 homo-
zygous recipients [38]. This reaction activates the complement
system and PMN cells, with the latter being responsible for
damage to the endothelium and the induction of ALI [39].

In contrast to anti-HLA class | antibodies, anti-HLA class I
antibodies interact with monocytes rather than with neutro-
phils [40]. This induces the production of proinflammatory
biological response modifiers (BRMs), including interleukin
(IL)-1B, tumor necrosis factor (TNF)-a, IL-6, IL-8, and tissue
factor (TF), resulting in the secondary activation of neutrophils
[3,41].

Anti-HNA-3a antibody induces more severe TRALI than anti-
HLA class | and class Il antibodies [34,35]. The antigen fre-
quency of HNA-3a in European populations is greater than
89% [42], enabling anti-HNA-3a to act directly on neutrophils
and endothelial cells in these subjects. Anti-HNA-3a has been
shown to interact directly with choline transporter-like protein
2 (CTL-2) on the endothelial cell surface [43]. TRALI induction
with anti-HNA-3a antibody is associated with neutrophil

aggregation and infiltration into the lungs reinforced by serine
protease activity [44].

Non-antibody-mediated TRALI
Can TRALI be induced in the absence of antibodies?

Although antibodies to HLA classes | and Il and to HNA-3a
have been associated with the development of TRALI in most
patients, these antibodies are undetectable in some patients.
For example, a study of 28 patients with TRALI, each trans-
fused with two units of PCs obtained from apheresis, followed
by leukoreduction, found that only seven of these patients
were positive for anti-leukocyte antibodies [45]. Antibodies in
the other 21 patients may have been present but undetect-
able, because of the dosing method or their absorption onto
lymphocytes or platelets, and other cell types [46]. Triggering
antibodies have been detected in up to 89% of patients with
TRALI [22]; we can hypothesize that in the other 11%, TRALI
may have been triggered by proinflammatory BRMs, an
evoked track but still unclear [47].

Can BRMs take over the entire responsibility for TRALI?

An alternative hypothesis for the induction of TRALI has been
proposed. According to this hypothesis, TRALI may be induced
by an accumulation of proinflammatory mediators (bioactive
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lipids or cytokines/chemokines) released by cells during sto-
rage or already present in donor blood [3]. Transfusions into
naive recipients of PC or fresh frozen plasma (FFP) from
donors whose blood cells (BCs) had been primed for TRALI
do not, in general, induce respiratory syndrome. One study
reported that 103 patients who underwent transfusions of FFP
or PC from implicated donors did not develop TRALI [48]. All of
these patients expressed HLA antigen that bound to donor
antibodies, with some having already experienced the first hit,
caused by a hematologic malignancy, surgery, or infection.
These results suggest that the ‘two-event’ model of TRALI is
more complex than initially thought. The second event likely
needs, at least in part, a BRM that complements the
antibodies.

Many studies have observed correlations between the age
of blood components and the incidence of TRALI. For exam-
ple, the age of RBC concentrates was found to correlate with
transfusion risk factors [5]. A comparison of patients with and
without TRALI showed that the age of platelet components
was higher in the TRALI than in the control group and that the
risk of TRALI increased as storage time increased, with relative
risks of 5.8 after 4-5 days and 6.8 after 6-7 days [15].
Experiments in a rat model showed that TRALI was induced
after transfusions of platelet-rich plasma and apheresis PC [49].
However, TRALI was induced only by platelets that were
stored for 5 days, whereas the transfusion of fresh platelets
had no effect on lung function in rats. In contrast, the length
of storage of RBC concentrates did not differ between control
and TRALI groups [15].

The mechanism by which TRALI is induced by blood com-
ponents with undetectable antibodies is unclear. Actually, it is
known that some BRMs can induce adhesion molecule expres-
sion on PMNs and chemoattracting conditions, activities more
specific of the first hit of TRALI. Nevertheless, the capacity of
BRM:s to activate directly PMNs, means a release of the micro-
bicidal arsenal by them to initiate the second event of TRALI,
remains unclear. A study compares two mouse models of
TRALI, an immune model induced by an anti-HNA-2 antibody
and a nonimmune model related to platelet-activating factor
stimulus, and confirms that these two models are efficient to
induce a respiratory distress [50].

Why do platelet components have a high likelihood
of causing TRALI?

Platelets secrete a large array of immunomodulating BRMs,
depending on their activation profile and storage time. Thus,
platelets have been implicated in acute transfusion reactions
(ATRs) and TRALI development.

Because their secretory capacity can cause
immunological differences

Binding of exogenous activators to membrane-bound proteins
on platelets can induce secretion from platelet granules, with
different pathways involved in the secretion of different gran-
ules. The most abundant granules in platelets are the a-gran-
ules, which contain a large number of immunomodulatory
cytokines and chemokines, including PF4, 3-thromboglobulin,
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MIP1-a, and RANTES, which have proinflammatory function
[51]. Other granules include dense granules, which store
ADP, ATP, calcium, serotonin, pyrophosphate, magnesium,
polyphosphate, and, perhaps, histamine; and T-granules,
which have been implicated by the expression of TLR9, an
immune system receptor, and are activated by the binding of
type IV collagen to the platelet surface [52].

Platelets secrete large numbers of immunomodulatory
factors, with secretion being dependent on stimulation sig-
nals. Platelet surface receptors include immune system
receptors, including TLRs 1-7 and 9 [53], Fc receptors recog-
nizing immunoglobulin [54], and CD40 [55]. Platelets also
express receptors for thrombin (i.e. PAR1, 3, and 4), ADP (i.e.
P2Y, and P2Y,,), and TxA, (i.e. TP-a and TP-f), which, when
bound by their respective ligands, promote aggregation and
BRM secretion [56]. Finally, platelets can be activated by
direct contact with other cells. For example, platelets can
interact with neutrophils though CD62P, with B cells via
pattern recognition receptors, with T cells via CD40/CD40L
complexes and with endothelial cells and erythrocytes
though integrin receptors [57]. Depending upon the activa-
tion signal, platelets can secrete various proinflammatory
factors, with some likely involved in TRALI. These include
chemokines that can attract and activate neutrophils and
permeabilize the endothelial layer. For example, platelets
secrete the chemokines TGF-B, PDGF, VEGF, Ang-1, IL-1,
RANTES, MIP-1a, B-thromboglobulin, Gro-a, ENA-78, MCP-3,
PF4, and SDF-1 [58,59], all of which have been implicated in
inflammation. Recently, new characteristics are used to
describe platelets, cells of immunity and inflammation [60].

Because their BRM secretion patterns change during
storage

Storage of blood components can result in the secretion of
several proinflammatory BRMs and activator lipids, suggesting
that storage may be involved in the pathogenesis of TRALI,
although this has not been confirmed [15]. Soluble mediators
are also secreted during platelet storage, with different BRMs
being regulated in association with the storage of platelet
concentrates (Table 1).

sCD40L is often investigated in stored platelets because
this protein can directly activate PMNs by interacting with
membrane-bound CD40. Several studies have shown that
sCD40L levels are increased during platelet storage
[12,13,62,71,72]. Some lipids, such as lyso-PCs, which are pre-
sent in stored platelets, were found to induce TRALI. Lyso-PC
concentrations are significantly higher on day 1 than on day 0
of PC storage, remaining high through day 6 [67]. However,
Vlaar AP et al. [75] demonstrated that lyso-PCs did not accu-
mulate during the routine storage of prestorage leukoreduced
(buffy coat removal) RBCs (LR-RBCs) in SAGM, 42 days at 2-4°C,
and did not evidence priming activity using a 30-min neutro-
phil (PMN) priming assay in which the respiratory burst was
measured in the presence of the plasma or plasma fraction of
the stored component. However, if plasma was added to the
LR-RBCs, then there was a significant increase in lyso-PCs on
day 1 that did not increase over the storage interval. In addi-
tion, PCs, stored in plasma, did evidence lyso-PC accumulation
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Table 1. Changes in BRMs during storage.

BRM Function Change Article
EGF Mitotic activity Increases during PCs storage Tung et al. 2012 [13]
ENA-78 Neutrophil chemotaxis Increases during PCs storage Tung et al. 2012 [13]
Gro-a Neutrophil chemotaxis/mitogenic properties Increases during PCs storage Tung et al. 2012 [13]
IL-1B Proinflammatory properties Increases during PCs storage Stack et al. 1994 [61]
IL-6 Proinflammatory properties Increases during PCs storage Cognasse et al. 2006 [62]
Increases during platelet-rich plasma PCs Wadhwa et al. 1996 [63]
storage
IL-7 Survival/development/homeostasis of cells B, Increases during PCs storage Shanwell et al. 2003 [64]
T, and NK.
IL-8 Neutrophil chemotaxis Increases during PCs storage Apelseth et al. 2006 [65]
Stack et al. 1994 [61]
Increases during storage of platelet-rich Wadhwa et al. 1996 [63]
plasma and buffy coat PCs
IL-27 Anti- and proinflammatory properties Increases during PCs storage Hamzeh-Cognasse et al. 2014 [66]
Lyso-PCs Apoptosis Increases during PCs storage Maslanka et al. 2012 [67]
MPs Proinflammatory properties Increases during PCs storage Béing et al. 2008 [68]
sOX40L Proinflammatory properties Increases during PCs storage Hamzeh-Cognasse et al. 2014 [66]
PAI-1 Fibrinolysis inhibitor Increases during apheresis PCs storage Edvarsen et al. 2001 [69]
PDGF-AA Cell proliferation Increases during PCs storage Cognasse et al. 2006 [62]
PF4 Blood coagulation Increases during PCs storage Shanwell et al. 2003 [64]
Apelseth et al. 2006 [65]
RANTES Leukocyte chemotaxis Increases during PCs storage Shanwell et al. 2003 [64]
Apelseth et al. 2006 [65]
Fujihara et al. 1999 [70]
sCD40L Costimulatory function Increases during PCs storage Cognasse et al. 2006 [62]
Khan et al. 2006 [71]
Sahler et al. 2012 [72]
Tung et al. 2012 [13]
Xie et al. 2014 [12]
Hamzeh-Cognasse et al. 2014 [66]
TGF-B Cell proliferation Increases until day 3 and returns to basal level Cognasse et al. 2006 [62]
on day 5 during PCs storage
Increases during PCs storage Apelseth et al. 2006 [65]
Fujihara et al. 1999 [70]
Increases during storage of platelet-rich Wadhwa et al. 1996 [63]
plasma, and buffy coat and apheresis PCs
TNF-a Proinflammatory properties Increases during PCs storage Muylle et al. 1993 [73]
VEGF Vasculogenesis/angiogenesis Increases during storage of apheresis and Edvarsen et al. 2001 [69]
buffy coat PCs
Increases during apheresis PCs storage Maloney et al. 2014 [74]
B-1G No definite biological function Increases during PCs storage Shanwell et al. 2003 [64]

during routine storage, 7 days at 20-24°C, and the plasma
fraction primed the PMN oxidase after 30 min. Also, further
studies are necessary to delineate the complete nature of
bioactive lipids that accumulate during the routine storage
of cellular components, because detection of bioactive lipids
from stored cellular blood components seems dependent of in
vitro method quantification [76].

Some proinflammatory and regulatory BRMs are secreted
preferentially during platelet storage. For example, sCD40L
and PDGF-AA are significantly increased, beginning on day
4, and IL-6 is increased, starting on day 5. In contrast, the
concentration of the anti-inflammatory TGF- is significantly
higher on days 2 and 3 but returns to baseline on day 5,
probably because of a modification of functional structure
that induces a loss of detectability [62]. Other proinflamma-
tory BRMs, such as RANTES, B-TG, PF4, and IL-7, are posi-
tively regulated during platelet storage [64]. Storage of PC
also increases the concentrations of RANTES, PF4, and IL-8
significantly; moreover, TGF-B concentration is increased
throughout storage, with no reduction after 4 days [65]. In
addition, the concentrations of RANTES and TGF-B1 were
found to increase during storage of both filtered and unfil-
tered platelets [70].

The concentrations of several inflammatory mediators were
found to correlate with platelet storage. For example, IL-8
concentrations increase significantly with longer storage time
and IL-13 concentrations are significantly higher in some PCs
during storage [61]. Moreover, IL-6, IL-8, and TGF-f3 concentra-
tions increased during storage of platelet-rich plasma, IL-8 and
TGF-B concentrations increased during storage of buffy coat
PCs, and TGF- concentrations increased during storage of
apheresis PCs, with all positively correlated with storage time
[63]. However, comparative studies are required to determine
the effects of different types of platelet preparations (e.g.
platelet-rich plasma, buffy coat PCs, and apheresis PCs) on
cytokine levels.

More recently, newly discovered BRMs were investigated in
stored platelets. For example, the concentrations of sCD40L,
EGF, ENA-78, and Gro-a were found to increase during platelet
storage [13]. In addition, the concentration of plasminogen
activator inhibitor (PAI-1), a component secreted by platelets,
was found to depend on the length of PC storage time. PAI-1
concentration in apheresis PCs was found to increase daily for
6 days, whereas VEGF concentrations in buffy coat and apher-
esis PCs were found to increase daily for 7 days [69]. These
results were confirmed by a study showing that VEGF
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concentration correlated with the duration of apheresis PC
storage, being significantly higher on day 4 than on day 0 [74].

Because some platelet BRMs are correlated with ATRs

As platelets regulate some of the adverse effects of transfu-
sion, studies have focused on platelet BRMs in post-transfu-
sion reactions. Grade 3 ATRs have been associated with
twofold increases in sCD40L, IL-27, and sOX40L concentra-
tions, all of which interact with B and T lymphocytes, in
transfused platelet components compared with controls [66].
A predictive model, based on platelet BRM concentrations in
single-donor apheresis platelet preparations, has been used to
estimate the risks of developing an ATR. For example, an
sCD40L concentration >289.5 pg/10° platelets has been asso-
ciated with risks of (i) febrile non-hemolytic transfusion reac-
tions (FNHTR) if the MIP-1a concentration is >20.4 pg/10°
platelets and (ii) atypical allergic transfusion reactions (AATR)
if the MIP-1a concentration is <20.4 pg/10° platelet. The con-
centration of IL-13, similar to sCD40L, is predictive of ATR. An
IL-13 concentration >0 has been associated with risks of (i)
FNHTR if the MIP-1a concentration is >20.4 pg/10° platelets
and (ii) AATR if the MIP-1a concentration is <20.4 pg/10°
platelets [77].

Platelet mitochondria and mitochondrial DNA (mtDNA)
have been found to induce proinflammatory signals in
response to platelet production of sPLA2-IIA. Platelet sPLA2-
IIA can interact with platelet mitochondrial membranes,
hydrolyzing the sn-2 acyl moiety on glycerophospholipids
and inducing fatty acid and lysophospholipid production
[78]. In addition, sPLA2-IIA was found to interact with extra-
cellular mitochondria, inducing membrane hydrolysis and
resulting in the secretion of fatty acids, lysophospholipids,
and mtDNA. These extracellular mitochondria interact with
neutrophils, with neutrophil activation requiring the presence
of sPLA2-IlA. The simultaneous presence of extracellular mito-
chondria, sPLA2-1IA, and neutrophils induces the formation of
neutrophil extracellular traps (NETs), which consist of extracel-
lular fibers from neutrophil DNA composed of histones and
antibacterial molecules. Finally, reactive oxygen species (ROS)
expression is necessary for membrane denaturation, promot-
ing immediate DNA decondensation under the control of
PAD4 [79,80]. Of note, sPLA2 activity is a potential activator
of PMNs to promote a release of superoxide and elastase by
them [81] and is regulated with ARDS syndrome development
[82]. The concentrations of free mitochondria and mitochon-
dria encapsulated in PMPs are significantly increased during
PC storage, and mtDNA is significantly more concentrated in
PCs implicated in ATRs than in control PCs [83]. mtDNA is
normally present in RBCs, FFP, and PCs [84]. We recently
reported that mtDNA does not associate with several BRMs,
suggesting that the role of mtDNA in PC transfusion-linked
inflammation is independent of BRMs and that mtDNA is
associated with adverse effects of transfusion [85].

All of these BRMs could be also directly or indirectly impli-
cated in TRALI mechanism, but we cannot extrapolate these
results in TRALI because TRALI is neither a severe form nor a
consecutive form of other ATRs.
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Several reports presented evidence that stored platelets
contain immunomodulatory molecules, such as cytokines
and chemokines, and secrete them differentially over time
during storage before their transfusion. sCD40L in platelet
transfusion is a candidate mediator of acute lung injury and
other inflammatory conditions [86]. sCD40L accumulates in
stored blood components, primes neutrophils through CD40,
and is a potential cofactor in the development of TRALI [71].
Of note, we performed coculture of homologous platelets and
PBMNCs for 48 h, which is the time required to increase the
PBMNC marker of expression in vitro and we observed clear
effect of platelets on PBMNC pathophysiology [87]. We also
showed that platelets are active elements of the immune
system that might play a role in balancing the ability of DCs
to polarize T-cell responses, therefore making them critical
factors in transfusion processes [88]. Finally, there are evidence
of in vitro binding of IL-27 and sOX40L in ATR-related platelet
component to their receptors on B and T cells [89].

Several tracks already mentioned in TRALI

Although platelets contain considerable numbers of BRMs, the
secretion of which is dependent on conditions such as storage
length and stimuli, the involvement of these BRMs in TRALI
remains unclear. Although several studies found that storage
time correlated with the development of TRALI, other studies
showed no difference in the induction of TRALI between fresh
and older blood components. Nevertheless, many BRMs were
suspected as being activators and/or modulator of TRALI.
Soluble CD40 ligand (sCD40L), which is mainly secreted by
platelets [62,90], can directly activate neutrophils by interact-
ing with membrane CD40 [91]. sCD40L also targets other cells,
including monocytes, endothelial cells, and lymphocytes. For
example, sCD40L induces monocyte secretion of MIP-2, a
chemoattractant for neutrophils [92]. Moreover, a supernatant
containing sCD40L has a greater ability to induce the secretion
of proinflammatory mediators, such as IL-6, cyclooxygenase-2
(COX-2), and prostaglandin E2, from pulmonary fibroblasts
than a supernatant that does not contain sCD40L [93].
However, the direct involvement of sCD40L in the pathogen-
esis of TRALI remains unclear. Although studies have shown
that sCD40L concentrations are higher in PCs associated with
TRALI than in control PCs [12,71]. In contrast, inhibitors of
sCD40L expression, including ciglitazone, and an inhibitor of
CD40/sCD40L interactions were unable to prevent severe
TRALI induced by a high concentration of anti-MHC | antibody
(4.5 mg/kg) in @ murine model [94]. sCD40L may be a key to
TRALI prevention, being an essential mediator of interactions
among endothelial cells, PMNs, and platelets.
Platelet-microparticle (PMP) formation results from activation
induced by several stimuli, including collagen, thrombin, epi-
nephrine, adenosine diphosphate, and the ionophore A23187
[95], and is stimulated by ex vivo preparation and storage of
blood components used for transfusion [96]. Increased PMP
formation has been reported to contribute to the inflammatory
activity of platelets in various clinical conditions [97]. The con-
tributions of PMPs to the inflammatory process are well docu-
mented. For example, the release of PMPs increases under
inflammatory conditions [98]. PMPs upregulate neutrophil
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activation [99] and the synthesis of numerous proinflammatory
enzymes and active proinflammatory soluble mediators in non-
immune and immune cells [100,101]. PMPs contain high levels
of amino phospholipids, which are substrates for phospholipase
A2 and are thus associated with the production of lysopho-
sphatidic acids that influence the platelet inflammatory process.
PMPs support the transcellular transport of arachidonic acid,
increasing the expression in endothelial cells of COX-2 and
intracellular adhesion molecule (ICAM)-1, which regulate the
interface between vascular cells and platelets [102-104].
Moreover, arachidonic acid in PMPs is involved in platelet
aggregation and the interactions of platelets with immune
and nonimmune cells, including PMNs and endothelial cells,
which are essential in ALI [105]. The activation and aggregation
of PMPs directly stimulate neutrophils [106]. TF-containing MPs,
which are secreted primarily by alveolar epithelial cells, but also
by endothelial cells, macrophages, and platelets, are increased
in the alveolar space of patients with ALI/ARDS. TF in MPs is a
procoagulant factor, which can contribute to fibrin formation in
alveolar space, a characteristic of ALl pathogenesis [107].

