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Abstract Ulcerative colitis (UC) and Crohn’s disease (CD)
are chronic and multifactorial diseases that affect the intes-
tinal tract, both characterized by recurrent inflammation of
the intestinal mucosa, resulting in abdominal pain, diarrhea,
vomiting and, rectal bleeding. Inflammatory bowel diseases
(IBD) regroup these two disorders. The exact pathological
mechanism of IBD remains ambiguous and poorly known.
In genetically predisposed patients, defects in intestinal
mucosal barrier are due to an uncontrolled inflammatory
response to normal flora. In addition to the genetic predis-
position, these defects could be triggered by environmental
factors or by a specific lifestyle which is widely accepted as
etiological hypothesis. The involvement of the CD40/CD40L
platelet complex in the development of IBD has been over-
whelmingly demonstrated. CD40L is climacteric in cell sig-
nalling in innate and adaptive immunity, the CD40L expres-
sion on the platelet cell surface gives them an immunological
competence. The IL-1, a major inflammation mediator could
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be involved in different ways in the development of IBD.
Here, we provide a comprehensive review regarding the
role of platelet CD40/CD40L in the pathophysiological
effect of IL-1 in the development of Crohn’s disease (CD).
This review could potentially help future approaches aim-
ing to target these two pathways for therapeutic purposes
and elucidate the immunological mechanisms driving gut
inflammation.

Keywords Crohn’s disease - IBD - CD40/CD40L axis -
IL-1 - Inflammation - Autoimmunity

Crohn’s disease: IBD model and generalities

Crohn’s disease (CD) is an inflammatory, chronic, and mul-
tifactorial disease that affects the digestive system, mainly
characterized by recurrent inflammation of the intestinal
mucosa causing the loss of physiological functions of the
intestine (Voudoukis et al. 2014). Crohn’s disease manifests
an alternation between acute episodes of abdominal pain,
diarrhea and rectal bleeding interspersed with periods of
remission with variable durations depending on the clinical
state of the patient. In this review we will focus on Crohn’s
disease (CD) as a model of IBD. The cause of this pathol-
ogy is still poorly known, the studies explain the appearance
of this pathological phenotype by the interaction of multi-
ple parameters: The genetic predisposition, the disruption
of intestinal flora, immune dysfunction, and environmental
promotion (Senhaji et al. 2015). Researchers have classified
the various phenotypes of CD, clinically, molecularly, and
serologically in order to facilitate diagnosis of the disease
and especially to target the choice of treatment for each dis-
ease subtype (Cotton 1971). This, is illustrated through the
Vienna classification which was established in 1998, and
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relies on three important parameters: age of onset, location
and behavior of the disease. This classification was reviewed
during the world gastroenterology congress held at Montreal
in 2005 (Cotton 1971; Gasche et al. 2000; Silverberg et al.
2005).

The genetic contribution was clearly demonstrated
(Rachakonda et al. 2018; Ogrinc Wagner et al. 2019). The
GWAS (Genome Wide Association Studies) established the
association of 163 loci (with more than 300 genes) suscep-
tibility to IBD (Jostins et al. 2012). More recently, a first
cross-ethnic GWAS identified 38 new loci associated with
IBD, increasing the number of loci at risk to 200 loci (Liu
et al. 2015).

CARDI5 (Caspase recruitment domain-containing pro-
tein 15) or NOD?2 was the first gene associated with IBD
(Gaya et al. 2006). The latter is located on chromosome
16 and allows (with NODI) recognition and destruction of
intracellular bacteria (Philpott et al. 2014), thus promot-
ing the immune response of the body by activation of the
NF-xB pathway and the overexpression of multiple pro-
inflammatory molecules (Lappas 2013; Dos Santos et al.
2017). Mutations of NOD2 have been associated with CD
(Girardin et al. 2003; Schaefer et al. 2017), but are not suf-
ficient and do not automatically induce the sick phenotype.
Studies have shown that patients with CD have an activation
of the Thl, Th17 cytokines such as IL-12, IL-17, IL-23,
IL-27 and INF-y, and also a very important cellular infil-
tration such as macrophages, B and T lymphocytes (Cho
2008; Cosnes et al. 2011). A recent study demonstrated that
macrophages from CD40L-deficient patients lack fungicidal
activity with decreased oxidative burst in vitro. Addition-
ally, macrophages have reduced cytokine production, which
could be reversed with addition of exogenous recombinant
INF-gamma. Transcriptome analysis revealed differential
regulation of genes in macrophages from CD40L-deficient
patients, with 48 downregulated and 61 upregulated genes
versus macrophages from healthy volunteers (Cabral-
Marques et al. 2017). The defect of the intestinal immune
system induces an imbalance in the physiological functions
of the intestine or their loss (Senhaji et al. 2015).

