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CD9 belongs to the tetraspanin superfamily. Depending on the cell type and associated
molecules, CD9 has a wide variety of biological activities such as cell adhesion, maotility,
metastasis, growth, signal transduction, differentiation, and sperm-egg fusion. This
review focuses on CD9 expression by hematopoietic cells and its role in modulating
cellular processes involved in the regulation of inflammation. CD9 is functionally very
important in many diseases and is involved either in the regulation or in the mediation of
the disease. The role of CD9 in various diseases, such as viral and bacterial infections,
cancer and chronic lung allograft dysfunction, is discussed. This review focuses also
on its interest as a biomarker in diseases. Indeed CD9 is primarily known as a specific
exosome marker however, its expression is now recognized as an anti-inflammatory
marker of monocytes and macrophages. It was also described as a marker of murine
IL-10-competent Breg cells and IL-10-secreting CD9™ B cells were associated with
better allograft outcome in lung transplant patients, and identified as a new predictive
biomarker of long-term survival. In the field of cancer, CD9 was both identified as a
favorable prognostic marker or as a predictor of metastatic potential depending on
cancer types. Finally, this review discusses strategies to target CD9 as a therapeutic tool.
Because CD9 can have opposite effects depending on the situation, the environment
and the pathology, modulating CD9 expression or blocking its effects seem to be a new
promising therapeutic strategy.

Keywords: CD9, tetraspanin, inflammation, hematopoietic cells, cancer, lung allograft dysfunction, infections,
hypersensitivity

CD9 IS A TETRASPANIN FAMILY MEMBER

Tetraspanin proteins are ubiquitously expressed and consist of 4 transmembrane domains,
an intracellular terminus and 2 extracellular loops (1). Tetraspanins function as organizers of
the cell surface by recruiting specific partner proteins into tetraspanin-enriched microdomains
(TEMs) (2). Bringing together a large variety of molecules and amplifying their activities,
tetraspanins regulate various cellular processes, such as cell adhesion, motility, growth,
differentiation, signal transduction, and sperm-egg fusion (3-5) (summarized Table1).
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TABLE 1 | Functions of CD9 on different cell populations.

Functions of CD9

References

Cell migration and invasion
Mice fertility
Sperm-egg fusion

Hadijiargyrou et al. (6); Powner et al. (7)
Le Naour et al. (8)
Le Naour et al. (8)

Hematopoietic stem cell and progenitor cell Megakaryocytic differentiation

Production of myeloid cells

Adhesion between myeloid and stromal cells

Clay et al. (9)
Oritani et al. (10)
Aoyama et al. (11)

Myeloid lineages Chemotaxis of mast cells

Non-immunoglobulin E (IgE)-mediated mast cell activation
Degranulation and Ca2+ release of mast cells

Basophils degranulation

Eosinophils and platelets degranulation
CD4™ T-cell activation, proliferation and cytokine production by eosinophils

Release of IL-12 by eosinophils

Qietal (12)

Redegeld et al. (13)

Halova et al. (14)

Higginbottom et al. (15)

Fernvik et al. (16)

Kim et al. (17); Akuthota et al. (18)
Bandeira-Melo et al. (19)

Platelet aggregation and granule release Qietal. (20)
Negative regulator of lipopolysaccharide-induced macrophage activation Suzuki et al. (21)
Macrophages activation Kaji et al. (22)
Secretion of cytokines by macrophages Ha et al. (23)
Foam macrophages formation Huang et al. (24)
Dendritic cells IL-10 production Ziloer et al. (25)
HLA-DR signaling activation Zilber et al. (25)

Regulation of MHC-II intracellular trafficking

Dexosomes formation

Rocha-Perugini et al. (26)
Rocha-Perugini et al. (26)

B cells Tyrosine phosphorylation of different proteins via CD19 association Horvath et al. (27)

B cell differentiation by modulating integrin activity Shaw et al. (28)

Adhesion of B cells to follicular dendritic cells Yoon et al. (29)

Survival of human germinal center B cells Yoon et al. (29)

May control antibody production van Spriel et al. (30)

Enhancement and maintenance of IL-10 secretion Ha et al. (23); Kabuto et al. (31)
T cells Proliferation of virgin T cells Tai et al. (32)

Induction of apoptosis of once-activated T cells Tai et al. (32)

T cells differenciation into type 2 effector cells
Self-antigen- and recall antigen-induced T cell activation

Integrin-mediated signaling

Membrane-phosphatidylserine exposure

Serra et al. (33)
Kobayashi et al. (34)
Rocha-Perugini et al. (26)
Li et al. (35)