Vascular endothelial growth factor (VEGF) from platelets can
induce endothelial permeability. This characteristic may also
have potential for the resolution of TRALI. Although secreted
by platelets, VEGF is not present in white BCs lysed in apher-
esis PCs. VEGF increases the endothelial permeability of iso-
lated rat lungs, as shown by '?’l-albumin infiltration [74].
Endothelium permeability plays a key role in TRALI pathogen-
esis, suggesting that factors regulating permeability may be a
potential target to prevent TRALI.

Von Willebrand factor (vWF) is a potential target in the treat-
ment of TRALI as it has been associated with anti-HNA-3a anti-
body-induced TRALI. Anti-HNA-3a antibodies are the most
frequently detected anti-HNA antibodies in TRALI patients, with
this antigen expressed on neutrophils, monocytes, lymphocytes,
platelets, and pulmonary endothelium. HNA-3a antigen is located
on CTL-2, a 70-95 kDa glycoprotein coded by the SLC44A2 gene.
Anti-HNA-3a antibodies form a complex with vWF, CTL-2, and
Mac-1 on neutrophils and induce neutrophil agglutination and
ROS production, which are responsible for pulmonary edema in
TRALI. Neutrophils expressing HNA-3a are agglutinated by anti-
HNA-3a antibodies, together with vVWF secreted by platelet a-
granules and Weibel-Palade bodies in endothelial cells. This in
vitro agglutination is in the range of the negative control in
patients with type 3 von Willebrand disease (complete absence
of vWF production). Moreover, injection of anti-HNA-3a antibodies
induced less severe TRALI in VWF-/- than in control mice [108].

Thromboxane A, (TXA,) is produced from arachidonic acid
by COX-1 and can induce endothelial permeability. Moreover,
TXA; has been implicated in ALI [109] and TRALI. Treatment of
TRALI patients with aspirin was found to reduce disease sever-
ity and mortality, as well as to reduce TXA, concentration via
inhibition of COX-1 [110]. Platelets seem to be an inexhausti-
ble source of factors that target key actors in TRALI. Products
secreted by platelets are involved in endothelium permeabili-
zation, PMN activation, and other steps. Targeting platelets
may, therefore, prevent the induction of TRALI, as BRMs from
platelets and other cells are involved in TRALI pathogenesis
[47]. Even if the mechanism of antibody-mediated TRALI was
clearer, the effect of BRMs cannot be reduced.

Platelet directly migrate and cooperate in induction
of TRALI

Platelets can migrate into the lungs, express membrane-
bound proteins, and secrete proinflammatory BRMs.
Moreover, platelets can also be produced directly in the
lungs; this phenomenon is referred to as the pulmonary mega-
karyopoiesis [111]. In several murine models, platelet migra-
tion into the alveolar space increased with TRALI
development. Microscopic examination showed that platelet
migration occurs during the development of TRALI [23] and
ALl [109]. Platelet sequestration in the lungs has been
observed in patients with ARDS [112], with platelet transmi-
gration into the alveolar space shown to result in thrombocy-
topenia [23]. Platelets can migrate into the lungs, either alone
or complexed with neutrophils.

Platelets can interact directly with neutrophils to promote
their activation [113,114]. Several membrane-bound proteins
expressed on platelets are involved in the formation of plate-
let/neutrophil complexes. For example, the interaction
between CD62P on platelets and PSGL-1 on neutrophils is
responsible for inducing an activation signal [19-21]. This
interaction, in turn, induces neutrophils to express Mac-1,
which binds GPlba on platelets [115,116]. In response to this
activation cascade, platelets secrete serotonin, PF4, IL-1(3,
RANTES, and sCD40L, which enhance neutrophil activation
[117,118]. The interaction between platelets and neutrophils
is regarded as an important step during TRALI development,
as well as being responsible for NET formation. This, in turn,
results in associations between nucleic acids and azurophilic
granules containing histones, pentraxin, MMP-9, PRP-1, and
lactoferrin [119-123]. Lipopolysaccharide (LPS)-induced plate-
let stimulation via membrane-bound TLR4, for example, dur-
ing the priming step of TRALI, can induce platelet/neutrophil
aggregates and NET formation [124,125]. This pathway indir-
ectly causes positive feedback for platelet activation. Histones
present in NETs amplify the production of thrombin, the most
effective platelet activator, via TLR2 and TLR4 receptors [126].
Histone binding to the GPlba-A1 domain on VvWF attracts
platelets into NETs [127], which have been implicated in the
pathogenesis of TRALI [128]. The binding of platelets activated
by LPS or thrombin and neutrophils was shown essential for
NET formation, with these NETs inducing pulmonary endothe-
lium permeability in the lungs of TRALI mice [24]. NETs, which
originally have a protective role against bacterial infections,
may, if formed at the wrong time, have significant, sometimes
irreversible, consequences by being involved in TRALI.

Examples of experimental models of platelet BRM in
acute lung injury

Using of neutralizing antibodies and antagonist/agonist BRMs
targeting platelet should be a track to prevent pulmonary
edema development. Several mouse models were used to
focus on the different steps of TRALI and on ALl induced
though direct injury as well as acid, LPS, or mechanical venti-
lation stimuli (Table 2). Nevertheless, mechanical ventilation
and acid stimuli are a direct induction of ALl, whereas the
second event of TRALI is an indirect action. Consequently, it is
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important to consider the difference in a two-hit model of
TRALI and some ALI models.

Finally, platelets are monitored in many studies of AL,
induced by various stimuli, as well as by mechanical ventilation,
endotoxin, or transfusion. Targeting platelet cytokines and
receptors has been shown to block edema development in mice.

These various experimental models targeting platelets pro-
vide clues that may result in the prevention or treatment of
TRALI. At present, several treatments, like aspirin, remain con-
troversial because of their likely side effects, but actually a
study seems to challenge this idea about controversial effect
of aspirin [135].

Treatment and transfusion policies

The main symptom of TRALI is respiratory distress and, occa-
sionally, dyspnea, tachypnea, and hypoxemia. There is no
treatment for TRALL. The patient can only be monitored, with
70-90% requiring respiratory support [3]. Chest X-rays of lungs
with bilateral infiltration show a characteristic white-out
appearance. Patients with severe TRAL|I have been treated
with extracorporeal membrane oxygenation, using a circula-
tory system continuous with, but parallel to, the natural circu-
latory system, to provide an additional source of oxygen [136].

Leukoreduction of platelet storage lesion was made man-
datory in France in 1998. In the United States, however, only
approximately 65-70% of the blood supply was leukocyte
reduced in 2005 [137]. The implementation of leukoreduction
has been to reduce the TRALI rate by 85% for PCs and RBC
concentrates and 82% for plasma transfusions [138].
Nevertheless, some other epidemiological studies observed
no influence of leukoreduction in TRALI mitigation [139,140].

PCs can be stored in platelet additive solution (PAS), a salt
solution that replaces approximately 66% of the plasma used
to store platelets. PAS, which has been used in France since
2003, was found to reduce transfusion reactions. Platelets
remain relatively unaltered and more stable when stored in
glucose-free citrate-acetate-NaCl PAS (PAS2, Baxter Healthcare
Corp., Guyancourt, France) than in plasma [141]. Moreover,
when magnesium and potassium were added to PAS-lI, the
concentrations of platelet-derived cytokines during storage
were similar to those of platelets stored in plasma [64].
Reduction in the percentage of plasma also reduces the
amounts of transfused neutrophil-reactive antibodies that
can cause TRALI [142].

Generally, TRALI is induced by anti-HLA class | and class Il
antibodies, more rarely by anti-HNA antibodies. Female donors
are more likely to develop such antibodies [143-145], as a con-
sequence of alloimmunization during pregnancy. Thus, plasma
from male donors is preferred. The National Blood Service in the
United Kingdom was the first to use this strategy [146]. Some
blood services accept plasma from female donors who have not
been pregnant or who have not developed detectable anti-HLA
and/or HNA antibodies [5,147,148]. Although about 1% of male
of donors are carriers of anti-HLA class | and/or anti-HNA anti-
bodies, these antibodies are generally immunoglobulin M, which
have a low affinity [149]. This strategy has caused a significant
reduction in TRALI risk [2,146,150-152]. At present, there is no
treatment or optimal transfusion strategy for TRALI.

Expert commentary

TRALI remains a leading cause of transfusion-related deaths,
with a mortality rate reported between 5% and 25%. TRALI is a
complicated clinical condition that has undergone in vivo, in
vitro, and ex vivo scientific investigation. A two-hit model of
TRALI was proposed. The first event involves the pulmonary
sequestration of neutrophils (PMNs), in accordance with the
original hypothesis that TRALI was caused by anti-PMN anti-
bodies present in donated blood products. The second event
involves the introduction of BRMs, which are present in
donated blood products. These BRMs include alloantibodies,
immunomodulatory factors that accumulate during blood sto-
rage (such as sCD40L and/or mtDNA), and lipids.

Ongoing studies should provide a better understanding of
the pathogenesis of TRALI and identify donor and recipient
risk factors that will lead to measures to prevent this rare, but
serious, transfusion complication. In vitro future directions
should include determinants in the pathophysiology of TRALI
and the development and optimization of a relevant in vitro
model to support extensive investigations of (i) the role of
BRMs in TRALI, (ii) pulmonary endothelial injury, (iii) neutrophil
function, (iv) platelet function, and (v) patient factors.

Five-year view

Over the last 60 years, knowledge of TRALI has significantly
increased, leading to measures that decreased its incidence.
TRALI is a serious, potentially life-threatening complication of
transfusion therapy. Its frequency and outcomes are based largely
on passive reporting systems, suggesting that TRALI is probably
underreported and its incidence is higher than published.
Coordinated efforts by bench researchers, translational research-
ers, clinicians, epidemiologists, and blood bank donor centers will
be required to understand the pathophysiology of TRALI and
further minimize the risk of this potentially fatal complication of
transfusion. The pathophysiology of TRALI is multifactorial and
remains uncertain. Patients at risk for TRALI are not well character-
ized, and nonimmune mechanisms are poorly understood.
Molecular and/or personalized treatment medicine is
required for patients at high risk of possibly complicated acute
inflammatory responses, particularly TRALL. If not yet implemen-
table at a large scale, this may occur in the very near future.
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Key issues

« TRALI is a severe pathology characterized by respiratory distress, hypoxia, and bilateral pulmonary infiltrates occurring within 6 h of transfusion.
« A ‘two-hit" hypothesis of TRALI has been proposed to explain its physiopathology.

« The first hit involves specific inflammatory host factors that prime neutrophils.

» The second hit occurs when transfused mediators (i.e. antibodies and/or BRMs) activate neutrophils and damage pulmonary endothelium.

o PGs associated with TRALI induction have higher concentrations of sCD40L and lipids than control PCs.

o Although the ‘two-hit’ theory is supported by numerous clinical studies, TRALI pathogenesis is not yet completely understood.
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Mise a jour bibliographique

I — Section - Because their secretory capacity can cause immunological differences

Les plaquettes des CP sont capables de sécréter un arsenal de médiateurs solubles
pouvant ainsi modifier le devenir des cellules de I'inflammation, telles que les leucocytes. Cette
libération de BRM peut également agir directement sur ’endothélium vasculaire, élément clé dans
la physiopathologie du TRALI, comme vu dans la revue ci-dessus (« Transfusion-related acute lung
injury: transfusion, platelets and biological response modifiers » page 38 [7]). Les plaquettes secretent tout
un panel de BRM pro-inflammatoires, durant le stockage des concentrés plaquettaires, pouvant
induire Pactivation des cellules endothéliales et ainsi promouvoir la migration des leucocytes
directement a travers cette barriere vasculaire ou, au contraire, renforcer Iintégrité de
I'endothélium. Durant le stockage des CP issus d’aphérese ou de mélange de CP, la concentration
en microparticules plaquettaires et en sCD40L est augmentée. Dans un modele 7z vitro, ces
produits induisent une dégradation directe et indirecte (via l'activité des polymorphonucléaires
(PMN)) de l'endothélium [45]. La concentration en sCD40L dans les CP est positivement
corrélée avec le risque d’induction d’EIR, résultat observé dans une nouvelle étude, menée par
notre équipe, avec pres de 10 000 échantillons de CP [46]. Une seconde étude a pu démontrer
que la stimulation des cellules endothéliales, 7z vitro, avec des surnageants de CP augmentait
'activité inflammatoire de ces dernieres, caractérisée notamment par une plus forte libération de
médiateurs solubles, tels qu’IL-6, IL-8 ou encore GROwa (Growth Regulated Oncogene «), et
aussi par une amélioration de la transmigration des neutrophiles a travers cette barriere
endothéliale. Ces effets étaient plus amplifiés lorsque les cellules endothéliales étaient
préalablement stimulées avec du lipopolysaccharide (LPS) [47]. Un nouveau facteur soluble
secrété directement par les plaquettes et ayant un impact sur I’état d’activation de 'endothélium
est actuellement ciblé comme possible inducteur de réactions inflammatoires transfusionnelles,
PADN mitochondrial (mtDNA), considéré comme un motif moléculaire associé aux dégats
cellulaires (DAMPs). On retrouve dans le cytoplasme des plaquettes quiescentes environ 4
mitochondries ; ces mitochondries peuvent étre relocalisées dans les pseudopodes plaquettaires,
puis libérées dans le milieu, sous forme libre ou complexées aux microparticules, apres
stimulation. Une fois libérée, ces mitochondries sont hydrolysées par la phospholipase A,-Ila
(sPLA,-ITA) ce qui permet la libération de son ADN qui peut alors se fixer directement sur les
neutrophiles et promouvoir leur interaction avec la paroi vasculaire [48]. Lors du stockage des

CP, la libération de PADN mitochondrial est plus importante dans les CP impliqués dans les
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EIR, et cela de la méme manicre que d’autres facteurs pro-inflammatoires, tels que le sSCD40L et
I'IL13, [49] mais également dans les CP impliqués dans des cas de TRALI humains [50].
L’absence de corrélation entre la concentration d’ADN mitochondrial et des facteurs solubles
plaquettaires montre probablement des mécanismes de libération plaquettaire différents apres

activation [49].

I’ADN mitochondrial a un impact direct sur la perméabilité de 'endothélium. Une
étude 7n vitro observe une augmentation de la perméabilité des cellules endothéliales artérielles
pulmonaires humaines induite directement par PADN mitochondrial ou indirectement via les
PMN. En effet, PTADN mitochondrial permet la fixation des PMN avec les cellules endothéliales,
corrélée avec une expression de I'« intercellular adhesion molecule-1 » (ICAM-1) plus importante
ainsi qu’une communication améliorée entre ces deux types cellulaires [51]. Ce médiateur de
I'inflaimmation peut également étre un stimulus direct aux PMN. De facon 7z witro, TADN
mitochondrial et les mitochondries entieres ont la capacité d’activer directement les basophiles,
les monocytes et les neutrophiles [50]. Les plaquettes sont donc potentiellement capables
d’induire un état inflammatoire propice au développement d’'un ALI de par leur capacité a
secréter de PADN mitochondrial, molécule ayant une influence directe sur I'endothélium
vasculaire et les PMN. Plusieurs études ont démontré que PADN mitochondrial peut participer a
I'induction d’une atteinte pulmonaire dans des modeles murins [52-54]. On observe donc un
potentiel d’activation et de dégradation de 'endothélium non négligeable des CP. Cependant, la
libération de cytokines/chimiokines plaquettaires pendant le stockage des CP peut également
avoir un impact dans le maintien de lintégrité vasculaire. La concentration en facteurs de
croissance dans les concentrés plaquettaires peut étre augmentée apres une stimulation de ces
derniers avec de la thrombine ou du calcium. La conséquence de cette stimulation est une
prolifération importante des cellules endothéliales. Cela permet d’envisager un effet important de

la transfusion de CP sur le maintien de 'intégrité vasculaire [55, 506].

Les CP sont donc capables d’induire a la fois une activité inflammatoire des cellules
endothéliales mais également leur détérioration, accentuant la perméabilité de la paroi vasculaire
aux cellules de linflammation. L’'un des buts de cette theése est de déterminer I'impact des
composés produits lors du stockage des CP, spécialement ceux associé¢s a un EIR, pour tenter de
déterminer leur pouvoir inflaimmatoire. Nous nous intéresserons notamment a la libération
d’Endocan par les cellules endothéliales, protéine normalement impliquée dans la sauvegarde de

I'imperméabilité de la couche endothéliale mais sa forte libération a souvent été utilisée comme

marqueur pathologique [57-63] (voir manuserit I).
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II — Section - Several tracks already mentioned in TRALI

A Theure actuelle, I'implication des plaquettes sanguines de lorganisme dans la
physiopathologie de PALI/TRALI fait débat. L’influence des plaquettes sanguines, plus
particulierement via la production de microparticules, dans des cas d’ALI/SDRA chez ’homme a
été récemment évoquée. Les observations étaient différentes au niveau circulant par rapport a
I'espace alvéolaire. Une augmentation importante du nombre de microparticules pulmonaires a
d’abord été observée chez des patients développant un ALI/SDRA non cardiogénique compatés
a des patients présentant un cedéme pulmonaire cardiogénique [64]. En revanche, des niveaux
circulants plus bas ont été constatés chez des patients avec un ALI/SDRA non cardiogénique
comparé a des patients n’ayant pas développé de SDRA mais présentant des facteurs de risques
liés a cette pathologie [65]. D’autres études évoquent un role pro-inflammatoire plaquettaire
capable de promouvoir le développement de PALI/SDRA et du TRALIL Chez ’homme, deux
méta-analyses ont révélé un effet bénéfique des traitements antiplaquettaires sur le devenir
d’ALI/SDRA, notamment par une diminution drastique de la mortalité. Ici, les drogues
plaquettaires utilisées étaient Iaspirine, le clopidogrel, la ticlopidine, le cilostazol, le dipyridamole,

I'anagrélide et la persantine [66, 67].

L’inhibition de Iexpression de certains facteurs plaquettaires, tels que la B-
thromboglobuline (B-TG) et le facteur plaquettaire 4 (PF4), dans un modéle murin d’ALI, induit
par injection trachéale d’acide chloridrique, semble protectrice face au développement de cette
pathologie. Cela était représenté par une diminution du score de I’ALI, des protéines totales
détectées dans les lavages broncho-alvéolaires (LBA) et de linfiltrat au niveau du parenchyme
pulmonaire [68]. L’aspirine, qui est un inhibiteur de Iactivation plaquettaire ciblant le systeme
COX-1 (Cyclooxygénase-1), prévient enticrement le développement dun ALI induit par
stimulation des voies aérodynamiques avec du LPS dans un modéle murin. A la fois le
recrutement pulmonaire des neutrophiles, la formation des « Neutrophil Extracellular Traps »
(NET) — phénomene cellulaire caractérisé par une extravasion de la chromatine des neutrophiles
dans le milieu extracellulaire [69]- et le développement de 'cedéme pulmonaire sont inhibés.
Cependant, lutilisation du tirofiban, antagoniste non peptidique du récepteur GPIIb/IIla
plaquettaire (récepteur du fibrinogene et du facteur de von Willebrand (vWF)), ne semblait pas
prévenir les symptomes liés au déclenchement de ’ALI [70]. De plus, dans un modele murin du
TRALI, dont le priming est induit par une injection de LPS et le « second-hit » par transfusion de
plaquettes murines en fonction de leur temps de stockage, la pathologie se manifeste avec une

sévérité dépendante du temps de stockage des plaquettes [71], démontrant un impact non

54



négligeable des sécrétions plaquettaires dans 'amplification de la physiopathologie inflammatoire
du TRALI expérimental. Finalement, une étude a mis en place plusieurs traitements a base de
drogues antiplaquettaires dans un modele murin du TRALI établi par injection de LPS, par voie
intrapéritonéale, 24 heures avant linjection d’anticorps anti-CMH 1 (Complexe Majeur
d'Histocompatibilité I), par voie intraveineuse. Le but a été d’induire une thrombopénie et
d’utiliser des traitements antiplaquettaires a base d’aspirine, de clopidogrel et d’anticorps anti-
CD306, préalablement a I'induction de la lésion pulmonaire. Aucun de ces traitements n’a permis
Iinhibition du développement de 'cedéeme pulmonaire. Au contraire, cette étude postule sur un
role plaquettaire dans le maintien de lintégrité vasculaire et donc un rdle antagoniste au

développement du TRALI [72].