In IBD, there is an increased risk of thromboembolic
events due to inflammation, nutritional deficiencies, hos-
pitalizations, surgery and inherited prothrombotic factors
(Magro et al. 2014). Based on previous studies that have
clearly demonstrated the involvement of platelet CD40/
CDA40L complex in inflammatory mechanisms, and that
have identified IL-1 as a biomarker—among others—for
the detection of intestinal inflammation (Senhaji et al. 2015;
Kim et al. 2017), we provide a short review over these obser-
vations. The present review summarizes the pathological
role of IL-1 in the development of Crohn’s disease and then
focus on the contribution of CD40/CD40L complex in this
inflammatory disease.
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Interleukin 1: pro-inflammatory cytokine
prototype

Interleukin 1 (IL-1) is a soluble regulatory factor of the
immune system considered as the prototype of pro-inflam-
matory cytokines (Dinarello 1997). In 1972 Horton et al.
discovered this low molecular weight (17 kD) cytokine
by dint of its proliferative action on murine thymocytes
as well as its stimulation of bone reabsorption in vitro,
hence its former name: Osteoclast-activating-factor (OAF)
(Jandinski 1988). Later in 1984, the cloning of the IL-
1 gene allowed the assignment of several functions to
this cytokine and the identification of the IL-1 receptor
‘natural antagonist’ (IL-1Ra) which inhibits the activity
of both active forms IL-1a and IL-1f (Dinarello 1997).
Eleven members of the (IL-1) family have been identi-
fied, there are 7 agonist molecules (IL-1a, IL-1f, IL-18,
IL-33, IL-36a, f and y), and three receptor antagonists
(IL-1Ra, IL-36Ra and IL-38) (Garlanda et al. 2013). The
most studied are: IL-1a, IL-1p, IL-1ra and IL-18 and are
secreted mainly by monocytes, macrophages and dendritic
cells (Garlanda et al. 2013; Corrigendum 2015), in addi-
tion to platelets, fibroblasts, and epithelial cells (Dinarello
et al. 2012; Garlanda et al. 2013; Zaid et al. 2020). Several
mechanisms of secretion of the IL-1 by macrophages have
been described (Hu et al. 1988; Monteleone et al. 2015).
For instance, IL-1§ is produced as an inactive 13 kD pre-
cursor within the cytosol where it undergoes cleavage in
position Aspl16 by IL-1beta conversion enzyme (ICE)
recently called cysteine protease or caspase-1 (Delaleu and
Bickel 2004; Dinarello et al. 2012). The IL-1p activation
requires prior activation by the inflammasome following
stimulation of the immune system by infections (Garlanda
et al. 2013).

A number of studies providing data on the effect of IL-1f
deficiency on the development of IBD have focused on the
relation of the NLRP3 inflammasome to intestinal inflam-
mation. or the effect of IL-1p deletion or inactivation on
the development of intestinal inflammation. One of the first
studies exploring the role of NLRP3 in intestinal inflamma-
tion were those of Bauer et al. who found that mice lacking
NLRP3 (and thus exhibiting decreased IL-1p secretion) were
characterized by decreased DSS-colitis and TNBS-colitis
compared to control mice (Bauer et al. 2010, 2012).

In addition, it has been shown that DSS-colitis was more
severe in the absence of inflammasome function and IL-1§
production (Hirota et al. 2011). In this study, NLRP3 defi-
ciency was associated with reduced levels of regulatory
cytokines, IL-10 and TGF-f in contrast to the study of Bauer
et al. described above in which NLRP3 deficiency was asso-
ciated with reduced inflammation and increase numbers of
tolerogenic dendritic cells (Bauer et al. 2010; Mao et al.
2018).
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The pro-inflammatory cytokines /L-I/a and IL-1f have
similar structures, and are encoded by distinct genes located
on chromosome 2. They bind to the same receptors (Sims
and Smith 2010; Garlanda et al. 2013), inducing the acti-
vation of different signaling pathways such as JNK, p38-
MAPK and NF-xB as the major activated pathway (Din-
arello 2011; Garlanda et al. 2013). The activation of these
signaling pathways, mainly generates induction and regu-
lation of several genes involved in inflammatory response
by increasing the expression of adhesion molecules, thus,
IL-1 is involved in the development of inflammatory dis-
eases including CD (Dinarello 2011), and considered to
be a major mediator of inflammation (Gabay et al. 2010).
The IL-1 pathophysiological mechanism will be detailed
in the fourth chapter of this review. In addition to its pro-
inflammatory role, studies have associated IL-1 with other
biological processes such as embryonic development, bone
reabsorption, angiogenesis in colon cancer cells, as well as
its association with several pathologies, mainly of inflamma-
tory nature (Dinarello 1997, 2004; Delaleu and Bickel 2004;
Dinarello et al. 2012).

Platelet CD40/CD40L complex association

Impaired platelet activation may cause persistent mucosal
inflammation through P-selectin, CD40-CD40L and other
systems influencing granulocytes, macrophages or endothe-
lial cells (Chen et al. 2015). Due to its involvement in vari-
ous physiological and pathological processes, its easy detec-
tion in plasma, and its abundance and variable expression,
the platelet CD40/CD40L complex association has been of
particular interest (Callard et al. 1993; Grewal and Flavell
1998; Lee and Koretzky 1998; van Kooten and Banchereau
2000; Urbich et al. 2002; Stokes et al. 2009; Elgueta et al.
2009; Lievens et al. 2009; Zhang et al. 2013).