Endothelial cells Endothelial-leucocyte adhesion

Extravasation

Nourshargh et al. (36)
Bailey et al. (37)

CD9 (also known as TSPAN29, Leukemia-Associated
Cell Surface Antigen p24, and Motility-Related Protein-1)
is a member of the tetraspanin superfamily. CD9 was first
identified by Kersey et al. as the human lymphohematopoietic
progenitor cell surface antigen p24 using a monoclonal
antibody that bound to acute lymphoblastic leukemia cells
(38). Characterization of CD9 revealed its expression on a large
variety of hematopoietic and non-hematopoietic cells, such as
stromal cells, megakaryocytes, platelets, B and T lymphocytes,
dendritic cells, endothelial cells, mast cells, eosinophils, and
basophils (16, 27, 39). Tetraspanin CD9 was first described as a
motility-related factor (40) and subsequently was associated with
various integrin adhesion receptors regulating cell migration
and invasion (6, 7). Homozygous adult CD9~/~ mice exhibit

no obvious abnormalities. However, when the CD9~/~ mice
are intercrossed, fertility is severely reduced (8). CD9 thus
appears to be essential for sperm-egg binding or fusion but
the exact mechanism is still not fully understood. CD9 is
localized to the microvillar region of the oocyte and may
be necessary in organizing multiprotein complexes. Some
studies highlighted CD9 interactions with other membrane
proteins necessary for fertilization such as pregnancy specific
glycoprotein 17 (PSG17) (41) (waterhouse jexpmed 2002) or
betal integrins (42) (chen pnas 1999). Interaction of CD9
with the integrin alpha6betal seems to be essential for strong
IZUMO1-dependent adhesion of sperm with the oocyte
(43) (inoue develipment 2013). CD9 may play also a role in
generating fusion competent sites on the egg membrane required
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for the fusion and in sperm-adhesion strengthening (44) (jégou
pnas),

Regarding pathological models, CD9-knockdown suppresses
the invasive and metastatic capacity of breast cancer cells in
mouse xenografts (45), and CD9 deficiency reduces the severity
of osteoarthritis in aging and antigen-induced arthritis models
(46); however, CD9 deficiency also induces a phenotype similar
to human chronic obstructive pulmonary disease (COPD) (47).
These reports clearly suggest that CD9 is crucial in the control
of inflammation and support its role in the modulation of
humoral immune responses (30), the production of myeloid
cells (10) and the secretion of cytokines by macrophages
(23).

CD9 IS INVOLVED IN HEMATOPOIETIC
STEM CELL AND PROGENITOR CELL
DIFFERENTIATION

CD9 is present on hematopoietic cells as well as cells that
regulate their activities in the bone marrow and critical
hematopoiesis events (Figure 1). Thus, CD9 is expressed in
nearly all CD34" bone marrow cells with a range of expression
that varies from low to high levels according to the degree
of cell differentiation (9). CD341CD10TCD19" early B cells
express high levels of CD9 correlating with the presence of
the early megakaryocytic marker CD41/GPIIb, indicating that
cells with the highest levels of CD9 are committed to the B-
lymphoid and megakaryocytic lineages. The early increase in
CD9 expression during megakaryopoiesis suggests that CD9 may
play a role in megakaryocytic differentiation by participating
in the membrane remodeling process. Indeed, antibody ligation
of CD9 alters the in vitro differentiation of human CD34"
cells into megakaryocytes. The production of myeloid cells in
long-term bone marrow cultures is blocked by the addition
of anti-CD9 KMC8.8 (10), and the ligation of CD9 promotes
adhesion between myeloid and stromal cells. Finally, pluripotent
hematopoietic cells cultured with stromal cells in the presence
of anti-CD9 KMC8.8 migrate beneath the adherent stromal
cell layer and have undifferentiated properties (11). Altogether,
these data demonstrate that stromal cells expressing CD9
influence physical interactions with hematopoietic cells and
may be one factor that determines the degree of stem cell
differentiation.

CD9 IS INVOLVED IN THE REGULATION OF
THE MYELOID LINEAGES

CD9 is abundantly expressed on the plasma membrane of
different myeloid lineage cells such as mast cells (48), basophils
(15), eosinophils (16), and macrophages (24).CD9 has a role
in the cytokine-mediated chemotactic response of human mast
cells. Chemotaxis of mast cells toward interleukin-16 (IL-16) is
abrogated by anti-CD9 antibodies and decreased expression of
CD9 using RNA interference; these results demonstrate that CD9
acts as an substitute IL-16 receptor (12). Moreover, CD9 induces
non-immunoglobulin E (IgE)-mediated mast cell activation (13).