Au regard de débats scientifiques concernant le role des plaquettes sanguines de ’hote
dans le développant des cedémes pulmonaires lésionnels, 'un des objectifs de cette thése est de
comprendre, au mieux, le réel role plaquettaire dans I'induction de VALI/TRALI (voir manuscrit

110).
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Chapitre 4 — Le r6le de signalisation du CD40 ligand dans
la biologie plaquettaire et dans la transfusion de
composants plaquettaires

La revue que nous avons écrite (ci-apres) permet d’introduire le réle du complexe
CD40/CDA40L, et du sCD40L notamment plaquettaire, du point de vue de la transfusion et de
I'inflammation. Ce travail de synthése ayant été publié en 2014, une mise a jour bibliographique
est proposée a sa suite, pour contextualiser les hypotheses du role de ce complexe immun dans la

physiopathologie de ’ALI/TRALL

Erratum « The signaling role of CD40 Iigand in platelet biology and in platelet
component transfusion »: Lors de la rédaction de cette revue nous affirmions que « The role of a561 as a
receptor for CD40L in a5f1-expressing-cells has not yet been investigated ». Cependant, depuis 2015, une étude a
investigné le role de 'allbB3 et l'a5p1 plaguettaire dans la capture du sCD40L. 1. activation des plaquettes
induite par stimulus via le SCD40L est entierement inhibée lors de la neutralisation de I'allbp3 et I'a5f1.
Bloguer d’autres intégrines plaquettaires telles que 'a2f1 et I'al’B3 ne prévient pas l'activation des plaquettes par
le sSCD40L, prouvant ainsi que les intégrines allbB3 et a5f1 sont les premieres impliquées dans une réponse an

stimulus via le sCD40L. [73].
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Abstract: The CD40 ligand (CD40L) is a transmembrane molecule of crucial interest in
cell signaling in innate and adaptive immunity. It is expressed by a variety of cells,
but mainly by activated T-lymphocytes and platelets. CD40L may be cleaved into a
soluble form (sCD40L) that has a cytokine-like activity. Both forms bind to several
receptors, including CD40. This interaction is necessary for the antigen specific immune
response. Furthermore, CD40L and sCD40L are involved in inflammation and a
panoply of immune related and vascular pathologies. Soluble CD40L is primarily
produced by platelets after activation, degranulation and cleavage, which may present a
problem for transfusion. Soluble CD40L is involved in adverse transfusion events
including transfusion related acute lung injury (TRALI). Although platelet storage
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designed for transfusion occurs in sterile conditions, platelets are activated and release
sCD40L without known agonists. Recently, proteomic studies identified signaling
pathways activated in platelet concentrates. Soluble CD40L is a good candidate for
platelet activation in an auto-amplification loop. In this review, we describe the
immunomodulatory role of CD40L in physiological and pathological conditions. We
will focus on the main signaling pathways activated by CD40L after binding to its
different receptors.

Keywords: CD40 ligand, CD40; inflammation; signaling pathways; p38 mitogen-activated
protein kinases (MAPK); nuclear factor-KappaB (NF-«B)

1. Introduction

CD40 ligand (CD40L)—otherwise known as CD154—is of particular interest for several
reasons. It is easily detectable in plasma; it is essential to immunity at large and central to adaptive
immunity, being among the seminal molecules that tether antigen (Ag)-specific T and
B-lymphocytes in the synapse; and it is indispensable for the formation of germinal centers (GCs)
in lymph nodes [1-4]. CD40L is thus crucial for cell signaling in both adaptive and innate
immunity, as it is expressed by a large variety of cells that take a role in immune responses [1,4].
Further, CD40L has genetic and molecular polymorphisms, with pathogenic and pathologic
consequences [5]. Intriguingly, its soluble form is principally generated by platelets, and it is
responsible for transfusion associated hazards [6—8]. Together, those properties require the attention
of pathologists and clinicians, as CD40L is more important in medicine than initially thought.

In this review, we will discuss the role of CD40L and its soluble form (sCD40L) in transfusion
hazards. It is associated with high levels of inflammatory molecules such as chemokines, cytokines
and biological response modifiers (BRMs) released by platelets during storage. sSCD40L is a master
pro-inflammatory BRM in transfusion [6-12]. Platelet sCD40L has been largely studied in
inflammation and autoimmune disease [3,13—15], but the mechanism for its regulation is just beginning
to be unraveled.

2. What Is CD40L?

CD40L is a 33 kDa type II transmembrane protein belonging to the Tumor Necrosis Factor
(TNF) superfamily. The CD40L gene (CD40LG) encodes a 261 amino acid (AA) protein with
a 22 AA cytoplasmic domain, a 24 AA transmembrane (TM) domain, and a 215 AA extracellular
domain (Figure 1) [3]. CD40L is constitutively highly expressed by a panoply of hematopoietic and
non-hematopoietic cells [1,3,4,16]. CD40L can be further expressed or overexpressed by activated
cells, the most characteristic and best studied of which are activated and/or differentiated T cells [4].
Like other members of the TNF family, active CD40L at the cell surface or in its soluble form is
composed of homotrimers [17]. This multimeric conformation of CD40L is of crucial importance
for effective interaction with CD40 and the subsequent intracellular signaling [18]. Moreover, the
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soluble forms of CD40L retain their ability to form trimers, which bind CD40 and deliver biological
signals [18]. Membrane bound CD40L can be cleaved at methionine 113 of the extracellular domain
and shed as a soluble form [19-21]. The principal isoform (isoform 1) is encoded by 5 exons.
The second CD40L isoform (isoform 2) is poorly described (Figure 1). It is a truncated 240 AA
protein lacking exon 4 in the CD40LG (extracellular domain), and the functional consequence of
this is unknown [22]. Of note, membrane bound CD40L is expressed on B cells and dendritic cells
(DCs). It is not expressed on non-activated T cells and platelets, but is weakly expressed on
non-activated macrophages, neutrophils and endothelial cells [23]. It is highly expressed on
activated T cells and platelets from which it can be cleaved as a soluble form, but it is not cleaved
from B cells, DCs and macrophages. There is no up-regulation in neutrophils and endothelial cells,
regardless of whether they are activated [1,3,4,23].

Figure 1. Sheme of the CD40 ligand gene structure and its different isoforms.
Intracellular domain (IC), transmembrane domain (TM), extracellular domain (EC).
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The main receptor for CD40L is CD40, which is constitutively expressed by antigen presenting
cells (APCs) such as B cells, macrophages, and DCs [3,4,24]. CD40 is also expressed by
platelets [25,26], neutrophils, endothelial cells [23] and T-cells [27-30]. Five distinct isoforms
of CD40 are expressed with two isoforms predominating in human and mice [31-33]. Isoform 1
predominates and is membranous, but may be cleaved into a soluble form by a metalloproteinase,
ADAM-17 [34]. In contrast, isoform 2 is produced as a soluble form resulting from alternative
splicing [35]. It is hypothesized that the soluble forms act as competitive inhibitors for the
membranous form, though this remains unclear [36]. Although CD40 is a type I TM protein that can
form monomers, dimers and trimers, only the latter form fully activates cells [37-39].

CD40L can also bind to three integrins: the platelet glycoprotein allbp3 (GPIIb/Illa), otherwise
known as receptor for fibrinogen and von Willebrand Factor [40,41]; aSB1 (CD49¢/CD29), an integtin
that binds to matrix macromolecules and proteinases and thereby stimulates angiogenesis [42—44];
and Mac-1, an integrin (otherwise known as CR3 (Complement Receptor 3), CD11b/CD18, or amB2),
mainly expressed by neutrophils, natural killer cells and macrophages to trigger a transduction
signal and mediate inflammation [45]. The functional interaction of CD40L with a5B1 is
independent of its binding to allbB3 and CD40 [43,44]. Interactions between CD40L and o531 are
not relevant in platelet physiology/physiopathology [45].
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3. What Is the Function of CD40L?

The interaction between CD40 and CD40L is essential in the innate and adaptive immune
systems, both in physiology and in physiopathology.

3.1. CD40/CD40L in Physiology

First characterized as a major marker on carcinoma cells, CD40 was next shown to be a key
molecule shared by endothelial cells and most APCs, including B-cells, monocytes and DCs [46].
Interactions with CD40L are mandatory for the B-cell response to T-dependent Ags [2].
In particular, studies on patients with primary Ab immunodeficiencies targeting CD40 or CD40L
have definitively established the requirement of these interactions for GC formation and the
generation of memory B-cells and long-lived plasma cells [47]. More recent data on GC reactions
and follicular helper T-cells (Tru) show that the polarization of CD4 T-cells into Tru is initiated
by contact with DCs at the border of B-cell follicles and maintained by GC B-cells [48].
The expression of BCL6, the master regulator of Tru, is dependent on CD40-CD40L and ICOS-ICOSL
interactions outside follicles and within GCs [49]. CD40L-induced CD40 signaling in B-cells is
crucial for inducing the expression of BCL6 and Ki67 in GC B-cells, allowing the proliferation of
GC B-cells in the dark zone and expression of activation-induced deaminase (AID), a transcription
factor required for somatic hypermutation (dark zone) and Ig class switching (light zone).
CD40-CD40L interactions are further required for the selection of B-cell clones expressing
high affinity BCR that takes place within the GC light zone. In physiological conditions, only
selected B-cell clones differentiate into effector B-cells (memory and plasma cells). CD40 is also
constitutively expressed by DCs and macrophages, and its triggering induces the expression of other
co-stimulatory molecules and the release of cytokines that modulate T- and B-cell responses [24].
CD40 activation on macrophages also induces the release of nitric oxide and reactive oxygen
species, contributing to the destruction of intracellular pathogens. Strikingly, CD40-induced CD40L
signaling in CD8 T-cells rescues them from the exhaustion observed during chronic viral infections
and is important to maintain their poly-functionality [S0]. With CD40 being expressed on various
B-cell lymphomas and carcinomas (nasopharynx, bladder, cervix, kidney and ovary), there is
a renewed interest in CD40/CD40L in the control of tumor growth, leading to the development of
new therapeutic strategies [51].

3.2. CD40L and Its Receptors in Inflammatory Pathologies

As already presented, in addition to the classical receptor CD40, CD40L also binds the allbf3,
a5PB1, and Mac-1 (aMp2) integrins and induces different biological responses. Figure 2 illustrates
the pathological role of each dyad interaction.

The CD40-CDA40L system is associated with both pro-thrombotic and pro-inflammatory effects.
Soluble CD40L contributes to the pathophysiology of atherosclerosis and atherothrombosis [52].
Because of its autocrine, paracrine, and endocrine activities, SCD40L enhances platelet activation,
aggregation, and platelet-leukocyte conjugation that may lead to atherothrombosis [13,53,54]. CD40L
binding may result in the activation of CD40 expressing cells with interleukin production [23,55].
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The interaction of CD40L with CD40 on endothelial and other vascular cells upregulates adhesion
molecules such as E-selectin, VCAM-1, ICAM-1 and proinflammatory cytokines such as regulated
on activation normal T cell expressed and secreted (RANTES), interleukin (IL)-6, and IL-8 as well
as matrix metalloproteinase (MMP)-1, -2, -3, and -9 [56]. Soluble CD40L also stimulates the
expression of tissue factor (TF) on monocytes and on endothelial cells [57,58]. After CD40L and
CD40 interact on the endothelial surface, thrombomodulin expression is decreased, facilitating
thrombin generation [59]. CD40L-CD40 interactions activate endothelial cells via either sCD40L
in vivo or by a specific antibody to CD40. Membrane-bound CD40L, but not sCD40L, induces the
upregulation of pro-inflammatory cytokines and cell adhesion factors in endothelial cells. However,
both forms of CD40L activate both classical and alternative NF-kB pathways [60]. In addition,
sCD40L induces endothelial dysfunction with decreased NO synthesis and augmented oxidative
stress [61]. These events may further contribute to endothelium injury and accompanying atherogenesis.
sCD40L may play a pathogenic role in triggering acute coronary syndromes [54,62]. The involvement
of CD40-CD154 interactions in autoimmunity and allo-immunity is also well documented. In fact,
many tissue injuries and immune mediated pathologies such as graft allo-rejections involve this
signaling pathway [63]. CD40-CD40L interactions play a significant role in the production of
auto-antibodies in systemic lupus erythematosus (SLE), rheumatoid arthritis (RA) and other
autoimmune diseases. An increased serum level of soluble CD154 was reported in SLE, RA, and
Sjogren’s disease, in correlation with the relevant auto-antibodies and with the clinical disease
activity [14,64].

Figure 2. CD40L and its receptors: the binding of CD40L to CDA40, allbf3, aSB1, or
Mac-1 (aMp2) induces different inflammatory pathologies. Systemic lupus erythematosus
(SLE), transfusion-related acute lung injury (TRALI), reactive oxygen and nitrogen
species (RONS), Myeloperoxidase (MPO).
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alIbP3 integrin was first identified as a receptor for CD40L by André ef al. [65]. They showed
that sCD40L can bind to alIbB3 integrin on activated platelets, thereby inducing platelet spreading
and promoting platelet aggregation under high shear rates, as well as allowing stability of arterial
thrombi [66]. The same group further reported that CD40L is a primary platelet agonist capable
of inducing platelet activation, induction of fibrinogen binding and the formation of platelet
microparticles by binding to its allbB3 receptor and triggering outside-in signaling [67]. In addition,
the engagement of allbf3 by CD40L or other ligands that induce platelet adhesion upregulates
CD40L surface exposure on platelets [68], enhancing the interaction of platelets with CD40+ cells,
including ECs. Incubation of platelets with recombinant sCD40L led to enhanced P-selectin
expression, aggregation, and platelet-leukocyte conjugation. The inhibition of either sCD40L or
alIbfB3 attenuated the generation of reactive oxygen and nitrogen species (RONS) by platelets [69].

Mac-1 is an important mediator of neutrophil and monocyte adhesion to the activated
endothelium during inflammation. CD40L ligation to Mac-1 is involved in mediating CD40L/
Mac-1-dependent monocyte and neutrophil adhesion and transmigration at the atherosclerotic lesion
site, as well as neointimal formation during atherogenesis [42,70]. In transfusion, the sCD40L
concentration increases in stored platelets compared to fresh platelets [9,10]. The neutrophil
priming ability of stored platelets is significantly higher compared to fresh platelets [71]. Soluble
CD40L and CD40-activated-neutrophils are essential to permit the adhesion and migration of
neutrophils by Mac-1 secretion. This signal is the main system to recruit neutrophils into pulmonary
tissue [72]. CD40+ neutrophils primed by CD40L+ activated platelets and sCD40L are recruited
and over-stimulated by IL-6, IL-8 and IL-1f originating from alveolar macrophages and fibroblasts.
In alveolar space, these neutrophils secrete ROS, proteases, PAF and elastase-ol-antitrypsin
complexes that insult the pulmonary parenchyma [73]. In another study using the two-event
TRALI mouse model, Hidalgo and colleagues demonstrated an increase in platelet interactions
with adherent neutrophils in the systemic circulation [74]. These interactions were dependent on
E-selectin expression on the endothelium interacting with E-selectin ligand on neutrophils, which
ultimately led to the polarization of Mac-1 on the leading edge of the neutrophils. Circulating
platelets interacted with the clustered Mac-1, although the platelet ligand mediating this interaction
is not known [74]; could it be CD40L?

The oSB1 integrin is expressed by endothelial cells, smooth muscle cells, monocytes/
macrophages and platelets. It is implicated in cell adhesion, migration, and proliferation as well as
survival of many cell types. The binding of CD40L to a monocytic cell line expressing a5f1
integrin leads to the phosphorylation of the extracellular signal regulated kinases 1/2 (ERK-1/2) and
expression of IL-8 mRNA in these cells [14]. However, unlike fibrinogen and vitronectin which are
the natural ligands of a5B1, CD40L binds to the inactive rather than the active form of a5pB1.
Interestingly, CD40L/a5B1 interactions do not interfere with the binding of CD40L to CD40,
indicating that CD40L can bind simultaneously to both receptors [43].

The role of a5B1 as a receptor for CD40L in a5P1-expressing-cells has not yet been investigated.
Hassan ef al. hypothesized the involvement of the CD40L/a5B1 dyad in angiogenesis and
pathological conditions of the vascular system after the tethering of cells in inflamed tissues such as
atherosclerotic lesion sites [75].
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4. Platelet CD40L

The discovery in 1998 that platelets preferentially express many copies of CD40L on their
surfaces upon activation was surprising because CD40L was thought to characterize immune
reactive cells, and platelets were not yet acknowledged to display any immune function [25].
CD40L was then found in platelet cytoplasm [25,65,76,77], and years later more precisely
identified as being docked in the platelet a-granules [78] (Figure 3). The discovery that, despite
being non-nucleated cells devoid of DNA apart from mitochondrial DNA [79], platelets can
retrotranscribe RNA using a spliceosome [80-83] and lead to detectable RNA messages for
cytokines, questioned the possibility that CD40L is also produced de novo by activated platelets.
Recently, some RNA-seq studies did not find CD40L mRNA in platelets [84-87]. This result
suggests that a preformed protein is synthesized by megakaryocytes and stored in a-granules before
platelet fragmentation [88-90].

Figure 3. Schematic overview of the regulation of platelet CD40L and the role of sCD40L
in signaling after binding to platelet CD40 and allbp3 inducing an auto-amplification
loop. Synaptosomal-associated protein 23 (SNAP23), mitogen-activated protein
kinase (MAPK), nuclear factor kappa B (NF-kB), protein kinase B (AKT) matrix
metalloproteinase-2 (MMP-2), TNF receptor associated factor 2 (TRAF2).
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After stimulation by different agonists, platelets undergo a degranulation process via a well
characterized mechanism [91], and either export the a-granule molecules to the membrane in
a fixed form or secrete them as a soluble form. Granules fuse with the platelet membrane and
display their fixed CD40L on the surface. This process occurs within seconds to minutes after
stimulation [25]. CD40L is thus expressed on the platelet surface only after activation, and this
molecule is identical in terms of structure and physiological function to membrane bound CD40L
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expressed in activated T-lymphocytes and other cells. It can notably generate signals for the
recruitment and extravasation of leukocytes. It induces, through the engagement of CDA40,
the secretion of chemokines and the expression of adhesion receptors in endothelial cells [25].
It provides a powerful link between platelets and the immune system: CD40L expressed on
activated platelets induces dendritic cell maturation, B-cell isotype switching, and augments CD8+
T-cell responses in both in vitro and in vivo models [92-95].

Platelets do not maintain CD40L on their surface for long. It is cleaved and released in a soluble
form and may also be carried on the surface of microparticle-derived platelets [96]. Platelets are the
major source of sCD40L in the circulation [65,97,98]. The normal range of sCD40L in the serum of
a healthy adult is estimated at 0.79 to 4.7 ng/mL, by means of immunoassay techniques [99-101].

Of note, platelets constitutively express CD40 on their surfaces, both when resting and upon
activation (Figure 3) [25,26,92]. This is surprising, as CD40 has long been considered
to characterize APCs. Some sCD40L is reabsorbed on the platelet surface and principally binds
CD40, a mechanism of recycling that must not be ignored when discussing platelet physiology
and pathology.

5. Platelets, CD40L, and Molecular Signaling
5.1. Platelet Activation in Platelet Components and Molecular Signaling

Platelet activation and the signaling pathways involved in hemostatic conditions are well
documented [102-104]. However, there is little information regarding the platelet components
(PCs) prepared and processed for transfusion.

Several proteomic studies have investigated platelet changes after either resting (ex vivo)
conditions or stimulation (in vifro) [105,106]. Most have tested activation markers such as shape
change, glycolysis, supernatant pH levels, platelet CD62P and CD40L surface expression, reactivity
to repeated activation by agonists, secretion of platelet granule products, cytoskeletal reorganization
and expression of apoptotic markers [9,107,108]. Most of those studies, as well as the subsequent
ones, were carried out with the purpose of improving the platelet physiology in the ex vivo
conditions that lead to the possibility of storing platelets for a limited number of days and
transfusing homologous donor platelets to a recipient patient. The signaling pathways involved in
the “spontaneous” activation of platelets in PCs were investigated [105,109,110].