Recently, the studies have multiplied to understand the
type of interaction with its CD40 membrane receptor and
the different consequences of this interaction. In this work,
we highlighted the effect of this interaction in the onset and
evolution of CD, we also present the therapeutic possibili-
ties that target this point of cellular communication (CD40/
CD40L).

Formerly called CD154, gp39, TBAM or TRAP, CD40L
is an immunomodulatory 33 kDa type II transmembrane gly-
coprotein, member of the tumor necrosis factor superfamily
(TNF). Its coding gene (CD40G) is located on the long arm
of the chromosome X in position q26.3-q27.1 (van Kooten
and Banchereau 2000; Alaaeddine et al. 2012). CD40G
transcript consists of 261 amino acids: 22 of which form
the cytoplasmic component, 24 are transmembrane amino
acids, while the extracellular fraction consists of 215 amino
acids (van Kooten and Banchereau 2000; Schonbeck et al.

2000). Ion exchange between the ligand basic chain loaded
residues and the receptor acid chains stabilizes the CD40/
CDA40L interaction (An et al. 2011).

It has been shown that CD40L binds to oy, and stabi-
lizes arterial thrombi in mice (Andre et al. 2002). Addition-
ally, other studies have shown that CD40L can induce plate-
let activation and secretion of reactive oxygen species and
the chemokine RANTES through binding to CD40 (Inwald
et al. 2003; Danese et al. 2004; Chakrabarti et al. 2005; Bou
Khzam et al. 2013b). The CD40L can also stimulate the
pro-angiogenic function of peripheral blood angiogenic
outgrowth cells via increased release of matrix metallopro-
teinase-9 (Bou Khzam et al. 2013a). Another study investi-
gating the role of CD40L in platelets revealed that sCD40L
primes and enhances agonist-induced activation and aggre-
gation of human platelets, through a CD40-mediated tumor
necrosis factor receptor—associated factor (TRAF)-2/Racl/
p38 mitogen-activated protein kinase (MAPK)—dependent
pathway, which ultimately leads to platelet shape change
and actin polymerization (Yacoub et al. 2010). The authors
of the same study showed that enhanced levels of sSCD40L
exacerbate thrombus formation and leukocyte infiltration in
response to vascular injury, in a CD40-dependent manner
(Yacoub et al. 2010). Recently, Kojok et al. have shown that
CD40L primes platelets via signaling pathways involving
CD40/transforming growth factor-p-activated kinase 1/NF-
kB, which predisposes platelets to enhanced activation and
aggregation in response to thrombotic stimuli (Kojok et al.
2018).

The cellular expression of CD40L is variable depending
on the cell type and condition, while being highly expressed
on the surface of T-cells and activated platelets, CD40L is
moderately expressed on B-cells and dendritic cells, weakly
expressed on the membranes of inactive macrophages, neu-
trophils and endothelial cells, and most likely to be silenced
or undetectable in and inactivated platelets (Hibi and Ogata
2006; Lievens et al. 2009). Significant variability in the
clinical evolution and phenotype of CD40L deficiency was
also shown in a case study (Gunaydin et al. 2014). Similarly
to its ligand, the CD40 receptor is a membrane glycoprotein
(48 kDa) of type I, belonging to the TNFR receptor super-
family (Locksley et al. 2001). The encoding gene is located
at the long arm of chromosome 20 in position 2q12-q13.2
(Lafage-Pochitaloff et al. 1994). The CD40 phosphoprotein
counts 277 amino acids with a well-defined conformation
playing an important role in the fixation of CD40L (Braesch-
Andersen et al. 1989; Naismith and Sprang 1998; Singh
et al. 1998). CD40 consists of an extracellular domain of 22
cysteine residues, a signal peptide, two potential N-linked
glycosylation sites, and cytoplasmic fraction with a central
region, which allows its membrane anchorage (Braesch-
Andersen et al. 1989; Naismith and Sprang 1998; Singh
et al. 1998). The results of this study showed that vitamin D
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administration in mild-to-moderate UC patients led to the
downregulation of the CD40L gene (Sharifi et al. 2020). The
activation of CD40L after binding to its receptor may induce
its cleavage at methionine 113 of the extracellular domain
(Zirlik et al. 2007) and release of another form of CD40L:
soluble CD40L (sCD40L) (Zirlik et al. 2007; Zhang et al.
2013). It is a truncated protein of 240 amino acids with two
possible isoforms (Aloui et al. 2014) whose functionality is
still unknown (Naismith and Sprang 1998). sCD40L has a
cytokine activity and binds to CD40 in trimeric form thus
inducing biological responses (Anand et al. 2003; Zhang
et al. 2013). It should be taking in consideration that the
soluble form of CD40L in blood is mainly produced by
activated platelets and in turn activates its producer cells
(activated platelets), across an auto-amplification platelet
activation loop (Aloui et al. 2014).