In mast cells, CD9 co-localizes with the high-affinity IgE receptor
FceRI and non-T-cell activation linker (NTAL). Antibody-
mediated cross-linking of CD9 activates mast cells, causing
degranulation, calcium release and tyrosine phosphorylation
of various proteins, such as NTAL (14). Thus, CD9 activates
mast cells in a different way from the stem cell factor and IgE
mediation.

CD?9 is also expressed on basophils, and in the same manner
as mast cells, antibody cross-linking of CD9 and FceRI stimulates
degranulation. In a model of rat basophilic leukemia cells,
transfected human CD9 cells degranulate in response to anti-
CD9 antibodies co-ligated with FceRI (15). Expression of CD9
is a feature of both eosinophils and platelets, and antibody
cross-linking of CD9 activates the degranulation of eosinophils
and platelets through integrins and FccRIIa, respectively (16).
Interestingly, this cross-linking induces eosinophil degranulation
and enhances survival. Localization of CD9 with MHC Class II
on eosinophil plasma membrane is necessary for the ability of
eosinophils to trigger CD4™ T-cell activation, proliferation and
cytokine production (17, 18). Finally, stimulation of eosinophils
through CD9 triggers the release of IL-12 by a process of
vesicular transport, suggesting a possible function for CD9 in
tempering the Th2 cell-dependent inflammatory response (19).
Interestingly, CD9 antibodies induce platelet aggregation and
granule release, which is dependent on FccRlIla, although the
signal generated is distinct from FccRIIa activation alone (20).
In contrast, neutrophil degranulation is not provoked by the
blockade of CD9, consistent with a lack of expression of CD9 on
neutrophils (17).

CD9 tetraspanin is expressed differentially by monocyte
subsets, with higher levels on CDI147TCD16~ subsets
than on CD14t*CD16" and CD14*CD16™" monocytes
(49). Maturation of monocytes results in increased CD9
expression with even higher levels present in monocyte-derived
macrophages. Furthermore, CD9 expression on monocyte-
derived macrophages is stimulated by M-CSF and decreased
by interferon-y or HIV-1 infection (50). However, Suzuki et al.
describe CD9 as a negative regulator of lipopolysaccharide-
induced macrophage activation and lung inflammation because
deletion of CD9 in mice enhances macrophage infiltration and
TNF-a production in the lung after intranasal administration
of LPS in vivo (21). Consistent with the immune cells described
above, the anti-CD9 antibody activates macrophages. KMC8.8
treatment of mouse macrophages induces protein tyrosine
phosphorylation, filopodium extension, and cell aggregation
caused by FcyRIIB/III-CD9 co-cross-linking (22); CD9
functionally associates with FcyRs and modifies signals for
phagocytosis and inflammatory responses. Finally, CD9 is
associated with CD36 on the surface of macrophages, leading
to foam cell formation in response to oxidized low-density
lipoproteins (24).

Together, these data demonstrate that crosslinking of CD9
induces mast cell, basophil, eosinophil and platelet activation,
leading to their degranulation, and also stimulates a range of
activities such as chemotaxis and cytokine release (Figure 2).
Activation of macrophages can also occur via CD9 crosslinking
to allow the regulation of inflammation.
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FIGURE 1 | CD9 regulates hematopoietic stem cells differentiation. CD9 is expressed by hematopoietic stem cells and is involved in the differentiation of the
megakaryocytic, B-lymphoid and myeloid lineages. CD9 expressed in stromal cells influences physical interactions with hematopoietic cells.
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FIGURE 2 | CD9 regulates myeloid lineages. CD9 is expressed on the plasma membrane of different myeloid lineages and is associated with MHC-II and integrins on
eosinophils and with FcRs on basophils, platelets, mast cells and macrophages. CD9 activates cells degranulation and cytokines secretion and is involved in
cytokine-mediated chemotactic responses. Finally, CD9 regulates inflammation, allowing eosinophils to stimulate CD4* T-cell activation and induce macrophage
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CD9 IS ESSENTIAL FOR DENDRITIC
CELLS TO REGULATE INFLAMMATION