Schubert ef al. [109] found evidence for a signaling pathway mediating PC storage lesions
in which PI3-kinase-dependent Rapl activation leads to integrin oIlbp3 activation and platelet
degranulation. This pathway involves two principal actors: Rapl, a small GTPase that modulates
allbP3 affinity, most likely through effects on the actin cytoskeleton [111], and Talin, an adaptor
protein that links oIIbB3 to the actin cytoskeleton. In hemostasis, this pathway is activated
by soluble molecules after binding to different receptors, leading to the activation of the integrin
allbPB3 [112].

Moreover, several studies identified the activation of the p38 MAPK signaling pathway during
the aging of platelets not subjected to added stimulus [105,110], and/or after treatment of platelet
concentrates with UV light with the intent of eradicating infectious pathogens. p38 MAPK is more
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highly activated after UV exposure, a PI3-kinase-dependent mechanism that involves AKT, VASP
and HSP27. AKT thus acts as a substrate for p38 MAPK. HSP27 is a substrate for AKT, and it
regulates actin dynamics and degranulation. This confirms the earlier finding that MAPK activation
stimulates platelet degranulation and TxA2 synthesis, which may in turn activate platelets via the TP
receptor [113]. After degranulation, soluble factors (ADP, ATP, TxA2, Ca?' and thrombin) are
released and may act quickly to amplify autocrine activation of platelets as well as the activation of
surrounding platelets (Figure 4) [88].

Platelets possess a variety of pathogen recognition receptors (PRRs) to sense bacterial and
viral moieties and other receptors that could be involved in platelet activation in PCs [114-116].
Activated platelets can, consequently, secrete inflammatory cytokines and chemokines and other
biological response modifiers (BRMs), including sCD40L, which could be a good candidate for
such autocrine activation loops in platelets (Figures 3 and 4).

Figure 4. Principal signaling pathways inducing platelet activation in platelet
components. Phosphoinositide 3-kinase (PI3K), mitogen-activated protein kinase
(MAPK), protein kinase B (AKT), Thromboxane A2 (TxA2), Vasodilator-stimulated
phosphoprotein (VASP), Ras-proximate-1 (Rap1), Heat shock protein 27 (HSP27).
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5.2. Platelet Membrane CD40L Regulation and Shedding

As already stated, CD40L was initially thought to be almost absent from the surface of
non-activated platelets [117]. It has been recently reported, however, that resting platelets express
very low levels of CD40L on their surface but can translocate massive amounts of CD40L to the
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surface within minutes of activation. This CD40L can subsequently be cleaved and released as
a soluble molecule into the circulation [92,118,119]. Such CD40L would thus be mobilized from
the a-granules (Figure 3).

Knowledge regarding CD40L cleavage, either from T-cells or from platelets, remains incomplete.
Cleavage from T-cells has been attributed to two types of MMPs. Two other MMPs are also
responsible for the cleavage of platelet membrane bound CD40L.

MMPs constitute a large family of more than 25 functionally related endopeptidases mediating
the proteolytic cleavage of most matrix proteins, as well as several non-matrix proteins including
cytokines, chemokines, adhesion molecules and surface receptors [120]. ADAMI10 has been
proposed as a candidate MMP for CD40L cleavage and shedding from T-cells [121]. ADAMI17 has
been shown to be another candidate in an in vifro model of Jurkat E6.1 T-cells, where the inhibition
of both ADAMI10 and ADAMI17 nearly completely inhibited CD40L shedding from the cells,
suggesting that no other MMP besides ADAM10 and ADAM17 is involved [122]. The mechanisms
that cleave activated platelet CD40L appear to be quite different. Not only MMPs but also the
integrin olIbP3 are mandatory. MMP2 is the best candidate, based on different experimental
approaches [123—-126]. A novel enzyme has revealed itself as a potential candidate, at least in
pathological situations, as demonstrated in a mouse model of sepsis. Here, MMP9 was involved
in the shedding of CD40L after platelet-neutrophil interaction. Again, different experimental
approaches confirmed a role for MMP9 [127-130].

Interestingly, the enzymatic regulation of CD40L cleavage from CD40L-positive cells appears
cell-dependent. Platelets and T-cells use different proteases to cleave sCD40L from their cell
surfaces (MM2/MMP9, and ADAM10/ADAM17, respectively), despite both cell types containing
all four identified enzymes. Among the possible explanations are the existence and particularities of
the cytoplasmic or granule reservoirs. Those distinct mechanisms have functional consequences on
signaling pathways triggered upon CD40L/CD40 activation between these two cell types.

In platelet CD40L cleavage, the need for functional and complete ollbB3 remains
intriguing [123,131]. For example, Glanzmann thrombocytopenia patients fail to properly release
sCD40L upon platelet activation [123].

5.3. Platelet and CD40L Signaling

CDA40L production by platelets is an interesting intersection between hemostasis and inflammation.
Hemostatic activation of platelets (by ADP, thrombin, collagen, efc.) induces inside-out signaling
and, consequently, activation of allbB3. This leads to outside-in signaling and degranulation,
followed by CD40L expression on the membrane surface. After activation, CD40L is shed and
released in an active form that can activate different cell types, including platelets.

Soluble CD40L may activate platelets via two independent receptors, CD40 and allbB3. After
sCD40L binding, both receptors activate AKT and enhance platelet p38 MAP kinase phosphorylation.
One study showed that this signaling pathway initiates the generation of inflammatory molecules
such as reactive oxygen and nitrogen species [69].

Soluble CD40L binding to platelet allbB3 (through its KGD sequence) enhances thrombus
formation and induces platelet spreading via outside-in integrin signaling in an auto-amplification
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loop [65,67]. This phenomenon also induces the generation of microparticles, especially through
phosphorylation of tyrosine-759 in the cytoplasmic domain of the B3 chain [67].

Soluble CD40L may also activate platelets via the CD40 receptor, which is present on platelet
membranes [25,26]. In this case, the mechanism is outside-in independent. The CD40L/CD40
activation in platelets involves a CD40-dependent TRAF2/Rac1/p38 MAPK signaling pathway and
triggers phosphorylation of IkBa [132,133]. Thus, the sCD40L/CD40 interaction also triggers
NF-kB pathway activation in platelets. In this case, NF-xB acts as a signaling molecule and not
a transcription factor. IkB phosphorylates SNAP23, a key protein for the fusion of alpha granules
and the plasma membrane [134]. IKKb blockade inhibits SNAP 23 phosphorylation and prevents
SNARE complex formation (SNARE complex formation reviewed in [90,135,136]) and platelet
degranulation [134]. These mechanisms are outlined in Figure 3.

6. CD40L and Platelet Component Transfusion

The sCD40L association with platelets has been popularized because of the description of
transfusion hazards [6—12]. Before that, although well published, this association received little
consideration. For more than a decade, sCD40L-linked associated hazards also received modest
consideration, probably because the attention of transfusiologists focused on preventable hazards,
and residual leukocytes were considered to be responsible for all symptoms of inflammation [137].
Transfusion-linked inflammation was not yet acknowledged, but classed as discomfort. Accidents
were attributed to other causes, which were sometimes reported as unidentified. Soluble CD40L
gained attention when progress was made in the field of hemostasis and thrombosis, which outlined
the role of platelets and leukocytes in the formation of atheroma plaque deposition and led to the
proposal that cardiovascular disease is inflammatory [16,99,138-143].

Platelets in an inventory are generally stored no longer than 5 days (ranging from 3 to 7 days
depending on country regulations). During storage, and without the addition of any stimulus
intended to activate them, those so-called “resting” platelets are exposed to a number of stresses,
including the process of constituting a PC, exposure to plastics, preservatives and gases, rotation,
and changes in temperature [107,144,145]. Platelets are extremely reactive to external signals and
are designed to sense external danger. They are equipped with many types of receptors and danger
sensors, and they respond to multiple signals [83,116]. Anticoagulant factors and bacterial residues
can modify the status of platelets that are believed to be “resting”, but which in fact are lightly
stimulated just above physiological steady state [83,116]. As platelets secrete more pro-inflammatory
than anti-inflammatory BRMs, they begin to produce or secrete BRMs that are fairly detectable in
the PC supernatant by day 3 [9,146]. Soluble CD40L is the most visible cytokine-like BRM which
is thus made, and it is produced in amounts that are sufficient to activate CD40+ cells in vitro,
including B-cells, dendritic cells, and macrophages [146,147]. It is therefore fully bioactive.
The longer the PC is stored, the more BRMs are found, apart from some molecules with extremely
short half-life [11,12,146]. CD40L has a short half-life outside the a-granule, but its secretion over
day 3, for 2 to 4 days, still allows biological function [146]. In general, PC transfusion is safe and
accomplishes what it is expected to do: prevent or stop bleeding in the allocated patient/recipient.
In approximately 10% of cases, moderate intolerance symptoms are reported, which are referred to
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as either febrile non-hemolytic transfusion reactions (FNHTRs) or allergic reactions (in fact,
allergic-type reactions) [148]. In 2% of cases, the symptomatology is more severe, and presents
more clearly as inflammatory [148]; such cases have been investigated by several groups, and there
is a consensus on the responsibility of sSCD40L that is found in excess in the PC or in the recipient’s
plasma [6,7,10-12]. Soluble CD40L does not carry the full responsibility, but it is chiefly to
blame [7,11,12]. It is also responsible in part for the physiopathology of a severe transfusion hazard
called TRALI (Transfusion-Related Acute Lung Injury) [10], despite one recent publication that
disputed this [149]. An open question is why some PCs seem loaded with sCD40L. If platelets in
PCs can be over-stimulated by some unexpected event in the process, it probably does not occur in
all cases [7,150].

7. Concluding Remarks: Towards Molecular Medicine Based upon CD40L and
CD40 Polymorphisms

As the CD40/CD40L molecular tandem is essential in many pathways of physiological but also
pathological immune and inflammatory responses, its control is valuable in patient care. We and
other groups have worked extensively during the past few years on the involvement of sCD40L in
transfusion associated hazards, and we have recently obtained evidence that there are a number of
CD40LG polymorphisms that may affect the behavior of platelets in a PC processed for the purpose
of transfusion [151]. Combined with polymorphisms of CD40, this may affect the preferential
decrease of inhibitory isoforms of the molecules and the increase of high affinity isoforms. Certain
platelet donors may express high levels of sCD40L that are promptly cleaved [11,12,126],
and/or certain recipients express high affinity CD40 receptors on both circulating cells and
endothelial cells, favoring excess CD40/CD40L reactions and adverse events. Cell signaling
through these interactions may prompt those cells to either synthesize or release copious amounts
of bioactive BRMS with inflammatory potential. If proven, donor selection and/or patient
investigation would allow better matching to prevent such adverse events. Serious adverse events
would also benefit from the recent development of biologicals that target either CD40 or CD40L.
In fact, Tanaka e al. [152,153] have succeeded to remove 80% to 90% of sCD40L in PCs using
a column of adsorptive cellulose beads. However, there was a significant decrease in the recovery
of platelets after adsorption. In other diseases, blockade of CD40/CD40L was performed using
anti-CD40L Abs, but unfortunately these drugs have exhibited potentially adverse interactions with
platelets in patients [154].

Molecular or personalized medicine is thus underway for patients presenting with high risk of
potentially lethal acute inflammatory responses. If not yet implementable at a large scale, this may
be forecast for the very near future.
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Mise a jour bibliographique

I — Section - CD40L. and its receptors in inflammatory pathologies

Le CD40L, notamment plaquettaire, participe au déclenchement et au maintien d’un état
inflammatoire en agissant sur plusieurs fronts; directement sur Pendothélium ou sur les
leucocytes ou au travers d’un signal auto et paracrine propre aux plaquettes. Dans notre revue
« the signaling role of CD40 ligand in platelet biology and in platelet component transfusion page 55 [74]»,
nous signalons que la communication des cellules circulantes avec 'endothélium, via le couple
immun CD40/CDA40L, participe a un changement d’état d’activation des cellules endothéliales
favorable au développement de plusieurs pathologies, notamment inflammatoires, telles que le
TRALI Depuis, de nouvelles études ont investigué le role de ce complexe protéique dans la
régulation de lactivité vasculaire. La production de médiateurs solubles depuis I'endothélium est
aussi dépendante du complexe formé entre le CD40 de 'endothélium et le CD40L membranaire
ou soluble des plaquettes. Ainsi, le « monocyte chimoattractant protein-1 » (MCP-1), qui participe
a l'amplification de la perméabilité vasculaire et le recrutement des cellules immunitaires et
inflammatoires [75], voit sa production augmentée apres interaction du CD40 endothélial et du
CDA40L plaquettaire [76]. Le vWF est lui aussi produit par 'endothélium dépendamment de
I'interaction de son CD40 membranaire avec son ligand plaquettaire, le CD40L. Cette interaction
régule positivement l'internalisation du calcium par 'endothélium ce qui amplifiera I'exposition
du vWF par ces mémes cellules. La conséquence sera donc la mise en place d’un rétrocontrole
positif amplificateur de 'agrégation plaquettaire a la paroi vasculaire, favorisant la captation et la
diapédese des leucocytes [77]. Le recrutement des globules blancs par 'endothélium vasculaire
peut également étre favorisé par expression de la fractalkine —chémokine transmembranaire—,
elle aussi dépendamment de la complexification du CD40 et du CD40L. Les leucocytes positifs
en GPR13 (G-Protein Coupled Receptor 13) —récepteur a la fractalkine— pourront alors fixer
cette barriere vasculaire [78]. Le CD40L plaquettaire participe également a une augmentation du
risque thrombotique en favorisant linteraction des plaquettes avec lendothélium et leur
agrégation [79-83]. Ces résultats évoquent un impact non négligeable du CD40L plaquettaire dans

des complications thrombotiques et inflammatoires.

L’impact du complexe protéique CD40/CD40L n’est pas exclusif aux cellules
endothéliales, comme décrit, en 2014, dans notre revue « the signaling role of CD40 ligand in platelet
biology and in platelet component transfusion page 55 [74] ». Effectivement, ce couple immun impact

directement le devenir des leucocytes. La protéine CD40L, notamment plaquettaire, peut fixer le
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récepteur « Macrophage-1 antigen » (Mac-1), présent a la surface des neutrophiles, et ainsi initier
la migration de ces derniers depuis le compartiment sanguin jusqu’a la zone enflammée. La
communication entre ces deux types cellulaires peut directement étre établie via le complexe
CDA40 des neutrophiles et CD40L des plaquettes, ce qui engendra une cascade de signalisant
amplifiant linteraction des neutrophiles avec 'endothélium [84]. L’isoforme soluble du CD40L
membranaire plaquettaire amplifie également la communication entre les neutrophiles et les
plaquettes, en stimulant expression de Mac-1 a la surface des neutrophiles, pour finalement
accroitre la production de dérivés de Poxygene, les ROS, depuis ces derniers [85, 86]. Cette
interaction préétablie entre les plaquettes et les neutrophiles peut étre responsable d’une
amplification de la production de sCD40L par les plaquettes et donc auto-promouvoir leur
complexification avec les cellules immunes ou non immunes (comme les cellules endothéliales)
exprimant le CD40 [87]. Certains évoquent également un role inhibiteur de Ilintégrine
plaquettaire GPIIb/IIIa dans la promotion d’une interaction entre les plaquettes et les leucocytes
via, entre autres, 'expression du CD40L plaquettaire [88]. Les plaquettes, qui expriment
également le CD40 [89], I'utilisent pour la formation de complexes directement avec d’autres
cellules telles que les cellules dendritiques, les monocytes et les neutrophiles. La
neutralisation/inhibition de ce récepteur plaquettaire limite la triple communication entre les
plaquettes, endothélium et les leucocytes, limitant également la transmigration leucocytaire et
plaquettaire, a travers la paroi vasculaire [90]. Dans des situations pathologiques, telles que le
sepsis dont certains modeles animaux proposent une physiopathologie proche de celle de certains
TRALI expérimentaux, l'influence du sCD40L plaquettaire sur les neutrophiles a largement été
investiguée. Le clivage du CD40L plaquettaire, controlé par Pactivité de la métalloprotéinases-9
(MMP-9) [91] et le transducteur de signal « Ras-related C3 botulinum toxin substrate-1 » (Rac-1)
[92], amplifie drastiquement lexpression de Mac-1 a la surface des neutrophiles et, par
conséquent, leur infiltration pulmonaire [93, 94]. L’utilisation de la simvastatine, capable de
réduire significativement les concentrations plasmatiques du sCD40L, confirme I'implication du
sCD40L dans la migration des neutrophiles dans les poumons lors d’un sepsis murin induit par
ligature et ponction du cacum [95]. Le méme constat a été fait dans d’autres pathologies
inflammatoires confirmant une fois de plus une influence considérable du CD40L plaquettaire
dans Pactivation et le recrutement des leucocytes jusqu’a la zone enflammée [96, 97]. Dans des
modeéles murins d’ALI le role du couple CD40/CD40L a déja été évoqué mais sa cascade
d’activation n’a jamais été entierement investiguée. La transcription de PARNm du CD40 et son
affinité avec le facteur de transcription « Nuclear Factor-x B » (NF-»«B) sont significativement

augmentées lors de l'induction dun ALI par injection zz vivo de LPS [98]. L’inhibition du
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complexe CD40/CD40L protége du développement de ’ALI dans plusieurs modeles animaux,
induit par endotoxémie [99], ischémie-reperfusion [100], hyperventilation [101] ou radiation
[102]. Cette protection est associée a une diminution des concentrations protéiques au niveau
pulmonaire en TNF-a, IL-18 et « Macrophage Inflammatory Protein-2» (MIP-2) ainsi qu’une
diminution de lactivit¢é de la MMP-9 et une augmentation de la perméabilité vasculaire.
L’influence du complexe CD40/CD40L n’a cependant jamais été réellement prouvée dans le
TRALI et méme écartée dans un modele murin « one-hit » de la pathologie [103]. En effet, ce
mode¢le murin utilise une simple injection d’anti-CMH I, inducteur de 'cedéeme pulmonaire, de 4,5
mg/kg alors que le modeéle murin du TRALIL légitiment validé par la communauté scientifique,
est celui proposé par le Dr Looney reposant sur ’hypothese du « two-hit » avec une premicre

injection de LPS suivie d’une seconde injection d’anticorps anti-CMH I a 1 mg/kg [104].

Tous ces résultats sont évocateurs d’une influence du complexe CD40/CD40L sur
I'aggravation de Détat inflammatoire induit préalablement par un agent extérieur de stress
infectieux ou stérile (comme peut I'étre 'acte transfusionnel). Cela nous ameéne donc a suspecter

un role important de ce couple immun dans la physiopathologie du TRALI humain.
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Chapitre 5 — Hypothése de Patteinte multi-organes au
cours d’'un TRALI

Section 1 — Le pancréas

I - Physiopathologie de la pancréatite : les neutrophiles

Tout comme les poumons, le pancréas peut étre la cible de réactions inflammatoires
pathologiques, on patle alors de pancréatite. Actuellement, la phase aigué de cette pathologie est
la plus connue et son état chronique nécessite une investigation plus approfondie [105]. La
pancréatite aigué est caractérisée par l'apparition d’'un cedéme pancréatique, d’une nécrose du
tissu adipeux, d’une protéolyse pancréatique, d’hémorragies pancréatiques et d’une réaction
inflammatoire aigué [106]. Chez I’homme, 'aspect inflammatoire des pancréatites a été investigué
depuis déja plusieurs années, malgré la diversité de ses causes et donc de sa physiopathologie. Ia
concentration de plusieurs cytokines inflammatoires, telles qu’IL-1@ [107], IL-6 [108, 109], IL-8
[110, 111] ou encore IL.-18 [112], a été positivement corrélée en lien avec la caractérisation de

différentes pancréatites aigués ou chroniques.