The involvement of sSCD40L in pathology has been well
documented (Fanslow et al. 1994; Aloui et al. 2014), it has
been extensively studied in inflammatory and autoimmune
responses (van Kooten and Banchereau 2000; Dejica and
Manea 2006; Antoniades et al. 2009; Alaaeddine et al.
2012). In addition to a pivotal role in humoral immunity,
the importance of this pathway is evident in cell-mediated
immunity with several molecules in the clinic aimed at
modulating this pathway (Karnell et al. 2019). Both forms
(membrane and soluble) bind to several receptors other than
the CD40 such as the integrins allbf3, aMf2, and a5p1
(Andre et al. 2002; Zirlik et al. 2007).

The platelet’s CD40L expression was demonstrated
for the first time in 1998 (Elgueta et al. 2009), which
impressed immunologists, ever since CD40L was known to
be expressed only in immunoregulatory cells. The platelets
were considered as cells responsible for coagulation and
maintenance of hemostasis without any immune role (Del-
mas et al. 2005; Aloui et al. 2014). On the other hand, the
platelet count could be used as a predictor of relapse in UC
patients while increased activation status of platelets occur
in the pathogenesis of several immune mediated inflamma-
tory diseases (Pankratz et al. 2016; Nakarai et al. 2018).
Patients with IBD show enhanced in vivo thromboxane-
dependent platelet activation and lipid peroxidation (Di
Sabatino et al. 2016). Several studies have been devoted to
understanding this unexpected platelet expression, which
identified the presence of CD40L in the alpha granules of
platelets (Charafeddine et al. 2012). However, the biosyn-
thesis mechanisms were problematic, because platelets are
anucleate cells and do not express CD40L mRNAs in their
cytoplasm (Gnatenko et al. 2003; Nagalla et al. 2011; Row-
ley et al. 2011; Simon et al. 2014). The later eliminates the
hypothesis of immunologists who suggested that platelet
CDA40L production is most likely due to a retrotranscription
mechanism as is the case for other platelet cytokines (pro-
duction in novo by activated platelets) (Denis et al. 2005;
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Nurden et al. 2008; Garraud et al. 2011; Ple et al. 2012).
platelet CD40L was finally considered a preformed protein
prior to platelet fragmentation, synthesized by megakaryo-
cytes and stored in platelet alpha granules (Rendu and Bro-
hard-Bohn 2001; Flaumenhaft 2003; Blair and Flaumenhaft
2009). Besides, a study had reported the presence of elevated
levels of sSCD40L in the circulation of CD and UC patients,
and had demonstrated that sSCD40L originates primarily
from platelets likely activated in the IBD microvascular
bed (Danese et al. 2003). Furthermore, serum sCD40 could
potentially be investigated as a marker in UC (Lampinen
et al. 2019). The importance of these observations resides
with the potent and far reaching biological activities trig-
gered by activation of the CD40 pathway in a wide panel
of immune and non-immune cells types (van Kooten and
Banchereau 2000).

In response to a given external stimulus, platelets get
activated by well-studied mechanisms, they then release the
granule content (platelet degranulation) and secrete alpha
granules in soluble form or export them to the membrane in
fixed form which leads to expression of platelet CD40L by
fusion of these alpha granules (containing CD40L) to the
membrane (Aloui et al. 2014). Finally when disabled, the
platelets will no longer display this ligand; then the CD40L
will be cleaved and released in its soluble form in the blood
(Leroyer et al. 2008), making the platelets the major source
of plasma sCD40L. The identification of the platelet’s
CDA40L has contributed significantly to the understanding
of platelet biology, first from a hematological aspect espe-
cially through their role in platelet thrombus stabilisation.
The progress in the immunological understanding of CD40L
has attributed immunological competence to platelets, these
cells intervene in the induction of an inflammatory reac-
tion by their interaction with cells expressing CD40 on
their surface (Alaaeddine et al. 2012), making a strong link
between platelets and other cells of the immune system. This
cellular interaction promotes the maturation of dendritic
cells known as the main antigen presenting cell (APC) and
contributes to isotopic switching, LB maturation and anti-
body production (Henn et al. 2001; Elzey et al. 2003, 2005;
Cognasse et al. 2007), other studies (in vivo and in vitro)
have shown the orientation of the immune system towards
a CD8 response in several models following the interaction
of platelets with immunoreactive cells (Henn et al. 2001;
Elzey et al. 2003, 2005; Cognasse et al. 2007). In addition,
the CD40L/CD40 interaction induces the expression of sev-
eral pro-inflammatory and pro-thrombotic genes (IL-1, IL-6,
MCP-1,IL-8, IL-12, INF y, TNFa) (Zhang et al. 2013). All
these data support the idea that platelets intervene strongly
during immune responses because of the CD40/CD40L axis
in physiological state but also in pathophysiology. Platelets
are considered critical factors in the pathological behavior of
liver inflammation, and considered as risk factors for venous
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thrombosis (Chauhan and Adams 2017). The association of
their sCD40L product with pathological condition during
Behcet’s disease has recently been demonstrated (Perazzio
et al. 2017) as well as in transfusion risks (Aloui et al. 2014).
Several studies have associated these cells with inflamma-
tory and autoimmune states, CD has been chosen in this
review to explain the involvement of platelets in inflamma-
tion and autoimmunity through the CD40/CD40L axis.