CD9, CD81, and FceRI are co-expressed and co-localized
in human dendritic cells (DCs) as shown by Peng

et al. by flow cytometry, confocal microscopy, and
immunoprecipitation/immunoblotting ~ experiments  (51)
(Figure 3). Concomitant activation by FceRI and CD9
crosslinking results in increased IL-10 production, highlighting
the functional cooperation between CD9 and FceRI. Also
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MHC-II
Dexosomes
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FIGURE 3 | CD9 is necessary for dendritic cell activity. On human DCs, CD9 co-localizes with CD81 and FceRl, and crosslinking with FceRI induces IL-10 secretion.
CD9 is also physically associated with MHC-II molecules and CD38 in TEMs, and the integrity of these lipid rafts is necessary for antigenic presentation by DCs and

in DCs, MHC-II molecules, CD38 and CD9 are physically
associated in TEMs (highlighted by co-immunoprecipitation
and co-capping experiments), and the integrity of these lipid
rafts is necessary for HLA-DR signaling activation (25). With
respect to DC function, CD9 knockout in DCs induces reduced
levels of T-cell activation than wild-type DCs (26). This
effect is related to a reduction in MHC-II surface expression
in CD9-deficient DCs due to an impairment of exocytosis.
Internalization is also blocked, demonstrating that CD9
specifically regulates antigenic presentation in DCs through the
regulation of MHC-II intracellular trafficking. Dendritic cells
release large quantities of exosomes, known as dexosomes, to
amplify both the adaptive (T-cells) and innate (natural killer
cells) cellular immune responses; these dexosomes comprise
a characteristic set of proteins, including CD9, all the known
antigen-presenting molecules (MHC-I and II, CD1a, b, ¢, and
d) and the costimulatory molecule CD86 (52). CD9 crosslinking
thus activates DCs, leading to cytokine production, and is
necessary for antigenic presentation essential for the regulation
of inflammation by DCs.

CD9 IS INVOLVED IN THE REGULATION OF
THE LYMPHOID LINEAGES

On conventional B cells, CD9 is expressed during the early stages
of differentiation, lost, and re-expressed after B cell activation.
CD9 is physically linked to CD19 through the tetraspan
CD81 (27) (Figure4). Indeed, CD9 is co-immunoprecipitated
with CD19 from lysates of Brij97 cells line and purified
CD10+ early B cell line. This physical interaction is disrupted
by diginonin showing that cholesterol participates to the
interaction. This association allows the tyrosine phosphorylation
of different proteins, suggesting that the CD9/CD19 complex
is functional. Because ectopic expression of CD9 stimulates the

integrin-dependent motility of the Raji B cell line on fibronectin
and laminin substrates, CD9 interferes with B cell differentiation
by modulating integrin activity (28). B cells within the germinal
center exhibit high heterogeneity, containing B cells at different
stages of differentiation. B cells in germinal center tonsils contain
two distinct populations expressing or not CD9, with CD9+ B
cells being in more advanced stages of plasma cells differentiation
(53). Interestingly, CD9 expression enhances the affinity of VLA4
to VCAM-1 on follicular dendritic cells, allowing the strong
adhesion of B cells to follicular dendritic cells (29). This tough
interaction contributes to better survival of human germinal
center B cells. In mouse, CD?9 is reported to be a unique marker
for B1 and marginal zone B cells and plasma cells (54). In mice
deficient in Bruton’s tyrosine kinase, the numbers of marginal
zone B cells is normal, but these cells and plasma cells express
few or no CD9. Thus, CD9 expression is thought to be dependent
on signals derived via Bruton’s tyrosine kinase, and the high-level
expression of CD9 in plasma cells suggest that it may be required
for the generation of a functional humoral immune response.
However, CD9 is not required for the development of peripheral
B cells or for humoral immunity, as B cell development and
activation appear normal in CD9-deficient mice (55). There is
now ample evidence that some tetraspanins on B-lymphocytes
are important in controlling antibody production (30), but
because immune cells can express up to 20 different tetraspanin
proteins, some of them may likely have a common or redundant
function with CD9 on plasma cells.

Regulatory B cells (Breg) are specific subtypes of B cells
with immunosuppressive properties. They are involved in the
maintenance of homeostasis of the immune system and regulate
inflammation in pathological situations (56). Although the
presence and role of Bregs are clearly evidenced in different
models and pathologies, their full molecular characterization
remains elusive, primarily because no specific marker or
transcription factor has been identified (57). To date, the most
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CD19

T cells

ifferentiation into TH2
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FIGURE 4 | CD9 regulates lymphoid lineages. On conventional B cells, CD9 is physically linked to CD19 through the tetraspan CD81. This association induces B cell
differentiation by modulation of integrin activity and allows B cell activities such as antibodies production. CD9 expression also promotes follicular dendritic cell
adhesion-inducing survival. CD9 is shown to be involved in the enhancement and maintenance of IL-10 secretion and has been identified as a marker of Breg cells. On
T cells, CD9 is associated with CD3, CD4, CD2, CD29, CD44 and more prominently with CD5 and CD28. CD9/CD28 co-ligation induces naive T cell activation and
differentiation into TH2 and apoptosis of activated T cells. CD9 also supports integrin-mediated signaling and can induce membrane-phosphatidylserine exposure.