Plusieurs études expérimentales évoquent un lien étroit entre pancréatite et ALL Dans
un premier temps, 'induction d’une pancréatite aigué par administration de céruléine ou d’acides
aminés, dans plusieurs modeles murins, est corrélée avec une atteinte pulmonaire, caractérisée par
une migration des neutrophiles, un infiltrat pulmonaire, une congestion alvéolaire et des
phénomenes hémorragiques [113, 114]. Une activité importante des neutrophiles au niveau
pulmonaire, caractérisée par une libération excessive de myéloperoxidase (MPO), a aussi plusieurs
fois été évoquée suite a 'induction expérimentale d’une pancréatite aigué [114, 115]. De facon
plus générale, I'induction d’une pancréatite aigué, dans un modele murin, induit le développement
d’un ALI qui se manifeste par des signes d’insuffisance respiratoire, un ratio entre le poids des
poumons et du corps important (caractéristique d’'un cedéme pulmonaire) et enfin un score

d’atteinte pulmonaire croissant avec le temps d’exposition a 'inducteur pathologique [116].

Tout comme le TRALI, en particulier, et ’ALIL en général, les neutrophiles semblent
jouer un role primordial dans I'induction, le maintien et I’aggravation de certaines pancréatites,
selon un point de vue expérimental [117, 118]. D’aprées plusieurs études, la déplétion totale des
neutrophiles, notamment par l'utilisation d’un sérum anti-neutrophile, attenue considérablement
la sévérité de certaines pancréatites, au sein de plusieurs modeles animaux, et permet également la

protection des poumons contre le développement d’un ALI [119-121]. En effet, ici les
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neutrophiles sont considérés comme les cellules principalement responsables de cette pathologie.
Apres induction expérimentale d’une pancréatite, déclenchée par administration d’acides aminés
ou de taurocholate, on retrouve une infiltration des neutrophiles significative a la fois dans les
poumons, mais surtout dans le pancréas, dépendamment de la production de PF4, selon une
étude [122], mais aussi, hypothétiquement, de l'expression accrue de la protéine Mac-1 a la
surface des neutrophiles selon d’autres auteurs [123]. Une récente théorie évoque une capacité
qu'ont les neutrophiles, dans le cas d’une pancréatite associée a une atteinte pulmonaire
déclenchée par des injections successives de céruléine et de LPS, a migrer dans une premicre
zone, le pancréas, puis, apres un retour au niveau circulant, d’effectuer une nouvelle migration
dans un second tissu, les poumons. Ce mécanisme est appelé « migration transendothéliale
inverse » et est régulé par I'expression de la molécule « junctional adhesion molecules C » (JAM-
C) [124] (Figure 6). Finalement, cette infiltration tissulaire des neutrophiles est permise par
I'expression de plusieurs protéines de surfaces, telles que Mac-1 et la L-sélectine (CDG62L) sur les
neutrophiles [125], la protéine «lymphocyte function-associated antigen-1» (LFA-1) sur les
leucocytes [126] et ICAM-1 a la surface des cellules endothéliales [127]. La conséquence finale de
cette migration tissulaire excessive est la libération des ROS responsable de la dégradation
cellulaire [128], elle-méme responsable dun signal paracrine alimentant la nécrose cellulaire
pancréatique [129]. Finalement, les neutrophiles semblent aussi participer a la dégradation
pancréatique, lors de certaines pancréatites humaines ou expérimentalement induites [130], par la
formation des NET, dont le role principal est antimicrobien [131]. En effet, tout d’abord la
quantité des NET semble augmentée chez les patients atteints de pancréatite, dépendamment de
la sévérité. De plus, dans un modele murin de pancréatite aigué, I'utilisation de DNase I,
inhibiteur de la formation des NET, prévient enticrement le développement de la pancréatite
induit par injection rétrograde de taurocholate de sodium a 5% [130]. L’activation des
neutrophiles ne participe pas seulement a la migration de ces derniers dans le tissu enflaimmé,
mais permettrait également la dégradation directe de 'endothélium vasculaire [132]. Enfin, le role
des neutrophiles dans certaines pancréatites semble d’une telle ampleur que certains proposent
I'utilisation du ratio entre le nombre des neutrophiles et des leucocytes circulants (appelé NLR)
comme marqueur de la pathologie [133]. On retrouve donc, au sein de plusieurs modeles
animaux de la pancréatite, une physiopathologie principalement orchestrée par les neutrophiles
circulants et migratoires, proposant des caractéristiques similaires a celles observées dans

plusieurs ALI également expérimentaux.
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IT — Physiopathologie de la pancréatite : endothélium vasculaire

Comme décrit précédemment, 'endothélium participe au recrutement et a la migration
des leucocytes, phénomenes souvent observés par le «rolling» des leucocytes, lors de
pancréatites expérimentales [134, 135]. Cette barricre endothéliale régule la migration des
neutrophiles, notamment via I'expression de JAM-C [124] et 'TCAM-1 [127, 136]. Cependant,
certaines études évoquent une protection pulmonaire plutdt que pancréatique quant a la
neutralisation de I'expression d’ICAM-1 des cellules endothéliales dans des cas de pancréatite
expérimentale associée a des 1ésions pulmonaires. La neutralisation de la P-sélectine (CDG62P) de
I'endothélium est, quant a elle, protectrice de I'atteinte pulmonaire mais également de I'atteinte
pancréatique [137]. L’utilisation de plusieurs protéines solubles en tant que marqueur de la
sévérité de la pathologie, chez ’'homme, a été proposée. On peut citer 'FICAM-1 soluble [138], la
E-sélectine (CD62E) soluble, I'IL-6 [139], la thombomoduline soluble (sTM) [140], le vWF ou
encore la forme soluble du récepteur « endothelial protein C receptor (EPCR) [141], évoquant

ainsi une implication des cellules endothéliales dans cette physiopathologie.

Durant le développement d’une pancréatite aigué murine, induit par I'utilisation de
céruléine, les observations microscopiques de la barriere endothéliale montrent un changement
de cette derniére, caractérisé par une augmentation de la perméabilité et de I'adhérence des
leucocytes [142]. L’apoptose des cellules endothéliales, notamment dans les capillaires
pulmonaires, est également augmentée suite a 'administration d’acide taurocholique dans un
modele murin [143] ainsi que leur dégradation, 7z vitre, induite par I'activité des neutrophiles de
patients diagnostiqués avec une pancréatite aigué [132]. La réduction de la densité capillaire dans
les zones proches des nécroses pancréatiques a aussi ét¢ démontrée [144, 145]. La diminution
progressive de I'expression de CD105 et de sa complexification avec le « transforming growth
factor-B1 » (TGF-81) et «-83» (TGF-83), chez '’homme, évoque une atteinte de la fonction
angiogénique de l'endothélium vasculaire, lors dune pancréatite [146]. La dégradation de
I'endothélium vasculaire, suite a Iinduction de certaines pancréatites expérimentales, n’est pas
exclusive aux zones pancréatiques et/ou pulmonaires mais c’est également le cas de 'endothélium

des capillaires intestinaux, dont la perméabilité est également augmentée [147, 148].

Selon plusieurs résultats, observés dans divers modeles expérimentaux de pancréatite,
on retrouve une implication des cellules endothéliales en tant que cellules promotrices du
recrutement et de la migration des leucocytes dans la zone cible mais également entant que cible

directe de l'activité des leucocytes.
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III —Physiopathologie de la pancréatite : les plaquettes

Un roéle des plaquettes sanguines dans la physiopathogénie de certaines pancréatites
expérimentales a été proposé. Plusieurs modéles murins d’induction d’une pancréatite et de
traitements antiplaquettaires ont tenté de mettre en lumicre la responsabilité des plaquettes
sanguines. Une thrombopénie induite par linjection d’anticorps anti-GPlba prévient le
développement de la pancréatite aigué, induite par injection intrapéritonéale de céruléine, et ce
corrélé avec une diminution de I'expression de Mac-1 sur les neutrophiles, de la production de la
chimiokine MIP-2 —protéine chimioattractante des neutrophiles— et de Ilinfiltration des
neutrophiles dans le pancréas et donc de la libération de MPO dans ce méme tissu [149]. Les
plaquettes sanguines participent également par leur capacité a communiquer avec les cellules
centrales a la physiopathologie de certains modéles animaux de la pancréatite. Leur activité est
significativement augmentée lors de linduction de la pathologie et est la cause dune
communication accrue avec 'endothélium vasculaire [145, 150, 151]. La formation de complexes
entre les neutrophiles et les plaquettes est aussi observée [134]. Cette mécanistique est
notamment rendue possible par 'expression du CDG62P a la surface des plaquettes permettant
leur adhésion a la paroi vasculaire [135] et influengant ainsi la captation et la migration des

leucocytes dans le tissu pancréatique [152].

Chez ’homme, les observations du devenir des plaquettes sanguines lors du diagnostic
de diverses pancréatites different. Certains mentionnent une ¢lévation du compte plaquettaire
dans un cas précis de pancréatite sévere, durant ses différentes phases de développement,
observée sur 20 jours apres admission d’urgence en soins intensif [153]. De fagon plus générale,
la comparaison de patients ayant manifesté une pancréatite cedémateuse biliaire avec des
controles montre une diminution significative du compte plaquettaire associée a une
augmentation de leur volume [154], caractéristique de lactivation des plaquettes [155].
L’augmentation de l'activation plaquettaire est confirmée, par une seconde étude, par la mesure
de lexpression du CDG62P a la surface des plaquettes sanguines et la production circulante du
PF4, dépendamment de la sévérité de la pancréatite. Cependant, le compte plaquettaire évolue
dans le sens d’une augmentation lors du développement d’une pancréatite aigué sévere [156],
contrairement a I’étude précédente [154]. Des observations décrites dans une revue rétrospective,
impliquant de patients admis a ’hopital pour pancréatite aigué entre 2007 et 2011 ont encore été
différentes. Ici, le compte plaquettaire ne change pas entre ces patients et leurs controles et,
contrairement aux études précédentes, le volume plaquettaire moyen diminue avec le

développement de la pancréatite aigué [157].
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Meéme si les scientifiques semblent s’accorder sur un role important des plaquettes

sanguines pendant une atteinte inflammatoire du pancréas, leur fonction est encore mal comprise.

IV — Physiopathologie de la pancréatite : Le couple CD40/CD40L

Le réle du couple immun CD40/CD40L n’est pas encore entierement compris dans le
cadre des pancréatites. A I’heure actuelle, son implication reste débattue. En 2001, une étude a
investigué le réle du CD40L dans la physiopathogénie de la pancréatite aigué, induite par
administration de céruléine au sein d’un modele murin. Cette étude se concentre sur le CD40L
membranaire des lymphocytes T et le CD40 membranaire des monocytes. Dans un premier
temps, I'expression du CD40 au niveau pancréatique et pulmonaire diminuait apres injection de
Pagent responsable de Pinduction de la pancréatite chez les souris sauvages et CD40L". Le
développement de la pancréatite aigué était inhibé lorsque les souris étaient déficientes pour
I'expression du CD40L. En effet, il a été observé une diminution de la production d’amylase, de
Iinfiltrat pancréatique, de la production du MPO pancréatique et de la nécrose des cellules du
pancréas, 4h et 12h aprés induction de la pathologie. I’atteinte pulmonaire, notamment
caractérisée par des observations histologiques et la mesure de I'infiltrat pulmonaire, était elle
aussi inhibée [158]. Une seconde étude a démontré que le traitement a base de leptine réduit
significativement la sévérité de la pancréatite, également induite par injection de céruléine, corrélé
avec une diminution de 'expression du CD40 dans les tissus cibles, le pancréas et les poumons
[159]. Finalement, une étude 7z witro, analysant I'impact du CD40 membranaire d’une lignée
cellulaire pancréatique et du CD40L membranaire de fibroblastes transfectés dans un
conditionnement proche d’une pancréatite, démontre que le complexe CD40/CD40L permet
d’amplifier Pactivité cellulaire au niveau pancréatique, se manifestant par une libération excessive
de médiateurs pro-inflammatoires tels que TNF-a et IL-18 [160]. Cependant, en 2011, une étude
a investigué¢ l'impact dune déficience en CD40L des cellules sur le développement de la
pancréatite aigué. Les résultats étaient alors différents de ceux évoqués ci-dessus. L'induction de
cette pancréatite par injection de taurocholate et de céruléine n’était pas inhibée dans leur modéle
murin CD40L"". La concentration d’amylase plasmatique, la production du MPO pulmonaire et
pancréatique et du MIP-2 pancréatique ainsi que le score histologique, reflétant latteinte du
pancréas, n’étaient pas diminués chez les souris « knock-out ». Les comptes cellulaires n’étaient,
eux aussi, pas impactés. Les souris déficientes en CD40L présentaient un taux plaquettaire
identique, une diminution du nombre de polymorphonucléaires et des mononucléaires comparés

aux souris controles de la pathologie [161]. Chez 'homme, seul des dosages du sCD40L ont été
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réalisés et certains proposent l'utilisation de la concentration de cette molécule comme marqueur

de prédiction du développement d’une pancréatite sévere [162].

En conclusion, nous constatons une étroite relation entre la pancréatite et ALI,
démontrée grice a plusieurs modeles animaux, tous deux orchestrés par une implication
significative des neutrophiles, de I’endothélium et des plaquettes sanguines. Nous proposons ainsi
un schéma hypothétique de la physiopathologie de la pancréatite associée au développement de

IALI représenté par la figure 6.

Pancréatite ALl

Triple communication
cellulaire entre les
neutrophiles/ plaquettes /
endothélium
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Migration _des Chimiokines
neutrophiles duit )

) thos produites par le 2 - : -
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pancreas - jusqu’aux poumons
> 3 > D

Figure 6 : Physiopathologie de la pancréatite associée au déclenchement d’une détresse
respiratoire

Une premiere agression du pancréas, responsable du développement de la pancréatite, va induire une libération de
miédiatenrs solubles activatenrs de inflammation et attractifs des neutrophiles. Une communication étroite entre les
neutrophiles, les plaguettes circulantes et lendothélium vasculaire va étre établie. L infiltration excessive des
neutrophiles dans le pancréas conclura la dégradation de ce dernier. Dans un second temps, les neutrophiles ayant
migré dans le pancréas vont étre recrutés dans l'espace alvéolaire. Ce mécanisme est rendu possible par ['expression
de JAM-C de la part de lendothélinm qui permet la mise en place de la « migration transendothéliale inverse ».

Finalement, ce mécanisme est la canse du développement d'un ALL
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Section 2 — Inflammation intestinale

I - Physiopathologie des MICI : les neutrophiles

L’intestin peut également étre une cible lors de certaines pathologies inflammatoires et
immunitaires d’étiologie multiple et proposant donc une mécanistique complexe. Clest
notamment le cas des maladies inflimmatoires chroniques de lintestin (MICI). Dans cette
catégorie on retrouve principalement la rectocolite hémorragique (RCH) et la maladie de Crohn
(MC) [163]. La physiopathologie actuellement décrite pour les MICI repose principalement sur
une dérégulation générale du systéme immunitaire, notamment via les lymphocytes T auxiliaires
Th2 et Th17 pour les RCH et Thl et Th17 pour les MC. Une infection bactérienne va induire
une réponse de 'immunité innée, dans un premier temps, par intermédiaire des macrophages et
des neutrophiles. Cette réponse primaire sera, ensuite, la cause d’une activation du systeme
immunitaire adaptatif activatrice des lymphocytes T auxiliaires [164, 165] (Figure 7). Le role des
neutrophiles, pouvant étre parmi les premicres cellules impliquées suite a Dactivation de
Iimmunité innée lors d’'une MICI, est mal connu [163]. Certains ont décrit une activation des
neutrophiles, dans des modeles expérimentaux de RCH induit par administration de dextran
sulfate sodium (DSS), dépendante de la sécrétion de cytokines et de chimiokines depuis les
cellules inflammatoires, telles que le KC —équivalent de I'IL-8 humain—, le MIP-2 ou encore
I’ « Epithelial-derived Neutrophil-Activating peptide-78 » (ENA-78) [166-168], ou méme I'IL-8
chez des patients ayant manifesté une MICI, d’origine diverse [169, 170]. Suite a I'activation des
leucocytes, I'expression de molécules d’adhésion a leur surface, par exemple CD11b, Mac-1 et
ICAM-2, observée dans des cas de RCH, ou CD11a, CD11c, ICAM-1, et ICAM-3, associée a
différents cas de MC, va étre augmentée ce qui permettra alors I’établissement d’une
communication étroite avec 'endothélium et promouvoir la migration des neutrophiles jusqu’au
tissu intestinal [171]. Ce phénomene est a linitiative de dommages oxydatifs dans la zone
intestinale, observée chez des patients diagnostiqués pour des MICI [172], et donc aboutir a une
dégradation tissulaire [173]. Enfin, les neutrophiles agissent également via la formation de NET
dans ces pathologies, observée chez des patients, reflétant ainsi une activité exagérée et nocive

des neutrophiles [174].

IT — Physiopathologie des MICI : Pendothélium vasculaire

L’atteinte de I'intégralité vasculaire est aussi une clé dans le déclenchement et donc la
résolution des MICI [175]. Lors de la manifestation d’une MICI, chez certains patients ou dans

différents modeéles expérimentaux, 'endothélium vasculaire augmente sa capacité a réagir avec les
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leucocytes, caractérisée notamment par la présentation de protéines membranaires, telles
quICAM-1 et la « vascular cell adhesion protein-1» (VCAM-1) capables de former un complexe
avec la protéine CD11a/CD18 des leucocytes [176-178] ou encore expression de la « mucosal
vascular addressin cell adhesion molecule-1» (MAdCAM-1) qui peut interagir avec la
«lymphocyte Peyer patch adhesion molecule » (LPAM ou intégrine «4f87) des leucocytes [179].
L’expression du CD40 membranaire a aussi été observée a la surface de 'endothélium amplifiant
ainsi le recrutement des leucocytes. Dans un mode¢le murin d’inflammation du colon induit par
administration de DSS, la déplétion en CD40 et CD40L diminue considérablement le
recrutement des leucocytes, mais également des plaquettes sanguines, au niveau de lintestin
enflaimmé [180]. La perméabilité de 'endothélium vasculaire semble également augmentée lors
d’une RCH, apres injection d’iodoacetamide et de DSS dans deux modeles animaux distincts,
corrélée avec laugmentation de la dégradation de ce méme endothélium, justifiant donc
I'amplification du recrutement leucocytaire au niveau intestinal [181]. Enfin, plusieurs marqueurs
solubles, produits par I'endothélium, sont augmentés dans le sérum des patients avec des
réactions inflammatoires intestinales. On peut notamment citer une augmentation de la
concentration soluble du CDG62E [182], ’'ICAM-1 [182, 183], de VEGF-A, du « basic fibroblast
growth factor» (bFGF), de lendothelin-1 [184], de Pangiogénine [185] ou encore de
I'angiopoietine [186].

III —Physiopathologie des MICI : les plaquettes

Finalement, le role des plaquettes sanguines dans les réactions inflammatoires
intestinales a largement été investigué [187-190]. Les plaquettes sanguines agissent selon deux
fronts. La premicre approche va dans le sens d’une augmentation de la fonction thrombotique
des plaquettes tandis que la seconde approche ira dans le sens d’une activité inflammatoire
prépondérante lors de cette pathologie [189]. Ces mécanismes semblent dépendant 'un de I'autre.
Dans un premier temps, plusieurs preuves du réle thrombotique des plaquettes ont été évoquées
chez ’homme et dans des modeles murins, apres déclaration d’une MICI. Au sein d’une
population de patients présentant une RCH, une augmentation de I'expression plaquettaire de
Iintégrine af2GPI a été observée [191]. Cette intégrine est principalement impliquée dans la
formation du thrombus [192]. L’augmentation de I'expression de la protéine CD36 a aussi été
évoquée chez des patients avec une MICI [193], augmentant ainsi le risque potentiel
thrombotique [194, 195]. En effet, le CD36 plaquettaire est sensible aux lipoprotéines a basse
densité oxydées (oxLLDL). Cette interaction hypersensibilise les plaquettes a PADP et promeut

donc leur agrégation [196]. L’utilisation d’'un modele murin a démontré que la déficience en
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CD36 bloque Tagrégation plaquettaire [197]. De facon globale, le pouvoir d’agrégation
plaquettaire est plus élevé dans la population de patients diagnostiqués pour une MICI que dans
une population saine [198]. Le risque important d’agrégation lors d’'une MICI a aussi été prouvé a
'aide de plusieurs modéles animaux. La production d’IL-6, facteur pro-inflammatoire sécrété par
une multitude de cellules, favorise la formation de thrombus orchestrée par les plaquettes
sanguines, suite a l'induction expérimentale d'une RCH par administration de DSS [199].
Finalement, ces thrombus peuvent également se former directement dans la circulation
lymphatique. En effet, une étude a démontré que lactivation plaquettaire induite lors d’une
inflammation intestinale, provoquée par une injection de DSS dans un modéle murin, peut
induire la migration des plaquettes sanguines jusqu’au systeme lymphatique pour inhiber le
développement de ce dernier en inhibant la prolifération des cellules endothéliales et la
lymphangiogenése normalement induite par l'inflammation. La conséquence de ce processus
réside en un déclin de la capacité de ce systeme lymphatique a réduire la formation des cellules

inflammatoires, qui seront responsables d’une dégradation tissulaire [200].