Pathophysiological mechanism of Crohn’s disease:
intervention of the two major elements (platelet
CD40/CD40L and IL-18)

In 1968, Morowitz et al. evaluated the concentration of circu-
lating thrombocytes in active phase IBD patients (Morowitz
et al. 1968), they found that the concentration of these cells
was higher when compared to healthy subjects. Although
findings raise the possibility of using antiplatelet therapy
in humans with ulcerative colitis (Petrovic et al. 2020) sup-
porting other results considering platelet-activating receptor
(PAFR) as an important regulator of liver inflammation dur-
ing colitis (Liu et al. 2020). Other authors consider PAFR is
a microbial sensor regulating local inflammasome responses
(Liu et al. 2019). Therefore, the thrombocytosis at inflam-
matory sites coupled along with significant recruitment of
macrophages, monocytes, and infiltration of other immune
cells was described for the first time (Voudoukis et al. 2014).
The question about the platelet’s contribution to the ampli-
fication of the inflammatory and autoimmune conditions
observed in patients with CD will be meticulously detailed
in this chapter.

During inflammation, the over expression of the CD40L
molecule on the platelet surface is detectable by flow
cytometry (Delmas et al. 2005), while it remains weak in
platelets at rest (1-5 ng of CD40L in 108 activated plate-
lets, about 600 to 1000 molecules of CD40L per acti-
vated platelet) (Delmas et al. 2005). The ligand (CD40L)
is therefore released only by activated platelets in patients
with Crohn’s disease (Ripoche 2011; Vatn and Sandvik
2015). Plasma levels of sCD40L were also reported to be
significantly increased in CD patients when compared to
normal controls (Ludwiczek et al. 2003). It is now estab-
lished that this pro-inflammatory signaling molecule is
largely expressed and excreted by activated platelets during
inflammation, especially in the case of IBD. The platelet
activation is rapidly induced by contact with an injured vas-
cular wall, thrombocytes then change their shape, develop
receptors for different cytokines (Gachet 2013; Tekelioglu
et al. 2014), degranulate and release their rich content in
cytokines, growth factors, coagulation factors, and biologi-
cally active molecules inducing hemostasis and enhancing
inflammation at the site of the endothelial lesion (Gachet

2013; Voudoukis et al. 2014; Saluk et al. 2014). Although
a recent study reported that the serum levels of sSCD40L
should not be considered as clinical markers of IBD activ-
ity (Cibor et al. 2020), other studies have suggested that
they could be considered as potential indicators of several
IBD-related conditions (Danese et al. 2004; Koutroubakis
et al. 2004). Moreover, both CD40L and CD40 have been
reported to be increased in both the circulation and the gut
mucosa (Karnell et al. 2019). Furthermore, in the inflamed
bowel, CDA40 is strongly over expressed in both endothelial
and mesenchymal cells within the mucosa and submucosa.
It has been demonstrated that knocking out CD40 attenu-
ates the effects of microcystin-leucine arginine in mice with
pre-existing colitis by decreasing the severity of weight
loss, allowing a full recovery in bloody stools, preventing
the exacerbation of colonic shortening, colonic ulceration,
and preventing the upregulation of the pro-inflammatory and
pro-fibrotic cytokines IL-18, MCP-1, and PAI-1 (Su et al.
2020). In addition, CD40 expression has been shown to be
associated with UC clinical activity (Kaminska et al. 2015;
Li et al. 2015; Karnell et al. 2019). According to Tekelioglu
et al., the strong expression of P-selectin (CD62P) could be
an important criterion for CD onset trough thrombocytes by
stimulating the secretion of various inflammatory substances
including Thromboglobulin, Fibrinogen, Platelet Factor 4,
IL-1f, and CD40L (Tekelioglu et al. 2014). Studies have
shown that all the analyzed endothelial cells significantly
expressed CD40 on their surface following various inflam-
matory signals, including TNF alpha, INF gamma, and IL-1
(Delmas et al. 2005). Furthermore, constitutive activation of
CD40 in DCs results in inflammation of the gastrointestinal
tract, thereby impairing lipid uptake, which consequently
results in attenuated atherosclerosis (Kusters et al. 2017).
Figure 1 shows some platelet modifications after their
activation. The sudden increase in the expression level of
CDA40 or its ligand CD154 in the intestinal mucosa (Liu
et al. 1999; Polese et al. 2002) induces abnormal signaling
that contributes to the initiation of the autoimmune and
inflammatory condition in patients with CD (Yacoub et al.
2010). Activated platelet’s CD40L interacts with its recep-
tor on the surface of endothelial cells (Henn et al. 1998;
Senhaji et al. 2015). This platelet-endothelial cell interac-
tion results in increased expression of different adhesion
molecules: ICAM-1, VCAM-1, E-selectins, P-selectins
and stimulates the secretion of pro-inflammatory cytokines
IL-1, IL-6, IL -8, and MCP -1 (Bavendiek et al. 2002;
Rizvi et al. 2008; Voudoukis et al. 2014; Saluk et al. 2014),
which promotes the increased recruitment of monocytes,
cytotoxic T lymphocytes, NK, and other immune cells at
inflammatory sites. There are also results that support a
possibility that IL-35 could be used to suppress active CD
in a clinical setting (Zhao et al. 2020). In the presence of a
favorable cytokine environment, recruited T lymphocytes
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Fig. 1 Schematic representa-
tion of a wafer at rest (A) and an
activated platelet (B) showing
two biological phenomena
triggered by platelet activation
(a/b) and the platelet activation
loop induced by the CD40 axis/
CD40L (1,2,3) a: Membrane
expression of CD40L at an
activated platelet. a Membrane
externalization of CD40L dur-
ing platelet activation and exo-
cytosis of the granular content
stored at rest in a granules (1).
The platelets also release a solu-
ble form of CD40L by cleaving
mCD40L at the end of platelet
activation (2) capable of bind-
ing to the CD40 receptor and
initiating the series of looped
biological responses (3). The
sCD40L can also be fixed on
other receivers (aiibpf3 among
others) b synthesis of active
IL-1p by an activated platelet.
From an inactive precursor
located in the cytoplasm, the
active platelet synthesizes active
IL-1p using caspase 1. IL-1p
secreted activates the looped
platelet