Regulatory B cells

IL-10 secretion

common marker is the ability to secrete IL-10 (58). Several
groups are attempting to identify and more precisely define
the B cell subtype with suppressive properties among IL10-
secreting B cells. We and others have shown that murine IL-10"
B cells with suppressive properties are CD9" B cells (59-61).
Similarly, Matsushita defined CD9/CD80 co-expression as a
novel phenotypic parameter for both Breg subtypes MZ-B10 and
B1-B10 cells (62), and CD9 is involved in the enhancement and
maintenance of IL-10 secretion in murine and human antigen-
presenting cells (23, 31). Finally, we demonstrated that CD9"
B cells induce effector T cell growth arrest in sub-G0/G1 and
activation of apoptosis via IL-10 (paper under submission).
Together, these studies provide evidence that CD9 as a reliable
marker for defining both mouse and human Bregs, even if this
marker is not generally accepted in the literature yet.

With respect to CD9 expression on T lymphocytes, because
CD28-deficient mice can mediate effective T cell-dependent
immune responses, Tai and colleagues searched for the existence
of other costimulatory systems (39). The authors determined
that CD9 is expressed on almost all mature T cells and can
deliver a potent CD28-independent costimulatory signal. In

contrast to progressive T cell proliferation induced by CD28
co-stimulation, CD9 co-stimulation leads first to proliferation
of virgin T cells and second to the induction of apoptosis of
once-activated T cells (32). When activated through CD9/CD28
colligation, both CD4" and CD8™ naive T cells differentiate
into type 2 effector cells, producing IL-2, IL-4, IL-5, IL-13, IL-
10, and TNF-qa, but produce little or no IFN-y (33). CD9 is
preferentially expressed on the CD4TCD45RA™ naive T cell
subset and is instrumental in both the self-antigen- and recall
antigen-induced T cell activation (34). Indeed, anti-CD9 can
inhibit both the recombinant beta,-glycoprotein I- and the recall
antigen tetanus toxoid-specific T cell proliferation, suggesting
that the tetraspanin CD9 plays an important role in both T
cell activation pathways. CD9 was also found to be associated
with CD3, CD4, CD2, CD29, CD44 and more prominently
with CD5 (63). To determine the role of CD9 transmembrane
or extracellular domains in the association with CD5, CD9
mutant genes lacking each domain were constructed. This study
highlights the essential role of particular CD9 transmembrane
TM2 and TM3 domains in ligation with CD5. CD9 also
congregates at the T-cell side of the immunological synapse
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between T lymphocytes and antigen-presenting cells supporting
integrin-mediated signaling by modulating the relocalization of
the a4P1 integrin (26). Finally, CD9 acts selectively on some
pathways, leading to membrane-phosphatidylserine exposure,
such as stimulation by calcium ionophore, but does not act
in response to apoptotic treatments such as ultraviolet light,
cycloheximide, or actinomycin D (35).

CD9 REGULATES INFLAMMATION
THROUGH ENDOTHELIAL CELLS

The extravasation of leukocytes from the bloodstream to sites
of infection involves a complex series of events, which are
dependent on interactions between the leucocyte and the
apical membrane of the endothelial cells (36). CD9 promotes
endothelial-leucocyte adhesion by co-localizing with adhesion
molecules ICAM-1 and VCAM-1 at the apical endothelial
cell surface, reinforcing the adhesion of the leucocyte to
facilitate extravasation (37) (Figure 5). Furthermore, knockdown
of CD9 results in reductions of ICAM-1 and VCAM-1 surface
expression, thus reducing leucocyte adhesion and transmigration
(64). Taken together, CD9 appears as a key regulator of leucocyte
recruitment during the inflammatory cascade.