Le role plaquettaire, d’un point de vue inflammatoire, lors de certaines MICI
expérimentaux et humains a aussi été investigué. Tout d’abord, la numération plaquettaire semble
étre souvent augmentée apres le diagnostic d’'une MICI chez des patients [201-203]. A contrario, 1a
présence des plaquettes réticulées est diminuée, reflétant ainsi un déficit dans la thrombopoiese
orchestrée par les mégacaryocytes, car ces plaquettes sont dites immatures et de novo [203]. L état
d’activation plaquettaire est lui aussi généralement augmenté suite au déclenchement de certaines
pathologies inflammatoires intestinales. I.’augmentation de ce parameétre est souvent mesurée par
la quantification du CD62P membranaire aux plaquettes sanguines ou soluble [201, 204-207]. Le
PF4 peut également étre utilisé comme marqueur d’activité plaquettaire, ainsi ce parametre a été
positivement corrélé avec la manifestation d'une RCH chez des patients [208]. Cependant, la
mesure du volume plaquettaire moyen, marqueur d’une activité plaquettaire importante [155], est
plus souvent diminuée en lien avec les MICI chez ’homme [201-204, 209]. La diminution de ce
volume plaquettaire moyen reste, a ’heure actuelle, incomprise, mais certains évoquent la
possibilité d’une migration favorisée des plaquettes larges, dans le tissu enflammé, expliquant
ainsi le faible volume des plaquettes circulantes [210]. Le niveau de cette activation plaquettaire
peut aussi étre évalué par la mesure de la production plaquettaire de sCD40L [206, 211-213],
production principalement assurée par les plaquettes [89], ou de la thromboxane B, (TxB,) [211].
La conséquence de cette activité plaquettaire excessive est une amplification de I'activation des
leucocytes [214], de la communication cellulaire entre les plaquettes et les leucocytes [180, 200,

214-216], de P'expression de molécules d’adhésion a la surface de 'endothélium et de la sécrétion
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de molécules chimioattractives des neutrophiles [217], de la migration des leucocytes au niveau de
la muqueuse intestinale [207] et enfin de la production de réactifs responsables de 1ésions

tissulaires [214].

Finalement, le role immunomodulateur des plaquettes au sein des différentes
pathologies inflammatoires intestinales mérite une investigation fondamentale plus approfondie
comme, par exemple, I'utilisation de drogues antiplaquettaires, car, a I’heure actuelle, seule une
étude, 7/ vivo, a tenté de résoudre les complications liées au développement d’une MICI dans un
mode¢le murin avec 'agent clopidogrel. On peut noter un effet protecteur de ce traitement face au

développement de la RCH associé a la diminution de l'activité des neutrophiles [218].

IV — Physiopathologie des MICI : le couple CD40/CD40L

Parallelement a lactivité des plaquettes, l'implication du CDA40L, notamment
plaquettaire, et de son récepteur le CD40 ont également été étudiés au cours de certaines MICI
humains et expérimentaux. Dans un premier temps, 'expression du CD40 membranaire dans les
tissus 1ésés [219, 220] et le CD40L a la surface des plaquettes [212] est sensiblement augmentée
apres manifestation d’'une MICI chez ’homme. Cette méme expression est élevée également dans
le systeme vasculaire du colon proximal et distal suite a 'induction d’'une RCH expérimentale
associée a l'administration de DSS. L’utilisation de souris déficiente en CD40 et CD40L
démontre une protection contre le déclenchement de cette RCH, associée a une réduction de la
production de MPO par les neutrophiles et I'interaction des plaquettes avec 'endothélium et les
leucocytes, interaction plus dépendante du CD40L que du CD40 [180]. Le couple CD40/CD40L
semble également avoir un impact direct sur les cellules endothéliales, dans le cadre des MICI
diagnostiquées chez des patients ou au détours d’études 7# vitro, en limitant la production de
VEGF, d’IL-8, du «hepatocyte growth factor» (HGF), ainsi que I'expression d’ICAM-1, de
VCAM-1 et de 'angiogenese [217, 220, 221].

En conclusion, Le recrutement des neutrophiles dans la zone enflimmée, investigué
grace a des modeles expérimentaux ou observé chez des patients diagnostiqués pour une MICI,
sera dépendant d’une mécanistique ciblant 'endothélium vasculaire et les plaquettes sanguines.
Un recrutement non controlé des neutrophiles pourrait donc participer a Pamplification de la
dégradation tissulaire, accentuée par une libération importante des ROS, d’enzymes et la
formation de NET. Ces parameétres ont également été évoqués au sein de la physiopathologie de
plusieurs modéles animaux du TRALI. Nous pouvons donc émettre ’hypothése d’une atteinte

multi-organes lors d'un TRALI, ciblant notamment l'intestin.
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Figure 7 : Pathophysiologie des MICI, d’apres Neurath er al. [165]

Suite a une infection bactérienne ciblant la ome intestinale, une premiére réponse sera établie dont le but est de
Intter directement contre le pathogene. Cette réponse innée sera orchestrée par les macrophages et les neutrophiles.
Par la suite, a plus long terme, le systeme adaptatif sera responsable de l'activité inflammatoire excessive dans

Lintestin enflammié.

Section 3 — Les autres organes
I — Les reins

D’autres organes peuvent également étre sujets a des pathologies inflammatoires
régulées par une mécanistique cellulaire présentant plusieurs points communs a celle observée au
sein d’ALI expérimentaux. On peut, par exemple, citer I'insuffisance rénale aigué dont une
inflammation excessive semble étre 'une des causes principales de cette pathologie [222-224]. Ici,
le mécanisme, induit expérimentalement, par exemple par ischémie-reperfusion, réside en une
induction non contrélée d’un état inflammatoire [225]. Un panel de médiateurs solubles sont
produits lors de cette pathologie favorisant ainsi lactivation et Dattraction des cellules
immunitaires et inflammatoires, on peut notamment citer 'IL-1, 'IL-6, le TNF-«, le MIP-2 ou
encore I'IL-8 [226-230]. L’augmentation de la production de composés pro-inflammatoires réside
en un accroissement du recrutement, de I'activation et de l'infiltration des neutrophiles jusqu’aux

reins enflammés, observé dans des modeles murins [231], mais également chez '’homme [232].
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Cette mécanistique est régulée par Pexpression de molécules d’adhésion a la surface de
Iendothélium, comme ICAM-1 [233], et a la surface des leucocytes, comme LFA-1 [234]. La
résultante finale de cette leucostase est une libération des ROS et de protéases au niveau rénal
responsable de la dégradation tubulaire. Cela implique donc un role important des leucocytes et
de T'endothélium dans l'induction et amplification de certaines insuffisances rénales aigués
induites expérimentalement. Le rdle des plaquettes sanguines a également été investigué. 1.’état
d’activation de ces cellules est sensiblement augmenté lors de I'induction de cette pathologie, dans
différents modeles animaux résultants d’une ischémie-reperfusion ou d’une ligature-ponction
caecale, caractérisé par une augmentation de l'expression du CDO62P et de la « procaspase
activating compound-1» (PAC-1) membranaire. Cette activation permet 'augmentation de la
communication des plaquettes avec les leucocytes, favorisant notamment la formation des NET

ainsi que la migration des neutrophiles dans la zone Iésée [235-237].

IT — Le foie

Plusieurs pathologies inflammatoires peuvent cibler le foie. Pour investiguer la part
inflammatoire de ces pathologies, plusieurs modeles animaux d’atteinte du foie ont été utilisés,
tels qu’une lésion hépatique induite par ischémie-reperfusion, par endotoxémie et par toxicité a
I'alcool, a 'acetaminophéne et a 'a-naphthyl-isothiocyanate [238], ainsi que suite a une cholestase
obstructive [239]. L’un des principaux parametres inflammatoires observé, grace a ces différents
modeles expérimentaux, lors d’une atteinte du foie est une infiltration des neutrophiles dans le
parenchyme de ce tissu [240], notamment via 'expression de Mac-1 a la surface des neutrophiles
[241]. Lors d’une lésion au niveau du foie, les cellules hépatiques peuvent sécréter un panel de
cytokines et de chimiokines formant un gradient attractif accentuant la migration des neutrophiles
dans ce tissu comme le MIP-2 [242-244], le KC [242, 244], la « cytokine-induced neutrophil
chemoattractant » (CINC) [243, 245], TENA-78 [246] et, hypothétiquement, MCP-1 —jusqu’a 'ors
décrit uniquement comme chimioattractant des monocytes— [247] et des médiateurs solubles
activateurs des neutrophiles, tels que le TNF-a [243, 244, 248, 249] et I'IL-1 [244, 249]. La
conséquence de cette activation réside en une amplification de la communication cellulaire,
notamment entre les neutrophiles et 'endothélium vasculaire. En effet, 'expression de Mac-1 est
sensiblement augmentée a la surface des neutrophiles [239, 241, 250-252], ainsi qu’ICAM-1 [250,
253-255] a la membrane des cellules endothéliales, particulie¢rement dans la zone sinusoidale du
foie. Finalement, la production des ROS par les neutrophiles ayant migré sera la résultante
caractéristique de latteinte du foie et sa dégradation, par exemple lorsquelle est induite

expérimentalement par ischémie-reperfusion [256]. Les plaquettes participent également a
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I'amélioration de linfiltration des leucocytes, et donc des neutrophiles, lors de certaines atteintes
inflammatoires du foie, mais principalement via une exacerbation de la communication avec
I'endothélium sinusoidal qui participera a une libération de facteurs attractif des leucocytes [257].
Dans un premier temps, une séquestration plaquettaire a été observée au niveau de 'endothélium
sinusoidal lors d’inductions expérimentales d’une hépatite virale [258-261]. Ces plaquettes fixées
grice a expression des intégrines GPIIb/IlIa et «VB3 va permettre la production de chimiokines
attractantes des neutrophiles, par exemple IL.-8 et MCP-1 [262]. L’inhibition plaquettaire par
I'utilisation du clopidogrel semble protéger les souris d’une atteinte inflammatoire du foie induite
par Pa-naphthyl-isothiocyanate, caractérisée notamment par la diminution de linfiltration des
neutrophiles [263]. La migration des leucocytes, dans un modele murin d’ischémie-reperfusion,
est aussi altérée lors de Iinhibition plaquettaire par l'utilisation d’anticorps anti-GPIIb/IIla, qui

est une intégrine, récepteur du fibrinogene et du vWF, et d’anticorps anti-CD62P [264].

Ces phénomenes inflammatoires touchant ces différents organes sont semblables a ceux
observés dans différents modeles expérimentaux d’ALI permettant ainsi d’émettre ’hypothese
d’un impact non exclusif aux poumons lors d'un TRALI mais probablement aussi des organes
plus profonds, particulicrement le pancréas. Suite a la transfusion des composés sanguins
pouvant induire un TRALI, nous émettons I’hypothese que les poumons seraient la principale
cible des anticorps anti-leucocytaires et BRM transfusés ainsi que des premicres cellules
circulantes activées par ces mémes réactifs. Les organes plus profonds, tels que le pancréas,
seraient donc une cible secondaire dont I'atteinte serait dépendante du pouvoir inflaimmatoire du

« second-hit » du TRALL la transfusion.
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Objectifs et problématique
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Actuellement, le TRALI est considéré comme I'une des pathologies transfusionnelles les
plus critiques, notamment en termes de mortalité. En France, les TRALI dits immunologiques,
provoqués par la présence d’anticorps anti-leucocytaires, tels que les anti-HLA de classe I et II ou
les anti-HNA, dans les PSL, sont désormais assez bien prévenus. Cela est notamment di aux
différentes prédispositions prises dans les centres de transfusion consistant en un dépistage
amélioré des anticorps anti-leucocytaires, a une régulation importante des donneurs —exclusion
des femmes ayant connues un épisode de grossesse récent et étant donc une source importante
d’anticorps anti-HLA—, aux changements des processus de préparation des différents PSL. —par
exemple le remplacement d’une partie du plasma des concentrés plaquettaires par une solution de
conservation plaquettaire additive—, etc... Cependant, la seconde catégorie, les TRALI dits non-
immunologiques, notamment induis par transfusion de médiateurs solubles pro-inflammatoires,
connaissent une croissance numérique non négligeable, malgré le changement de la politique
transfusionnelle [265]. De plus, le sous-diagnostic des TRALI non-immunologiques, souvent
considérés comme des SDRA, décroit I'occurrence de ces derniers. Mieux comprendre la
physiopathologie du TRALI, qu’il soit immunologique ou non, permettrait, a I'avenir de prévenir
entierement son développement. Ces connaissances fondamentales et mécanistiques pourraient
étre extrapolées a d’autres pathologies inflammatoires, telles que ’ALIL les SDRA, les pathologies

transfusionnelles inflammatoires, le sepsis, la pancréatite et autres.

Au cours de cette these, nous émettons ’hypothese que la fonction inflammatoire des
plaquettes sanguines des concentrés plaquettaires ou au sein de 'organisme pourrait expliquer, en
partie, le développement des TRALI non-immunologiques, en particulier suite aux transfusions
des concentrés plaquettaires, mais ¢également, partiellement, la sévérité des TRALI
immunologiques. Pour répondre a cette hypothése nous avons abordé cette problématique selon
plusieurs points de vue (figure 8) : 1) qu’elle est le réel impact inflammatoire des productions des
concentrés plaquettaires sur le devenir de lintégrité vasculaire, parameétre clé lors du
développement du TRALI ? ii) Qu’elle est la place des plaquettes sanguines de I'organisme dans
Iinduction, le maintien et/ou la régulation de I'inflammation, d’un point de vue général ? iii) et
contextualisé dans un modele murin du TRALI? iv) qu'elle est linfluence du couple
CD40/CDA40L, dont le role du sCD40L, produit majoritairement par les plaquettes, est agoniste
de la forme membranaire, sur la sévérité du TRALI induit immunologiquement dans un modéle
murin ? v) et enfin, la place de ce méme couple protéique sur latteinte multi-organes, si elle

existe, lors d’un TRALI ?
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Endocan est une glycoprotéine exprimée par 'endothélium vasculaire dont le réle est de
maintenir Pintégrité de la paroi vasculaire et en assurer son imperméabilité face aux composés
sanguins. Apres libération, endocan peut se fixer aux récepteurs leucocytaires des globules blancs
préalablement adhérés aux cellules endothéliales par le complexe LFA-1/ICAM-1, limitant ainsi leur
transmigration a travers la barricre endothéliale (Figure 9) [266]. Lors de certaines réactions
inflammatoires, cet endothélium vasculaire peut étre 1ésé et, par le relichement de ces jonctions
serrées, permettre une leucostase améliorée [59, 60]. La libération d’encodan est donc augmentée

dans le but de contrer 'atteinte de endothélium vasculaire.

Normal | Leucostasis ﬂ
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o | o] o Jti( 2]
: 1} 0 - Migration
[ / \\\.‘ [*] ©
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. Endocan production ¢ “\ /
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Figure 9 : Influence d’endocan sur la transmigration leucocytaire

Endocan est produit par les cellules endothéliales. Son role est de maintenir l'intégrité de la paroi vasculaire. Ainsi,
endocan limite l'infiltration des leucocytes dans le tissu adjacent. Son influence pent étre limitée de deuxc principales
maniéres ; soit par une production limitée de la part des cellules endothéliales, soit par l'action de la cathepsine G,

produite par les neutrophiles, capable de cliver endocan en plusienrs fragments et inhibant sa fonction premiere.

Au cours de ce travail de thése, le but était de mettre en évidence I'influence inflammatoire
des composés présents dans les milieux de conservation des concentrés plaquettaires associés au
développement de réactions transfusionnelles sur 'endothélium vasculaire et d’évaluer la libération
d’endocan depuis ce dernier. Nous avons pu observer une exacerbation de I’état inflammatoire des
cellules endothéliales caractérisé par une libération plus importante de médiateurs solubles comme
IL-6, mais également endocan, lorsque ces cellules sont stimulées avec des surnageants de CP liés a
des réactions transfusionnelles par rapport a des surnageants de CP sans lien pathologique avec le
receveur. Cette production endothéliale est corrélée avec une prolifération cellulaire réduite et une
apoptose plus accrue. Ainsi, comme pour d’autres pathologies inflammatoires, nous pourrions
envisager la mesure de la concentration plasmatique d’endocan comme un marqueur précoce de la

lésion inflammatoire de endothélium et donc de réactions transfusionnelles inflammatoires.

104



Modelling the effect of platelet concentrate supernatants on endothelial cells: focus on Endocan/ESM-

1

Sofiane Tariket"?, Caroline Sut“?, Charles-Antoine Arthaud®, Marie-Ange Eyraud’, Astrid Meneveaux’,

Sandrine Laradi?, Hind Hamzeh-Cognasse?, Olivier Garraud®*, Fabrice Cognasse™?

! Etablissement Francais du Sang Auvergne-Rhdne-Alpes, Saint-Etienne, France
2 Université de Lyon, GIMAP-EA3064, Saint Etienne, France

? Institut National de la Transfusion Sanguine (INTS), Paris, France

*Address for correspondence and reprint requests: Dr. Fabrice Cognasse, PhD, Etablissement Francais du

Sang Auvergne-Rhéne-Alpes and GIMAP-EA 3064, Université de Saint-Etienne. Etablissement Francais du

Sang Auvergne-Rhéne-Alpes, 25 Boulevard Pasteur, 42100 Saint-Etienne. Telephone: +33 (0) 683975883;
Fax: +33 (0) 477421486; E-mail: fabrice.cognasse@efs.sante.fr

Keywords: platelets; ESM-1/Endocan; inflammation; transfusion; serious adverse events
Running title: Platelets and inflammation

The authors declare that they have no conflict of interest.

Word count: 1682; Abstract: 243; References: 25; Figures: 3; Tables: 0

105



Abstract

Background:

Platelets are prone to activation and the release of Biological Response Modifiers (BRMs) under storage
conditions. The transfusion inflammatory reaction in the vascular compartment involves endothelial cell
activation due to cell-cell interactions and BRMs infused with the blood products. ESM-1/Endocan is a
proteoglycan secreted by endothelial cells under the control of proinflammatory cytokines.

Objectives:

We aimed to measure Endocan activity in supernatants of platelet components (PCs), implicated in
Serious Adverse Reactions (SARs) or not (no.AR), sampled at different stages during storage.

Materials and Methods:

Platelet function, by quantification of soluble CD62P, and their ability to produce endocan were
assessed. Functional testing of PC supernatants was performed on EA.hy926 endothelial cells in vitro by
exposing them to PC supernatants from each group (no.AR or SARs); EA.hy926 activation was evaluated
by their production of IL-6 and Endocan.

Results:

Platelet endocan secretion was not induced in response to platelet surface molecule agonists, and no
significant correlation was observed between sCD62P and endocan concentration after platelet
activation. However, we observed a significant increase in the secretion of IL-6 and endocan following
EA.hy926 activation by all PC supernatants. IL-6 and endocan secretion were significantly higher for cells
stimulated with SAR than those stimulated with no.AR PC supernatants, as well as cell apoptosis.
Conclusion:

The correlation between the secretion of endocan and that of IL-6 by endothelial cells suggests that
endocan can be used as a predictive marker of inflammation for the quality assessment of transfusion

grade platelets.
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Introduction

Endocan (also known as endothelial cell-specific molecule-1, ESM-1) is involved in the pathophysiology of
pneumonia, acute respiratory distress syndrome, cancer, cardiovascular disease, hypertension, chronic
kidney disease, and sepsis.” It is a proteoglycan involved in cell adhesion, migration, proliferation, and
neovascularization® and is released by damaged vascular endothelium in response to inflammatory
cytokines and pro-angiogenic stimuli. Endocan expression appears to be pro-inflammatory, in association
with VEGF or TNF-a.®'®"* These properties led us to explore whether there is a possible link between
endocan expression and inflammatory platelet components (PCs), as PCs are frequently associated with
inflammatory responses in patients."