differentiate into Th17 and exert their abrasion effect by
releasing IL-17 in the inflammatory site (Bavendiek et al.
2002; Hibi and Ogata 2006; Rizvi et al. 2008; Saluk et al.
2014). Earlier this year, the modulation of T cell signal-
ing pathway by the SAA was suggested to be an attractive
target for anti-inflammatory therapies (Lee et al. 2020).
On the other hand, a cohort study by Britton et al. on
30 human microbiotas from healthy donors and patients
with IBD highlighted the impact on intestinal Th17 and
ROR¢yt+regulatory T cell compartments as a unifying
feature of IBD microbiotas, suggesting a general mecha-
nism for microbial contribution to IBD pathogenesis (Brit-
ton et al. 2019). The Thl type response in these patients
leads to an intestinal mucosa tissue rupture (Yacoub et al.
2010; Senhaji et al. 2015), in addition to an increased NK
activation in the inflamed mucosa (Hibi and Ogata 2006).
All these observations explain the role of the platelet axis
CD40/CD40L and its amplification by platelet IL-p in the
inflammatory and autoimmunity responses.

Figure 2 illustrates the interaction between the CD40/
CD40L platelet axis and platelet IL-1f in the develop-
ment of Crohn’s disease. In a clinical study, most patients
with CD responded positively to treatment with a specific
CDA40L antagonist (ch5D12), while the remaining patients
entered remission phase (Kasran et al. 2005).
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Therapeutic targets: new data

The multifactorial pathology of CD requires a deep under-
standing of its immunopathogenesis in the development of
new therapies development of new therapies requires a good
understanding of the CD (Shih and Targan 2008; Zhang and
Li 2014; Senhaji et al. 2015). Researchers are increasingly
interested in the study of the components involved in this
disease (Torres and Rios 2008; Fava and Danese 2011;
Zhang and Li 2014) to expand the therapeutic repertoire
and develop effective and beneficial treatment strategies
(Torres and Rios 2008; Kurti et al. 2018; Katsanos et al.
2018; Louis 2018). The increased inflammation and exces-
sive immune responses in patient’s intestinal mucosa (Shih
and Targan 2008; Zhang and Li 2014), were widely studied
and very well documented (Xu et al. 2014; Kaistha and Lev-
ine 2014). The current therapeutic strategies mainly target
modulation of the intestinal immune response to reduce
the inflammatory state and regulate the balance of different
immune responses at affected areas (Moss 2015; Ahluwalia
et al. 2018). On the other hand, healthy lifestyle intervenes
remarkably in patient’s improvement during treatment
period (Tuvlin et al. 2007; Swanson et al. 2010; de Souza
and Fiocchi 2016). During the flare phases, the patient’s
body absorbs less nutrients and the intestinal mucosa is
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Fig. 2 Representative schema of the cooperative role between platelet IL-1p and platelet CD40L in the development of Crohn’s disease. a The
TIR domain of each cytosolic tail of IL-1R recruits a set of proteases present in the cytoplasm (TRAF6 IKK IRAKS MyD8S ...), which triggers
a complex sequence of platelet cytosolic reactions, phosphorylation and combinatorial ubiquitination inducing the activation of different signal-
ing pathways (NF-kB, MAPK..) and the expression of several inflammatory molecules, including IL-1p. IL-1 is inactive as a 13 kD precursor
in the lysosomes, in which it undergoes cleavage in the Asp116 position by the IL-1beta (ICE) converting enzyme or caspase-1, which is in
turn activated by inflammasome. IL-1p formed is secreted into the extracellular medium by exocytosis, and in turn stimulates the platelet loop.
Endothelial cells stimulated by IL-1p (among others) on expresses CD40 at their surface thus promoting interaction with platelet CD40L. b
Following the CD40/CD40L interaction, several signaling pathways are triggered at the epithelial cells (dependent and independent of TRAF).
Which allows the recruitment of specific molecules to the cytoplasmic tail of the CD40 epithelial receptor. Activation of the endothelium by
already activated platelets (CD40L) induces specific cellular responses, mainly the release of inflammatory cytokines (IL-1, CCL5, TNF, ...)
and promotes the recruitment of immune cells to the inflammatory site. stimulating a strong expression of adhesion molecules on endothelial
cells, hence the contribution of the CD40/CD40L platelet axis in the induction of inflammation in CD patients C During inflammation in CD
patients, the level of chemokines increases at the inflammatory site, which promotes cellular infiltration at this level. Recruited LTs proliferate
and differentiate into Th17 and Th1 in response to citokinic media signals, with remarkable activation of NK (natural killer), thus explaining the
tissue destruction seen in CD patients, hence the autoimmune function of platelet axis CD40/CD40L