CD9 IS INVOLVED IN VARIOUS DISEASES

CD9 Drives Different Processes Important

for Viral and Bacterial Infections

Within TEMs, CD9 modulates virus-induced
processes at the membrane, including membrane fusion,
viral budding and viral release, by modifying the structural
organization and plasticity of the plasma membrane (65).
Human Immunodeficiency Virus type 1 (HIV-1) incorporates
specific host cell proteins, including MHC II tetraspanin,
CD63, CD9, CD81, and CD82, that are present at the viral
exit site in macrophages, dendritic cells and T-cells, and HIV-1
buds through TEMs containing these tetraspanins (66). CD9
negatively regulates HIV-1 Env-induced cell-cell fusion (Env:
gp120/gp41). Indeed, CD9 knock-down expression results in
an increase of syncytia formation and viral entry; accordingly,
overexpression of CD9 renders cells less susceptible to Env-
mediated syncytia formation (67). Regarding the mechanisms,
CD9 induces hemifusion arrest, blocking HIV-1-induced cell-cell
fusion at the transition from hemifusion to pore opening (68).
Multimerization of the major HIV-1 structural component Gag
at the plasma membrane clusters CD9, restricting its mobility
and enhancing virion infectivity. Conversely, CD9 is necessary
for several Coronavirus and influenza virus proteolytic priming
events, as virus entry can be blocked by CD9 blockade (69).
CD9 also promotes adeno-associated virus type 2 infection
involvement in the attachment, uptake or processing of this
virus (70). Cell-cell contact between plasmacytoid dendritic cells
and hepatitis C virus-infected cells is required for the antiviral
immune response. The cell surface molecules CD81 and CD9
but no other hepatitis C virus entry receptors are required to
recognize hepatitis C virus-infected cells and induce interferon-a

various

ol

Leucocyte adhesion and transmigration

FIGURE 5 | CD9 promotes adhesion and extravasation of leucocyte. CD9
co-localizes with adhesion molecules ICAM-1 and VCAM-1 at the apical
endothelial cell surface to promote endothelial-leucocyte adhesion and
enhance extravasation and transmigration of leucocytes to the inflammatory
site.

(71). Finally, in mice infected with cytopathic foot-and-mouth
disease viruses, a rapid and specific thymus-independent
neutralizing antibody response is induced to clear the virus. The
mechanism highlighted indicates that infected DCs stimulate
innate-like CD9+4 B lymphocytes from the spleen that are
involved in the rapid protection against foot-and-mouth disease
virus (72). In conclusion, CD9 has opposing roles in immunity
against viruses, on one hand being crucial for anti-infectious
immunity, and on the other hand being necessary for some virus
priming events.

In the context of bacterial infection, CD9 influences epithelial
cell adherence of Neisseria meningitidis likely by facilitating
specific receptor-adhesin engagement within the TEM. Also, it
was shown that CD9 associate through integrins with CD46
(membrane cofactor protein), cofactor that can acts as a receptor
for meningococcal allowing its adherence (73). As bacterial
adherence is essential for infection, an anti-adhesion therapy
based on the use of an anti-CD?9 is was tested (74). The expression
level of CD9 on each cell type tested was correlated weakly with
the efficacy of the inhibitor confirming the crucial role of CD9 in
bacterial adherence.

CD9 has a Controversial Role in Cancer

The role of CD9 in cancer is quite controversial. CD9 expression
is sometimes correlated with better survival, and CD9 is
sometimes used as a biomarker of invasion and late stages.
CD9 is reported to suppress motility and to promote adherence,
leading to the suppression of tumor progression. Indeed, CD9
is often downregulated in advanced stages of cancer, and its
absence is a sign of poor prognosis in patients with lung,
breast, colon, skin, ovary, uterus, stomach, oral cavity, thyroid,
prostate, and hematopoietic malignancies (3, 75). However, CD9
is not strictly recognized as a metastasis suppressor gene because
in some tumors, inverse activity is observed. For example,
in acute lymphoblastic leukemia, CD9 expression indicates a
poor outcome (76). The various roles of tetraspanins in tumor
progression may be the result of specific tetraspanin abundance
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in exosomes. A large number of studies have stated a role for
exosomes in cancer invasion and metastasis, evasion of apoptosis,
drug resistance and escape from immune surveillance (77).
Exosomes bear unique protein markers, the main one being CD9
(78). Thus, it is not surprising that CD9 is one of the most useful
markers for a range of cancers, with exosomes themselves being
reported as a tumor biomarker (79).