Biological response modifiers (BRMs), secreted by platelets in PCs during storage, play a role in serious
adverse events (SARs) associated with transfusion. Previous reports have shown that transfusion
inflammatory reactions in the vascular compartment involves endothelial cell activation and BRMs
present in the blood products, particularly those present in platelet components.* Identification of
variations in the levels of BRM in PCs during the process of preparation and/or storage is therefore
seminal to avoid or, at least, limit occurrences of transfusion associated SARs. Investigation of
endothelial cell physiology upon exposure to various PC supernatants should aid our understanding of
the pathophysiological mechanisms of endothelial cell activation during transfusion associated SARs.
Here, we aimed to decipher the state of endothelial activation in vitro, focusing on the secretion of IL-6
and endocan upon exposure to PC supernatants sampled at various times during storage (up to five

days), that were or were not involved in transfusion-associated SARs.
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Methods

Platelet component preparation

PCs were collected from either single donor by apheresis (SDA) or from whole blood. SDA platelets were
collected on cell separators using citrate dextrose-A with Trima Accel™ (Gambro BCT, Lakewood, CO,
USA) or MCS™ (Haemonetics™, Braintree, MA, USA). All PCs were automatically resuspended in 35%
autologous donor plasma and 65% platelet additive solution (PAS-C; InterSol, Fenwal, la Chatre, France;
or SSP1TM; MacoPharma, Mouveaux, France).”* Whole blood PCs were prepared as pooled buffy coats
from five whole blood collections, using the Optipress device with top and bottom separation (Baxter
Healthcare Corporation, La Chatre, France) and platelet additive solution (i.e., PAS-C; Fenwal, La Chatre,
France; or PAS-E; MacoPharma, Mouveaux, France) with a mean range of 35% residual plasma. Pooled
PCs were leukoreduced by filtration.™ PCs were stored at 22°C + 2°C with gentle rotation and shaking on
a flat agitator (60 rpm) for a maximum of 5 days (after collection was completed) before being issued for
transfusion. PC supernatants were collected after centrifugation (1,500 rpm; 10 min) and stored as
frozen stocks in aliquots at —80°C. We collected 55% of the supernatants, tested in the present study,
from apheresis PCs and 45% from buffy coats. Transfusions were conducted as part of routine care in
nearby university clinics; clinic physicians report SARs according to French regulations and laws, ascribing
SARs to a pathological category, such as allergic transfusion reaction (ATR), febrile non-haemolytic
transfusion reaction (FNHTR), acute haemolytic transfusion reactions (AHTR), etc.'® Among the PCs
associated with SARs, 63% were associated with FNHTRs, 26% with AHTR, and 11% with ATR. Upon
occurrence of SAR, clinics agreed to provide a platelet component sample if some was leftover, as part of
a collaborative research program. For this study, PC supernatant from clinical transfusions where no
adverse reaction was experienced (No.AR), stored for the same period of time and harvested using the

same collection processor, were selected to match each reported SAR sample.

Platelet stimulation

Platelet endocan secretion was tested on Platelet-rich plasma (PRP). Peripheral blood was collected from
healthy donors in endotoxin-free 3.2% sodium citrate tubes (Vacutainer®, Becton-Dickinson, San Jose,
CA). PRP was prepared by centrifuging the blood at 1,500 rpm for 10 min at room temperature. PRP
samples were separated and then stimulated with thrombin receptor stimulating peptide (TRAP; 5
pg/ml) or collagen (20 pg/ml) (Sigma Aldrich, Saint-Louis). PRP supernatants were collected after
centrifugation (1,500 rpm; 10 min) and stored as frozen stocks in aliquots at -80°C. Platelet membrane
protein expression was analysed through flow cytometry after stimulation. Platelets were recognized

using FITC-anti-CD41 mAb and membrane CD62P expression was measured using APC-anti-CD62P mAb
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(BD Pharmingen, Franklin Lakes, USA). Soluble endocan (Lunginnov, Lille, France) and soluble CD62P
(R&D systems, Lille, France) were quantified in PRP supernatants by ELISA, according to the
manufacturer's instructions. Absorbance at 450 nm was determined with an ELISA reader (Tecan,

Mannedorf, Switzerland).

EA.hy926 endothelial cells preparation

Functional testing of cell supernatants on EA.hy926 immortalized endothelial cell lines is a commonly
used in vitro model for endothelium studies of various processes connected with its functions®’. The
human endothelial hybrid cell line EA.hy926 was obtained by fusion of primary umbilical vein endothelial
cells with the human lung carcinoma cell line A459/8 (ATCC #CRL-2922). EA.hy926 cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) High Glucose containing 10% foetal bovine serum, 1%
penicillin/streptomycin, 1% non-essential amino acids, and 0.1% ciprofloxacin (Sigma-Aldrich, Saint-
Louis) and then incubated at 37°C in a humidified atmosphere in 5% CO2 until the cell monolayer

reached confluence.

Functional testing of PC supernatants on EA.hy926 endothelial cells

The cells were exposed to PC supernatants from each group (no.AR or SARs) for 1, 6 or 24h. Neutral
medium was used as a negative control. EA.hy926-cell proliferation was evaluated under PC supernatant
stimulation, using an MTT Cell Proliferation Assay kit (ATCC, Manassas, USA). Briefly, after EA.hy926-cell
stimulation, MTT reagent was added in each well and incubated for 3 hours. Next, detergent reagent was
added in each well for 2 hours. Finally, absorbance was read at 570 nm. Evaluation of cell proliferation
was deduced from blank wells. Flow cytometry process was used to evaluate ICAM-1 expression and
death cell under PC supernatant stimulation. After stimulation, cells were incubated with FITC-anti-
CD105 mAb, PE-anti-ICAM-1 mAb and 7AAD reagent. Finally, EA.hy926-cell activation was evaluated to
test for secretion of IL-6 and endocan.”® Soluble endocan (Lunginnov, Lille, France) and IL-6 (R&D
systems, Lille, France) were quantified in EA.hy926 and PC supernatants by ELISA, according to the
manufacturer's instructions. Absorbance at 450 nm was determined with an ELISA reader (Tecan,

Mannedorf, Switzerland).

Statistical tests
Statistical analyses were performed using GraphPad Prism 5 software (Graph ad, La Jolla, USA). One way
ANOVA test and Bonferroni post-hoc test were used when Kolmogorov-Smirnov normality test passed.

Kruskal-Wallis test and the Dunn’s post-hoc test were used when Kolmogorov-Smirnov normality test
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failed. Correlations were assessed using Spearman’s test. P-values were considered to be significant

when < 0.05 for all tests: * < 0.05; ** < 0.01; *** < 0.001.
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Results

Platelet activation does not induce endocan release

We determined whether normal platelets can release endocan (and sCD62P as a control) following 30-
min of stimulation with TRAP or collagen, the canonical agonists of platelet surface molecule
engagement. TRAP or collagen platelet activation resulted in a 1.5 and 1.3-fold increase in sCD62P levels,
respectively (respectively, p < 0.001 and p < 0.05) (Fig. 1A). There was no significant endocan release
after activation of platelets by TRAP or collagen, relative to baseline levels (Fig. 1B). There was also no
significant correlation between sCD62P and endocan concentrations after platelet activation (Fig. 1C).
Thus, endocan secretion was not induced in platelets in response to agonists, suggesting that it is not

stored inside platelet granules.

Endothelial cells proliferation and activation under supernatants from PCs (no.AR or SAR)

Firstly, EA.hy926 cell proliferation was evaluated after 1, 6 and 24 hours upon PC supernatant
stimulation. From 1 hour to 24 hours, there was a moderate decrease in EA.hy926 cell viability and
proliferation though still significantly higher under no.AR PC versus SAP PC supernatant stimulation (Fig.
2A). To confirm the reduction in cell proliferation, we then evaluated cell apoptotic state, in the same
conditions. The rate of 7AAD positive cells, representing cell death, was greatly increased after 6 hours of
PC supernatant stimulation. Nevertheless, such results evoked a more significant apoptotic induction of
EA.hy926 cells at 24 hours under SAR PC supernatant stimulation than within the no.AR group (Fig. 2B).
Cell proliferation and cell death were significantly and negatively correlated for each sample (Fig. 2D).
Finally, ICAM-1 expression increases from 1 hour to 24 hours of stimulation. However, no difference was

noted between no.AR and SAR PC supernatant stimulation (Fig.2E).

Bioactivity of supernatants from PCs (no.AR or SAR) on endothelial cells and endocan release

We next assessed the bioactivity of supernatants from PCs associated, or not, with SARs using the human
endothelial hybrid cell line EA.hy926. IL-6 is a classical activation marker of endothelial cells;*® Endocan
has never been investigated as an endothelial cell activation marker nor been found to be associated
with SARs. IL-6 (Fig. 3A) and endocan (Fig. 3B) secretion were significantly higher for EA.hy926 cells
stimulated with SAR than those stimulated with the no.AR PC supernatants. This was true for cells
stimulated for 6 or 24 h for IL-6, and 24 h for endocan.” Incubation of EA.hy926 cells with PC
supernatants for 24 h induced a 1.97 and 3.24-fold increase in IL-6 levels (Fig. 3A) and an 8.6 and 10.04-
fold increase in endocan levels (Fig. 3B) for the no.AR and SAR supernatants, respectively. We, next,

investigated the bioactivity of the no.AR and SAR PC supernatants aged 0-3 [0-3[ or 3-5 [3-5] days on
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EA.hy926 cells by measuring IL-6 and endocan secretion after 6 or 24 h exposure to the supernatant. IL-6
(Fig. 3C, D) and endocan (Fig. 3E, F) secretion were significantly higher for cells stimulated with SAR than
those stimulated with the no.AR PC supernatants, regardless of the time in storage. Nevertheless, no
difference was observed depending on SAR type (supplemental data). There was a significant correlation
between IL-6 and endocan secretion after 6 (Fig. 3G) and 24 h (Fig. 3H) of EA.hy926 cell activation. This
correlation was higher after 24 h than 6 h (r = 0.3064 vs. 0.2444, respectively).
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Discussion
Several BRMs, including cytokines, chemokines, mitochondrial DNA, and soluble glycoproteins, increase

132025 However, the mechanisms by which

during the storage of PCs and are associated with SARs.
platelet transfusions induce SARs are complex and not completely understood. We used an in vitro
model of endothelial cell stimulation to evaluate the participation of endocan secretion in inflammatory
transfusion reactions. The main finding was the influence of supernatants from PCs associated with SARs
on endocan secretion. We firstly showed that SAR implicated-PCs affected more significantly the
endothelial cell proliferation and viability than the no.AR PC supernatants (Fig 2A, B, C and D).
Nevertheless, endothelial cell activation seemed to be higher after the SAR PC supernatant stimulation,
as evidenced by IL-6 enhance production (Fig. 3A, C and D); however ICAM-1 expression remain
unaffected (Fig. 2E). Endocan secretion by endothelial cells significantly correlated with stimulation.? SAR
PC supernatants induced the secretion of significantly higher levels of endocan than no.AR PC
supernatants. We also observed this difference regardless of storage time.

48926 tyrthermore, LPS

These results are in agreement with studies of various inflammatory disorders.
injection of human volunteers has been shown to increase the level of endocan after 2 hours.* Endocan
secretion has also been positively correlated with the secretion of other pro-inflammatory cytokines,
such as TNF-a and IL-1B.%® Endocan is a soluble proteoglycan that is secreted by endothelial cells in
response to proinflammatory cytokines, LPS, or angiogenic factors.’ Although the role of endocan has
not been completely elucidated, several reports have shown that an increase in the production of
proinflammatory cytokines by endothelial cells enhances microvascular permeability and modulates

5,27

leukocyte migration.”” In a mouse model, endocan drives leukocyte extravasation similar to that

observed for certain acute respiratory distress syndromes, such as TRALL.' Several studies suggest that

828,29 Supernatants from PCs

endocan levels can predict pathologies such as ARDS,** sepsis,” and cancer.
that led to SARs in patients display pro-inflammatory profiles that can promote endocan and IL-6
secretion by endothelial cells. IL-6 is a proinflammatory marker of endothelial cell activation. However,
this inflammatory change seems to be associated with a reduction in cell viability and an increase in cell
death rather than proliferation functions. This data are in keeping with findings in TRALI, i.e., an increase
vascular permeability due to inflammation driven by several mechanisms,*® of which BRMs, or bacterial
moieties, or pathogenic antibodies, or combinations of the above. The correlation between the secretion
of endocan and that of IL-6 by endothelial cells suggests that endocan can be used, along with other

inflammatory cytokines, as a marker of inflammation, in particular transfusion-associated inflammation.

It is likely that the association between endocan and SARs is mediated through endothelial dysfunction.
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Future studies are required to investigate the direct relationship between endocan and endothelial

function.
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Figure 1: sCD62P and endocan secretion following platelet stimulation

Membrane CD62P on platelet and sCD62P production in platelet-rich plasma (PRP) supernatants were
respectively determined by flow cytometry and ELISA assay (A). The quantity of endocan in PRP
supernatants was determined by ELISA assay (B). Correlation between the mean of sCD62P and endocan
secretion following stimulation was evaluated (C). Data are presented as the mean (n = 8). *p < 0.05; **p

<0.01; and ***p < 0.001 represent the difference relative to the unstimulated group.

Figure 2: Endothelial cell activation and proliferation under PC supernatant stimulation

EA.hy926 cell proliferation, using MTT Cell Proliferation Assay (A), and EA.hy926 cell apoptosis, using
7AAD DNA fluorescent intercalant (B), were evaluated. 7AAD fluorescence was presented under flow
cytometry histogram (C). Correlation between cell proliferation fold increase and 7AAD positive cells was
statistically measured for each sample (n = 237) (D). ICAM-1 expression on EA.hy926 cell membrane was
evaluated, using flow cytometry analysis (E). Data are presented as the mean. Groups were separated
into SAR (n = 19) and no.AR (n = 60). *p < 0.05; **p < 0.01; and ***p < 0.001 represent the difference

between no.AR and SAR groups.

Figure 3: Secretion of IL-6 and endocan by endothelial cells following stimulation with PC supernatants
The quantity of IL-6 (A, C and D) and endocan (B, E and F) in endothelial cell medium of culture was
determined by ELISA assay. Groups were first separated into SAR (n = 19) and no.AR (n = 57) (A and B).
Groups were then formed according to whether or not they were associates with SARs and storage time
(C, D, E and F); SARs ([0-3[, n = 5; [3-5], n = 14) or no.AR ([0-3[, n = 37; [3-5], n = 20). Correlation between
IL-6 and endocan secretion for each sample after 6 (G) or 24 h of stimulation (H) (n = 76). Data are
presented as the mean of fold increase values (A, B, C, D, E and F) and as the direct value of fold increase

(G and H). *p < 0.05; **p < 0.01 and ***p < 0.001 represent the difference relative to no.AR group.
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Supplemental table 1: Secretion of IL-6 and endocan by endothelial cells following stimulation with
SAR type-associated PC supernatants

The table represents IL-6 and endocan fold increase expression determined by ELISA assay. Groups
were split depending of SAR type, No.AR (n = 57), FNHTR (n = 12), AHTR (n = 5) and ATR (n = 2). *p <

0.05; **p < 0.01 and ***p < 0.001 represent the difference relative to the No.AR group.

IL-6 (fold increase) Endocan (fold increase)
1 hour 6 hours 24 hours 1 hour 6 hours 24 hours

(I:cr;::) 0,49 + 0,06 0,48 + 0,04 1,60+0,10 0,78+ 0,02 | 1,68 +0,05 8,46 + 0,15
FNHTR
(n=12) 0,35+0,14 | 1,59+0,24** | 3,165+0,22** | 0,88+0,04 | 2,05+0,19 9,97 + 0,23 ***
AHTR

(n=5) 0,54 + 0,41 1,44 £ 0,25 ** 3,46 + 0,65 *** 1,03+0,08 | 1,87+0,19 | 10,16 + 0,34 ***

ATR

(n=2) 1,5+0,90 1,35+0,15 3,04 +0,47 0,94 +0,08 | 2,07 +0,66 10,18 £ 0,16
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Manuscrit 11 : La déficience plaquettaire en granules-o

change la réponse inflammatoire induite par ’injection

systémique de lipopolysaccharide chez les souris

“Platelet a-granule deficiency changes the inflammatory response

induced under systemic lipopolysaccharide injection in mice”

Article soumis dans « Journal of Thrombosis and Haemostasis »
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Lors de linflammation, les plaquettes sanguines ont la capacité de produire une
multitude de médiateurs solubles dont le role peut étre pro-thrombotique, régulateur de lactivité
des cellules voisines, mais également pro-inflaimmatoire. Ces produits de sécrétion sont stockés
dans les granules plaquettaires qui existent sous 3 types, les lysosomes, les granules-6 et les
granules-a. La majorité des médiateurs solubles plaquettaires composent les granules-a [267].
Dans ce travail de thése, nous avons investigué la place des sécrétions plaquettaires dans le
maintien, 'amplification et la régulation de I'inflammation en utilisant un modéle de souris Nbea/2
déficientes. Le processus d’extravasion des granules-o repose sur une mécanistique trés complexe.
Lors de Tactivation plaquettaire, la formation de la phospholipase C induit le clivage de la
phosphatidylinositol-4,5-bisphosphate ~ (PIP,) en inositol-1,4,5-trisphosphate ~ (IP;) et
diacylglycérol (DAG), ce qui va amplifier le signal calcium (Ca™") dépendent [268]. C’est alors que
se met en place l'exocytose vésiculaire plaquettaire sous linfluence d’une mécanistique
moléculaire complexe : A I'état quiescent, la protéine Secl est complexée avec la syntaxine-4,
exprimée sur la membrane plaquettaire, inhibant ainsi Iinteraction entre les « Soluble N-
éthylmaleimide-sensitive-factor Attachment protein REceptor» (SNARE) vésiculaires et
membranaires. Sous stimulation, se met alors en place 'amarrage, premicre étape de 'exocytose.
Les vSNARE vésiculaires et les tSNARE membranaires entrent en fusion. C’est plus précisément
VAMP-8 a la surface de la vésicule qui se lie au SNAP-23 membranaire. La derniére étape, aussi
appelée la fusion, repose sur la séparation de la protéine Secl et la syntaxine-4, préalablement
complexées, qui permet alors le renforcement de linteraction entre la « vesicle-associated
membrane protein-8 » (VAMP-8) et la « synaptosomal-associated protein-23 » (SNAP-23) et ainsi
la fusion finale de la vésicule plaquettaire avec sa membrane [269]. La place du gene Nbea/2, dans
cette mécanistique, permet de faire 'intermédiaire entre le signal « ON », dépendant de PIP, et
IP;, et la fusion des vésicules a la membrane, dépendante des SNARE (Figure 10). La protéine
neurobeachin-like protein 2, ou NBEAL2, est composée d’une multitude de domaines
glycoprotéiques comme les « Beige and Cheadiak-Higashi » (BEACH) et des répétitions en [3-
transducine (WD40), qui sont des domaines de la famille des lectines, et plus précisément des
concanavaline A (ConA), dont le réle est de recruter les protéines a la membrane cellulaire, telles

que les SNARE [270].

En induisant une déficience du géne Nbea/2 chez des souris C57BLO6, nous avons pu
prévenir la fusion des granules-o avec la membrane plaquettaire et donc la libération de ses
composées granulaires. La biogencse des granules-o était également impactée. La réponse
inflammatoire, suite a une injection systémique de LPS, présentait un profil différent, lorsqu’il

était comparé a celui des souris sauvage. En effet, I'aspect anti-inflammatoire semble
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prépondérant lorsque les souris présentent des plaquettes circulantes déficientes en production

granulaire-o.