strongly irritated (Zhang and Li 2014; Cohen et al. 2014),
hence contributes to the apparent symptoms in patients. For
this reason, researchers and nutritionists suggest an adequate
diet during the active phases (Riordan et al. 1998; Zallot
et al. 2013; de Silva et al. 2014; Cohen et al. 2014; Owczarek
et al. 2016) in order to prevent the inflamed mucous mem-
branes from becoming more irritated and relief the pain-
ful symptoms (de Silva et al. 2014; Cohen et al. 2014). In
addition to therapeutics a supportive diet including injecting
intravenously nutritional solutions (supplements of vitamin
complexes, minerals, etc.), is advised to avoid undernutrition
(Jorgensen et al. 2013; Farrukh and Mayberry 2014; Cohen
et al. 2014; Owczarek et al. 2016).

The conventional principle for treating IBD is based on its
development modality, which is characterized by the alterna-
tion between activation or crisis phases and remission phases
(Wallace et al. 2014; Senhaji et al. 2015). To have a remark-
able therapeutic efficiency and ensure good quality of life for
patients, current treatments aim to induce and maintain the
remission phase, to heal the irritated mucosa and to prevent
long-term complications (Sandborn 2016; Hanauer 2017).
Treatment should be carefully selected because of the wide
variety of existing therapeutic strategies. Treatments are pre-
scribed according to the state of each patient, the intensity
and severity of the symptoms, the location of the inflamma-
tion, and also taking into account the side effects already
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manifested (Rosen et al. 1982; Ursing et al. 1982). Surgery
remains the last resort to "cure" these patients through the
upkeep of remission phase (Rosen et al. 1982; Ursing et al.
1982; Peppercorn 1993; Lal and Steinhart 2006; Ahluwalia
et al. 2018). Far from conventional treatment methods,
research is currently focused on platelets receptors as tar-
get of future therapeutic. In fact, in addition to the platelets
function in primary hemostasis, there is a rising number of
studies supporting their significant role as amplifying agents
in inflammatory processes/disorders (e.g. Crohn’s disease)
and immune response (Weyrich et al. 2003; Semple et al.
2011; Tariket et al. 2019; Aouiss et al. 2019) by releasing
sCD40L, IL-1 and other inflammatory mediators (Semple
and Freedman 2010; Jenne et al. 2013). In a recent study,
Kojok et al. demonstrated that the modulation of the CD40/
CD40L axis by aspirin, reduces the potentiating effect of
CD40L on platelet aggregation via inhibition of myosin light
chain (Kojok et al. 2020).

Figure 3 represents a classification of the currently
available treatments according to the symptoms of IBD
patients. The therapeutic strategies and medical man-
agement of IBD have evolved from classical treatments
(aminosalicates, corticosteroids ...) to more targeted
treatment (immunomodulation) using inhibitors of tumor
necrosis factor (Ahluwalia et al. 2018; Katsanos et al.
2018). TNF is a cytokine that induces the transcription