CD9 Regulates Lung Inflammation

CD9 functions as a negative regulator of LPS-induced lung
inflammation by activating human monocyte-derived
macrophage polarization into a regulatory M2 subset (21).
Interestingly, inflammatory agents, such as cigarette smoke
extract or trichostatin A, downregulate the expression of CD9 at
the surface of macrophages. CD9/CD81 double-knock out mice
spontaneously develop a COPD-like phenotype (47). In humans,
CD9 expression is lower in blood monocytes from patients
with COPD than in those from healthy patients, and CD9
levels are even lower in smokers with COPD than in “healthy
smokers” (47). In the field of lung transplantation, we reported
a persistently low level of CD9™ B cells in patients with chronic
lung allograft dysfunction; conversely, patients able to restore
a higher level of CD9" B cells posttransplantation were more
likely to maintain stable graft function. An increase in CD9" B
cells levels between 1 and 24 months after lung transplantation is
predictive of long-term survival (patent: EP17305479). Finally,
in the context of allergic asthma, there are fewer CD9™ B cells in
the spleen and lungs of asthmatic mice, and the adoptive transfer
of CD9™ B cells alone is sufficient to abrogate asthma in an IL-
10-dependent manner (59). Interestingly, such IL-10-secreting
CD9™" B cells are not present in the blood of severe asthmatic
patients (paper under submission). In conclusion, CD9 regulates
lung inflammation in many diseases, and the absence of CD9
is associated with various dysfunctions, including bronchial
hyper-reactivity and chronic lung allograft failure.

In conclusion, CD9 is functionally very important in many
diseases and is involved either in the regulation or in the
mediation of the disease (Figure 6). Many studies now suggest
CD?9 as a biomarker.

CD9 IS A BIOMARKER

CD9 is primarily known today as a specific exosome marker
and is used as a specific tool to increase efficiency of exosome
extraction methods (78). However, CD9 is also recognized as
an anti-inflammatory marker of monocytes and macrophages
(49). Indeed, its expression is higher on type II macrophages and
lower on pro-inflammatory non-classical monocytes. CD9 is also
described as a biomarker of the B lineage. In mice, CD9 is a
unique marker for Bl and marginal zone B cells and plasma cells
(54), and in humans, CD9 is a marker of plasma cell precursors in
germinal centers (53). By transcriptomic analysis, we and others
identified CD9 as a marker of murine IL-10-competent Breg cells
(59, 60). Finally, we associated IL-10-secreting CD9+ B cells
with better allograft outcome in lung transplant patients, and we
identified CD9-expressing B cells as a new predictive biomarker
of long-term survival (patent: EP17305479). In the field of cancer,

CD9 is suggested as a biomarker for metastatic clear cell renal cell
carcinoma, not only to distinguish between cancer subtypes but
also to predict the metastatic potential of renal cell carcinoma
(80, 81). Finally, CD9 is overexpressed in esophageal squamous
cell carcinoma tissues and its expression is correlated with tumor
stage and lymph node metastasis (82). At the opposite end and in
accordance with its controversial role in cancer, CD9 expression
in mesothelioma tissue correlates with survival and may be a
favorable prognostic marker in patients with mesothelioma (83).

TARGETING CD9 AS POTENTIAL NEW
THERAPEUTIC STRATEGY FOR
PERSONALIZED MEDICINE?

As reviewed here, CD9 is expressed on a wide variety of
hematopoietic cells and is diversely involved in the regulation of
inflammation. Thus, it seems highly relevant to consider CD9 as
a promising therapeutic target.

In the field of cancer, targeting CD9 is widely studied as
a potential clinical tool. Interestingly, CD9 is overexpressed
on glioblastoma stem cells compared to its expression in
healthy brain tissues, opening new therapeutic avenues for
CD9 as a target for glioblastoma treatment, especially because
xenotransplantation of CD9-silenced glioblastoma stem cells
into nude rats promotes prolonged survival (84). Exosomes
participate in the communication between neoplastic and normal
cells and suppress immune responses and regulate neoplastic
growth and metastasis (85). CD9, as constituent of exosomes,
could be a potential target for exosome-mediated tumor
development. Pro-apoptotic and anti-proliferative properties of
the agonist anti-CD9 monoclonal antibody (ABL 6 and PAINS
13) were demonstrated in vitro on human malignant cell lines
from gastric and colic cancers as well as in vivo in SCID mice
grafted with those malignant cell lines (86, 87). Taken together,
these results suggest an interesting use of agonist anti-CD9
antibodies as therapeutic tools.