Ligand NBEAL2

5

Reécepteur

L

Phospholipase C

o —
N

PIP, IP,+ DAG

[ Biogenése et transport ]

Figure 10 : Implication de la protéine NBEAL2 dans le processus d’exocytose des
granules-a plaquettaires

Sous stimulus, apres liaison du ligand a son réceptenr plaguettaire, une cascade d'activation se met en place. La
phospholipase C permet la conversion de la PIP, en IP; et DAG, ce qui va permettre linstanration d'un signal
d’activation Ca"" dépendant. Ce processus induira la biogenése et le transport des granules-a jusqun’a la membrane
Pplaquettaire. Cette étape est alors régie par une mécanistique dépendante de la protéine NBEALZ2 dont le rile est
dattirer les  granules plaguettaires jusqu’a la membrane dépendamment des SINARE  vésiculaires et

membranaires.
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Abstract

Beyond their role in haemostasis and thrombosis, platelets are also important mediators of
inflammation by the release of hundreds of factors stored in their a-granules. Mutations in Nbeal2
cause gray platelet syndrome (GPS) characterised by the lack of platelet a-granules. This study aims
to evaluate the immunological (pro-inflammatory) effects of platelet a-granules using Nbeal2™” mice,
the mouse model of GPS. Systemic inflammation was induced by intravenous injection of
lipopolysaccharide (LPS). The lack of Nbeal2 significantly reduced the recruitment of circulating
neutrophils and monocytes. The control of inflammation, evaluated by the production of anti-
inflammatory cytokines, appeared to be greater in Nbeal2” mice compared with controls.
Conversely, the production of certain inflammatory-soluble mediators known to characterize normal
platelet secretion, such as sCD40L, was decreased under experimental inflammation in Nbeal2”
mice. These results show that a-granules play a direct role in platelet-mediated inflammation
balance, confirming the need to further investigate platelet-associated inflammatory

pathophysiology.
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Introduction

Platelets are anucleated secretory cells that circulate in blood and are mostly characterised by their
role in haemostasis and thrombosis [1]. However, platelets have also been recognised as mediators
of inflammation and immunity [2]. Platelets and their progenitors, megakaryocytes (MKs), express
surface receptors that can initiate/propagate inflammatory responses such as "Toll-like" receptor- 4
(TLR-4), TLR-2 and TLR-9 [3] and numerous cytokine and chemokine receptors that are essential in
cell migration and communication [4]. Platelets also display sialic acid-binding immunoglobulin-type

lectin (Siglec) receptors and specifically Siglec-7, which play a key role in immunity [5].

Platelets contain three main types of granules, including a-granules, 6-granules and lysosomes whose
contents are differentially released upon activation [6]. Of the three types, the a-granules are the
most abundant, containing hundreds of proteins with diverse biological roles, including inflammation
[7]. Therefore, the role of platelets in inflammation is not limited to the expression of the multiple
aforementioned receptors that primarily sense pathogens, relying also on inflammatory soluble
factors stored in the a-granules and released upon secretion [8], such as CD62P, CD40L, platelet
factor 4 (PF4), MIP-1a, RANTES and IL-1. The majority of soluble factors stored in a-granules are
proinflammatory [9], however, many studies also suggest platelets have an anti-inflammatory role.
Indeed, higher levels of tumour necrosis factor-a (TNF-a), IL-6 and interferon-y (IFN-y) have been
observed in sera and plasma in the absence of platelets [10-12]. Furthermore, platelets can regulate
the inflammatory response of blood neutrophils by influencing the expression of macrophage
receptor-1 (Mac-1) on their surface, notably through platelet integrin GPIb-IX exposure [12]. The
balance between the pro- and anti-inflammatory factors stored in the a-granules and the platelet
response through the TLR and chemokine receptors should thus determine the overall role of

platelets in inflammation.

Gray platelet syndrome (GPS) is a rare platelet bleeding disorder caused by loss of function
mutations in NBEAL2 and characterised by a low platelet count, a lack of platelet a-granules and
early myelofibrosis. Deletion of its murine ortholog, Nbeal2, recapitulates all major features of GPS.
Mouse Nbeal2” platelets have a significant decrease, or an almost complete absence, in a-granule
proteins such as PF4, vWF and P-selectin [13-15] with a potential imbalance of inflammation. In fact,
Nbeal2”” mice have increased susceptibility to bacterial and viral infection [16]. The objective was
therefore to investigate the effect of platelet a-granule content on the amplification or down-
regulation of LPS-induced systemic inflammation in Nbeal2” mice, to reveal the pro- and anti-

inflammatory balance.
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Material and methods

Mice

Adult, male, C57BL6 mice between 8 and 13 weeks old were used. For each experiment, a minimum
of 6 mice were used. The mice were randomly distributed into different groups (PBS wild type [WT]
vs. LPS WT vs. PBS Nbeal2” vs. LPS Nbeal2”). This research was performed under the Animals
(Scientific Procedures) Act 1986 Amendment Regulations 2012, following an ethical review by the

University of Cambridge Animal Welfare and Ethical Review Body (AWERB).

LPS Challenge

Mice were intravenously (i.v.) injected with LPS extracted from Escherichia coli (0111) (Sigma Aldrich,
Saint-Louis, USA) used at 10 mg/kg, or with PBS (control). Mice were monitored for 5 hours. The
surviving mice were then euthanized in a carbon dioxide chamber and blood was collected in acid

citrate-dextrose (ACD) (Sigma Aldrich, Saint-Louis, USA).

Cell Counting
Blood was collected in ACD solution. Full blood counts were measured using a “scil Vet abc”
instrument (scil Vet abc, Montpellier, France). Plasma was obtained by centrifugation and frozen at -

80°C until used.

Inflammatory Soluble Factors and Platelet Biological Response Modifiers Immunoassay

The mouse biological response modifier (BRM) magnetic 16-plex kit (IL-1B, bFGF, IL-10, IL-13, IL-6, IL-
12, IL-17, GM-CSF, IL-5, IL-1q, IFN-y, TNF-a, IL-2, IP-10, MIG and IL-4) (ThermoFisher, Waltham, USA),
magnetic 5-plex kit (KC, MCP-1, MIP-1a, RANTES and VEGF) and magnetic simplex kit (sCD40L)
(Merck Millipore, Billerica, USA) were used according to the manufacturers’ instructions. The reading

was taken through the Luminex® 200™ (Luminex, Austin, USA).

Statistical Tests

Statistical analyses were performed using GraphPad Prism 5 software (GraphPad, San Diego, USA). P-
values were calculated using a 2-tailed unpaired T test, a one-way ANOVA and a Bonferroni post-hoc
test when the Kolmogorov-Smirnov normality test was passed. P-values were calculated using a 2-
tailed Mann-Whitney test, a Kruskal-Wallis test, a one-way ANOVA and Dunn’s post-hoc test when
the Kolmogorov-Smirnov normality test failed. A p-value was considered significant when it was <

0.05 for all tests. Using *, tand #<0.05; **, " and # < 0.01; **, ™ and ** < 0.001 symbols.
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Results and Discussion

Inflammatory Cell Recruitment Changes Dependent upon NBEAL2 Protein Expression

Firstly, the circulating cell count revealed a significant 3- and 4- fold increase in the neutrophil and
monocyte counts respectively, in Nbeal2” mice compared with control mice. The effect of LPS
intravenous injection was then assessed demonstrating that LPS injection significantly increased the
number of monocytes and reduced the number of platelets and circulating lymphocytes in both WT
and Nbeal2”" mice. Reciprocally, the number of neutrophils significantly increased in WT mice after
LPS injection, but not in Nbeal2”" mice (Figure 1, A). The fold change of the cell populations before
and after LPS injection revealed a significant increase in the neutrophil and monocyte counts in
control animals compared with Nbeal2” mice (Figure 1, B). These results show that Nbeal2” mice
mobilise leukocytes (neutrophils and monocytes) less efficiently than WT mice following LPS-induced
systemic inflammation. A likely explanation for this is that Nbeal2” mice have a limited capacity for
secreting pro-inflammatory mediators capable of synergising at the systemic level. Indeed, it has
already been shown that platelets, by the release of a multitude of soluble mediators contained in

the a-granules, play an essential role in attracting and capturing leukocytes [9].

An Anti-Inflammatory Pattern is Revealed in Nbeal2”" Mice after LPS Injection

The purpose was to evaluate the influence of platelet secretion on inflammation evaluated through
cytokine/chemokine production from inflammatory cells. The concentrations of 15
cytokines/chemokines were therefore measured with pro- and anti-inflammatory function, in WT
and Nbeal2” mice challenged systematically by LPS. Under the baseline condition (i.e., PBS injection),
levels of IL-10, an anti-inflammatory BRM [17], were only higher in WT mice compared with Nbeal2”
mice. Systemic LPS injection induced a significant increase in 10 pro-inflammatory soluble factors in
both WT and Nbeal2” mice, including IL-6, IL-12, GM-CSF, IL-5, IL-1a, IFN-y, TNF-a, IL-2, IP-10 and
MIG. Only the level of IL-17 was significantly higher in Nbeal2”” mice than in control mice under LPS-
induced inflammation. With regard to anti-inflammatory BRMs (IL-10 [17], IL-13 and IL-4 [18-20]),
higher levels were only observed in Nbeal2”” mice after LPS systemic injection (Figure 2, A and Table
1), which correlated with their fold-increase (Figure 2, B). In summary, under systemic inflammatory
conditions, Nbeal2” mice show a more sustained anti-inflammatory response normally hidden or
limited in WT animals. These results could therefore support the possibility that the secretion of
platelet a-granule products can change the secretory pattern of inflammatory cells and balance pro-

and anti-inflammatory BRMs and, overall, inflammation.

Circulating Blood Cells Compensate for the Decrease in Pro-inflammatory Platelet-released factors

in Nbeal2” Mice, Except for sCD40L.
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Under systemic inflammatory conditions, several soluble pro-inflammatory factors are secreted by
platelets and other cells such as leukocytes and endothelial cells. For instance, platelets and other
blood and vascular cells secrete BRMs such as IL-1B, KC, MCP-1, MIP-1a, RANTES, VEGF and sCD40L
under physiological conditions and, to a greater degree, upon stimulation. While sustained
production of IL-1 [21], KC [22], MCP-1 [23], MIP-1a [24], RANTES [23] and VEGF [25] is a common
feature of platelets and other cells, sCD40L is mostly secreted by platelets [26]. It was therefore
investigated whether the lack of platelet secretion, particularly for these seven soluble factors, could
be compensated by other blood cells in Nbeal2”” mice. Concentrations of IL-1B, KC, MCP-1, MIP-1q,
RANTES and VEGF, measured in blood plasma, were significantly increased after stimulation induced
by LPS injection in both wild type and Nbeal2”" mice (Figure 3, A and Table 1). These results indicate
that other inflammatory blood cells have a potential compensatory capacity for secretion. However,
sCD40L followed a different pattern as observed by a 2.5-fold increase in its levels in PBS-injected
Nbeal2”” mice when compared to control animals (Figure 3, A and Table 1). This production may be
due to the excessive inflammatory activity of megakaryocytes already observed in Nbeal2” mice
(indeed this is the case for MIP-1B [13]). Moreover, a-granules are generated in megakaryocytes, but
not retained during their maturation; it can therefore be postulated that immature megakaryocytes
can secrete sCD40L contained in their a-granules [13]. Lastly, this raised concentration of sCD40L,
evidenced in non-stimulated Nbeal2” mice, is likely to partially explain the high baseline count of
circulating neutrophils and monocytes (Figure 1, A). Indeed, CD40L, and its agonist form sCD40L,
typically participate in leukocyte recruitment notably by binding leukocyte CD40 and Mac-1 receptors
[27]. Under inflammation induced through LPS intravenous injection, sCD40L levels increased in WT
mice in contrast to Nbeal2” mice (Figure 3, B), which seems to correlate with the limitation of
neutrophil and monocyte recruitment in control (as shown in Figure 1, B). The secretion of certain
platelet BRMs, such as sCD62P, vWF, PF4 and fibrinogen, is indeed reduced in Nbeal2” mice [13-15],
what may contribute to the observed increase in the anti-inflammatory profile of these mice (Figure

2, B).

In summary, platelet a-granule content is implicated in the inflammatory process [9]. In this study, a
comparable pro-inflammatory cytokine/chemokine secretion pattern was observed in Nbeal2-gene
deficiency and wild type conditions, except for sCD40L secretion. Nevertheless, the anti-
inflammatory profile was greater when mice lacked a-granules and were stimulated with intravenous
LPS. These observations are consistent with a recent study showing that the lack of NBEAL2 protein
expression in mice increases their sensitivity to bacterial infection [16]. Furthermore, this mouse
model is protected against thrombosis complication [14], and both ourselves and others have

proposed that sepsis and coagulation are linked to platelet and neutrophil inflammatory secretion
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[28]. In conclusion, this study has expanded knowledge on the fine-tuning role of anti- versus pro-
inflammatory functions of platelets via a-granule secretion deficiency, broadening our understanding
of systemic inflammation (such as can be caused by sepsis) and how the platelet functions can be

balanced, to limit both excess pro-coagulant and pro-inflammatory pathology.
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Figure 1: Blood cell parameters evaluation

Blood cell count and mean platelet volume were evaluated for each group of mice (A). The fold
increase of cell number after LPS injection, in each condition was represented (B). Data are
presented as mean (n = 6 - 9). *p < 0.05; **p < 0.01 and **p < 0.001 represent differences between
Nbeal2” groups. 'p < 0.05; ™p < 0.01 and p < 0.001 represent differences between wild type
groups. ¥p < 0.05; #p < 0.01 and ***p < 0.001 represent differences between PBS groups. *p < 0.05;

¥ < 0.01 and *¥p < 0.001 represent differences between LPS groups.
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Figure 2: Proinflammatory pattern evaluation of mouse soluble factors

The rate of soluble factors in mouse blood was measured for each group of mice. The unit is pg/ml
(A). Difference of fold increase between LPS WT and Nbeal2”" mice, according to the associated
mean of control group, for IL-10, IL-13, IL-17 and IL-4 was compared (B). Data are presented as mean
(n=6-9). *p < 0.05; *p < 0.01 and ***p < 0.001 represent differences between Nbeal2” groups. p <
0.05; 'p < 0.01 and p < 0.001 represent differences between wild type groups. *p < 0.05; **p < 0.01
and *p < 0.001 represent differences between PBS groups. *p < 0.05; *¥p < 0.01 and *¥%p < 0.001

represent differences between LPS groups.
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Figure 3: Platelet soluble factors assay

The rate of 6 soluble factors secreted notably from platelet in mouse blood was measured for each
group of mice. The unit is pg/ml (A). Difference of fold increase between LPS WT and Nbeal2” mice,
according to the associated mean of control group, for sCD40L was compared (B). Data are presented
as mean (n = 6 - 8). *p < 0.05; **p < 0.01 and ***p < 0.001 represent differences between Nbeal2”
groups. 'p < 0.05; p < 0.01 and ™p < 0.001 represent differences between wild type groups. *p <
0.05; #p < 0.01 and **#p < 0.001 represent differences between PBS groups. *p < 0.05; %*p < 0.01 and

%¥p < 0.001 represent differences between LPS groups.
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Table 1: Values representation of the soluble factors evaluations

Values quantification of each soluble factor in plasma was determined through multiplex assay for

each group of mice. The unit is pg/ml. Data are presented as mean = SEM (n =6 — 9). *p < 0.05; **p <

0.01 and ***p < 0.001 represent differences between Nbeal2” groups. 'p < 0.05; ™p < 0.01 and p <

0.001 represent differences between wild type groups. *p < 0.05; **p < 0.01 and *#p < 0.001

represent differences between PBS groups. No difference was observed between LPS groups.

PBS WT PBS Nbeal2”" LPS WT LPS Nbeal2”" p-value
symbol

bFGF | 14429+55.04 | 90.61+19.93 104.67 +19.75 164.71 £ 66.61
IL-16 64.86+17.30 62.05+17.42 290.35 + 40.82 293.78 £ 64.20 o
IL-10 | 351.20%185.54 | 65.74+24.46 431.90 + 142.41 490.79 + 293.82 .
IL-13 61.89 £ 18.39 45.81+13.68 85.07 £ 23.62 91.93 + 20.80 *
IL-6 57.50 £ 20.57 62.66+57.32 | 41752.00%15259.62 | 41295.70 + 19058.35 T
IL-12 63.19 £ 8.98 73.74£23.88 742.91 + 266.31 746.19 + 437.51 u
IL-17 2.62+1.65 1.45 +1.10 17.26 £12.22 24.39+17.05 *
GM-CSF | 12.23:5.47 4.90+0.31 81.25+18.74 74.17 +18.57 +
IL-5 59.02 + 36.87 12.82 £3.37 417.85+71.15 271.65 + 77.84 ;
IL-1a 1.67 £ 0.38 1.40 £ 0.23 20.60 + 14.60 19.28 £9.30 T
IFN-y 52.46 £ 28.58 22.92+18.98 866.40 + 496.46 761.59 £ 511.26 N
TNF-a 15.80 £9.77 7.5145.66 410.75 + 63.25 403.07 £ 162.51 *I*
IL-2 11.33+2.81 7.06 + 1.86 35.04 £5.67 33.40 £ 4.27 ot
IP-10 39.43+13.98 36.14 £ 6.25 8911.97 + 2241.85 9673.37 + 4528.40 o
MIG 1571743059 | 123.60+38.18 | 101899.66 +32534.36 | 100400.95+35539.99 | s
IL-4 51.55+21.95 20.21+4.36 75.91+11.47 91.32 £29.51 *ax
KC 140.09+78.44 | 292.41+230.32 | 12455.28+418.95 13141.09 £ 2113.74 :
MCP-1 | 3839:11.31 70.24 + 35.87 13718.63  2553.77 18277.49 + 3738.30 N
MIP-1a | 59.62+38.13 36.32£4.31 1279.17 + 745.14 1154.02 + 500.22 N
RANTES | 23.426.19 52.85 £ 25.47 6961.41 + 4197.66 9727.42 +5734.19 M
VEGF 3.60£0.77 3.3840.73 10.90 + 3.90 10.36 £ 2.93 :
sCD40L | 138.27+38.84 | 331.12 +108.81 322,14 + 88,72 293.33 £ 74.19 i
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Manuscrit III : Les plaquettes régulent la sévérité de PALI

induit expérimentalement par injection de LPS et d’anti-

CMH 1

“Platelets Iimit the severity of an experimental ALI induced by

injection of LPS and anti-MHC I”

Etude en cours
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Comme vue en introduction, le role des plaquettes dans le TRALI est tres débattu. Le
but de ce travail de thése est d’apporter plus d’informations aux détours de plusieurs
manipulations, z wvivo et in wvitro, sur la réelle place de la plaquette sanguine dans la
physiopathologie du TRALI. Pour tenter de répondre a cette question, nous avons utilisé un
modele murin de ’ALI induit par injection successive de LPS et d’anticorps anti-CMH 1. Le LPS
a pour role de mimer Iétape du « priming », généralement induit par le passé pathologique du
patient développant un TRALI et les anticorps anti-CMH I ont pour but d’activer les cellules
inflammatoires préalablement stimulées avec linjection du LPS [104]. Différentes drogues
antiplaquettaires ont alors été utilisées, telles que des anticorps anti-GPIbax ou du MIL354
(inhibiteur du récepteur PAR-4 plaquettaire). Des stimulations, iz vitro, ont permis d’évaluer la

réponse plaquettaire sous I'influence des différents stimuli utilisés dans le modele 77 vivo.

Les résultats présentés ci-dessous ne sont que préliminaires et nécessitent donc des
analyses plus approfondies, avant publication. Cependant, un début de réponse peut étre envisagé
grace aux premicres expériences. En effet, on remarque que linhibition ou la déplétion
plaquettaire ne prévient pas efficacement le développement du TRALI induit expérimentalement,
mais la sévérité de cette pathologie est significativement réduite. Suite a ces résultats, nous
envisageons d’investiguer, expérimentalement, le role des plaquettes produites directement dans
I'interstitium pulmonaire sur la pathogénie du TRALI, cellules qui ne sont pas déplétées lors de
I'induction expérimentale de la thrombopénie [271]. De plus, on observe une activation des
plaquettes sanguines suite a une stimulation, 2z vifro, combinée avec du LPS et des anticorps anti-
CMH I. Dans le but de compléter cette étude, nous prévoyons d’analyser, le plus précisément
possible, la cascade d’activation plaquettaire, si 