of other inflammatory cytokines and is therefore respon-
sible for amplifying and maintaining chronic inflamma-
tion of IBD (Ahluwalia et al. 2018; Katsanos et al. 2018).
Current therapies of IBD are increasingly targeted and
oriented to allow an effective response without corti-
costeroids administration (Ahluwalia et al. 2018; Kat-
sanos et al. 2018; Louis 2018). The anti-TNF treatment
uses monoclonal antibodies (mAb) to neutralize the two
forms of TNF (free and transmembrane) (Ahluwalia et al.
2018). According to several blocking strategies evalu-
ated in patients with Crohn’s disease (Levin et al. 2016;
Paschou et al. 2018), to destroy TNF-producing cells by
apoptosis (Levin et al. 2016; Ahluwalia et al. 2018). Anti-
TNF can achieve and maintain effective remission with
mucosal healing, in the absence of steroids (Ahluwalia
et al. 2018; Louis 2018). There are several commercially
available anti-TNF antibodies such as adalimumab (ADA),
infliximab (IFX), golimumab and certulizumabpegol all
having the same therapeutic purpose (Levin et al. 2016).
Despite its efficiency, undesirable adverse effect were
observed in patients treated with these drugs (Katsanos
et al. 2018). The total loss of response to anti-TNF was
also noted (Luther et al. 2018; Katsanos et al. 2018).
According to a recent study 20 to 30% of patients with
no primary response to anti-TNF, stop the use of this
treatment, and 30 to 40% lose the therapeutic response of
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Fig. 3 Classification of the effectiveness of treatments according to the intensity of the symptoms observed in Crohn’s disease
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anti-TNF one year after treatment (Katsanos et al. 2018).
Recently, researchers examined variation in colonic gene
expression in patients treated with anti-TNF and untreated
healthy individuals to determine the involvement of TNF-
mediated inflammatory pathways in the loss of treatment
responses (Luther et al. 2018). The results of this study
did not associate the loss of response and the resistance
to Anti-TNFa Therapy to the emergence of TNF-induced
Inflammatory pathways (Luther et al. 2018). On the other
hand, the manipulation of gut microbiota is increasingly
used for the development of new therapeutic strategies
(Shanahan and Quigley 2014). To predict the effectiveness
of the response to anti-TNF treatment in "non-respond-
ers" or "resistant", researchers are studying intestinal
microbiota and the expression of antimicrobial peptides
(AMPs) in sick and in healthy individuals (Shanahan and
Quigley 2014; Magnusson et al. 2016). In the presence
of this preferential response or non-response to anti-TNF,
it is important to think about developing more specific
therapeutic strategies. In this sense, personalized medi-
cine oversees the characterization of patients according
to their susceptibility to the response to specific therapies

(Flamant and Roblin 2018). In order to provide physicians
with a wide range of moderately effective treatments for
each case pharmacokinetics have been largely focused on
targeting a variety of molecules and pathways involved in
the pathogenesis of Crohn’s disease (Shuai and Liu 2003;
Geremia et al. 2011; Babon et al. 2014; Vermeire et al.
2017; Sands et al. 2017; Sandborn et al. 2017). In this
sense, CD40 / CD40L and IL-1 are considered important
therapeutic targets considering their role in the onset of
Crohn’s disease. In a clinical study, most patients with CD
responded positively to treatment with a specific CD40L
antagonist (ch5D12), while the remaining patients entered
remission phase (Kasran et al. 2005). On the other hand,
blocking the inflammatory action of IL-1 has proved effec-
tive response in disease course (Dinarello et al. 2012; Gar-
landa et al. 2013).

Figure 4 shows some molecular targets in the treatment
of Crohn’s disease. In an attempt to understand whether the
inflammatory environment of CD disrupted the properties
of resident intestinal stem cells (ISC), the expression of ISC
marker genes under different conditions (active phases and
remission phases) was evaluated (Suzuki et al. 2018). Given
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Fig. 4 Some possible therapeutic targets to alleviate inflammatory symptoms in patients with Crohn’s disease, 1-2: Inhibition of the CD40/
CDA40L interaction, either by monoclonal antibodies against sCD40L (membrane also) or by an antagonist chimeric monoclonal anti-human
CD40 antibody “’ch5D12” 3: Inhibition of the Jack3 protein by the immunomodulator “’Tofacitinib ¢* 4: Inhibition of the transcription factor
NF-kb by the administration of IL-10, this makes it possible to stop the transcription of several pro-inflammatory cytokines and to promote the
anti-inflammatory response 5-9-10: Neutralization of IL-1, either by a recombinant soluble molecule "Rilonacept" which also binds the natural
antagonist of the IL-1 receptor (IL-1ra), or by the monoclonal antibody anti-IL-1 ’’Canakinumab ’’6: Inhibition of the chemokine CCLS5 by its
antagonist7: Inhibition of the TNF Cytokine by Anti-TNF Monoclonal Antibodies (adalimumab, infliximab, golimumab and certulizumab-
pegol) 8: Blocking of the IL-1/IL-1R interaction, by IL-1 receptor antagonist’’anakinra’’
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their important role in maintaining the integrity of the intes-
tinal epithelium and homeostasis, ISC are continue to attract
strong interest from the scientific community (Ellins 1985;
Ruiz et al. 2017).

Conclusion

Deep understanding of the immunopathogenesis of Crohn’s
disease is essential for developing more effective treatments.
The importance of CD40/CD40L and IL-1 pathway makes
them a significant target in Crohn’s disease therapeutics
development. In a recently published review article describ-
ing the potential contribution of CD40 signaling on hemat-
opoietic and non-hematopoietic cells to the pathogenesis of
autoimmune diseases, the authors conclude that therapeu-
tics targeting the CD40-CD40L axis have the potential to
broadly modulate a multitude of responses influenced by this
pathway, including cellular immune processes (Kojok et al.
2020). From a general point of view, the biological mol-
ecules involved in the pathogenesis of Crohn’s disease can
therefore be considered as biomarkers that make it possible
to choose the right therapeutic pathway for the right patient.
The more these molecules are studied, the more effective and
targeted the treatment will be.
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