Tetraspanins, such as CD9, play a role in anti-viral
immunity against HIV. Higher expression of CD9 among
other clusters of differentiation is observed on CD4+ and
CD8+ circulating lymphocytes from HIV-infected patients with
undetectable viral loads and those undergoing highly active
antiretroviral therapy. These results are consistent with the
negative regulation of HIV infectivity (88). Moreover, CD9
expression is higher in viral niches, including macrophages
called VCC (Virus Containing Compartments), arguing for the
potential use of CD9 as a therapeutic target and biomarker of
those viral niches in combination with CD32a. This enticing
strategy could be part of curative strategy for HIV infection
(89).

Mast cells belong to innate immunity and are implied in
numerous hypersensitivity mechanisms of either combination of
allergic, autoimmune, and inflammatory. Many hypersensitivity
reactions of either immediate or delayed imply non-IgE mediated
mast cell activation/degranulation in which tetraspanins, such
as CD9, play a role. Indeed, CD9 dimerize via cross-linking
thanks to mAb induces mast cell degranulation (48). CD9
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dimerization is suspected to co-localize on the plasma membrane
with the high-affinity IgE receptor (FceRI), leading to mast cell
activation and degranulation as observed on a human CD9-
transfected basophilic rat leukemia cell line (15). Interestingly,
this effect is not found with the Fab’ fragment, suggesting an
IgE independent activation; CD9 blockade does not prevent
Ag-IgE complex mediated degranulation contrary to mAb
blocking CD63 and CD81 (90). The main hypothesis is that
non-IgE activation/degranulation stresses the role of NTAL
TRansmembrane Adaptor Protein (TRAP) (14) or type II
IgG receptor (FcyRII), which were recently implicated in
IgE-independent anaphylaxis (91). Further studies are needed
to evaluate the impact of the non-IgE-mediated mast cell
activation/degranulation on drug hypersensitivity or even in
chronic urticaria. In asthmatic mice, the adoptive transfer of
CD9™ B cells normalizes airway inflammation and lung function
by inhibiting TH2- and TH17-driven inflammation in an IL-10-
dependent manner, which restores a favorable immunological
balance in lung tissues (92). Increasing the number of regulatory
B cells, including CD9" Breg, is under consideration as an
interesting target for the development of new therapies to
regulate inflammation in asthma and other allergic diseases to
induce allergen tolerance (93-95). Modulation of CD9 expression
is even under consideration in auto-immune diseases, such as
multiple sclerosis (74), in which blocking CD9 in vitro strongly
enhances the blood-brain barrier function and reduces the
migration of monocytes across brain endothelial cell monolayers.

In the field of respiratory diseases, CD9 appears as a negative
regulator of inflammation in COPD and the use of molecules,
such as statins, upregulating tetraspanin CD9 in macrophages
and allowing decreases of inflammation are under consideration
(96) for therapeutic intervention. Finally, CD9" B cells secreting
IL-10 are associated with better lung allograft outcomes after
lung transplantation through creating a favorable environment

for the graft by reducing the inflammation leading to chronic
lung dysfunction. Some immunosuppressive treatments, such
as anti-calcineurin, mTOR inhibitors, and tacrolimus, used
in lung transplanted patients reduce some Bregs subsets (97,
98). Conversely, Belatacept favors the survival of B cells with
regulatory properties. Thus, the use of immunosuppressive
treatments in lung-transplanted patients that have no effect on
the Breg CD9+ compartment may be essential to maintain the
level of circulating Breg CD9+ and to reduce the risk of graft
dysfunction.

Finally, anti-CD9 is also tested for its anti-adhesive properties
to inhibit bacterial adhesion to keratinocytes and has been
shown to be effective in a tissue-engineered model of human
skin infected with Staphylococcus aureus suggesting that CD9
inhibitors may be a valuable addition to current treatments of
skin infection and underscore the potential of targeting CD9 in
bacterial infectious diseases (99).

CONCLUDING REMARKS

In conclusion, CD9 is expressed on a wide variety of
hematopoietic cells, allowing the modulation of a large
range of pathways to regulate inflammation. Modeling
novel immunotherapies based on tetraspanin modulation
is a two-faceted strategy. Indeed, the plasma membrane
compartmentalization properties in TEMs are of primary
interest because the location allows modulation of immune
receptor activity. However, the ubiquitous tissue distribution of
tetraspanins and their potential functional redundancy are the
main obstacles in therapeutic strategy development focusing
on TEMs. Furthermore, depending on the molecule-associated
partners or cell type expression, CD9 can have opposite effects.
Nevertheless, depending on the context, the environment and
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the pathology, modulating CD9 expression or blocking its effects
seem to be a new promising therapeutic strategy that deserves
further investigation.
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