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Abstract

A subset of T cells defined by the cell surface expression of MCAM (CD146) has been identified
in the peripheral circulation of healthy individuals. These cells comprise approximately 3% of the
pool of circulating T cells, have an effector memory phenotype, and are capable of producing
several cytokines. Notably, the MCAM positive cells are enhanced for IL-17 production compared
to MCAM negative effector memory T cells. These call are committed for IL-17 production and
do not require in vitro polarization with exogenous cytokines. MCAM positive T cells also
demonstrate an increased ability to bind to endothelial monolayers. In numerous autoimmune
diseases these cells are found at increased proportions in the peripheral circulation, and at the sites
of active inflammation in patients with autoimmune disease, these cells appear in large numbers
are major contributors to IL-17 production. Studies to date have been performed with human
subjects and it is uncertain if appropriate mouse models exist for this cells type. These cells could
represent early components of the adaptive immune response and serve as targets of therapy in
these diseases, although much work remains to be performed in order to discern the exact nature
and function of these cells.
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Introduction

In the past decade, a population of T cells identified by cell surface expression of the
melanoma cell adhesion molecule, MCAM (CD146), has been reported to be associated
with a number of human autoimmune diseases. These cells have the ability to bind to
endothelial monolayers, secrete cytokines, and have a pro-inflammatory phenotype and
genotype; hence we have called these EPIC T Cells (Endothelial-binding, Prolnflammatory,
with Cytokine secretion). MCAM is found on other cell types, notably on both endothelial
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cells and melanoma cells and was once thought to be specific for the former type of cells in
healthy individuals. Endothelial MCAM has been well characterized and is expressed
primarily at endothelial junctions, playing an important role in maintaining the integrity of
endothelial monolayers. In this review we will discuss the discovery of EPIC T cells and
subsequent studies alluding to their potential role in various autoimmune diseases, as well as
some of the basic features and functions of CD146 in studies of this molecule on endothelial
cells. Current data, such as higher levels of these cells in the blood of patients with
autoimmune diseases and the enhanced secretion of IL-17A by these cells, strongly argue
for a role of MCAM expressing T cells in the pathogenesis of numerous inflammatory
autoimmune disease, although studies of EPIC T cells are hampered by the lack of a widely
accepted mouse model.

Distribution and biological properties of CD146

MCAM (CD146) has an interesting history in that it has been the subject of intense
investigation in two areas, melanomas and endothelial biology, but has received scant
attention for its role in lymphocyte biology. In the study of melanoma, MCAM was first
reported by Lehmann and colleagues (1) as a surface marker to discriminate between
melanoma cells and benign melanocytes. Subsequently it was recognized to be an adhesion
molecule with a potential role in tumor growth (2). Nearly a decade after its first description
in melanoma, Bardin and associates found expression of MCAM on endothelial cells,
leading to its use for as a marker for endothelial cells and circulating endothelial cells (3,4).
In endothelial cells CD146 is found primarily at the endothelial junctions and is thought to
play a major role in tightly binding these cells together (5). Much of the work concerning
CD146 structure and expression on various tissues has been reviewed by several groups
(6-8). MCAM has also been recognized to be expressed on a number cell types including
mesenchymal stem cells (MSC) and dental pulp (9-12). In the former expression of CD146
has been suggested to differentiate between perivascular and endosteal localization of non-
hematopoietic bone marrow-MSC populations (13) and may be developmentally related
(14).

Binding partners for MCAM

Initially CD146 was postulated to have a homotypic ligand-receptor interaction (15), a
mechanism which has neither been proven nor discredited. However, several studies have
provided data suggesting that CD146 has heterophilic ligands in addition to, or instead of,
homophilic binding (Table 1). Recent reports suggest that a ligand for MCAM is
laminin-411 (a4-chain, a f1-chain and a y1 chain, also known as laminin-8) (16, 17).
Schneider-Hohendorf et al extended these findings by demonstrating that adhesion of
MCAM positive cells was independent of very late antigen-4 (VLA-4) but may work in
concert with p-selectin glycoprotein ligand-1 (PSGL-1)-mediated rolling of these cells (18).
In endothelial cells galectin-1, but not galectin-2, has been shown to bind to CD146 and may
help to protect against apoptosis in these cells (19). CD146 has also been demonstrated to be
a coreceptor for VEGFR2 on endothelial cells, to interact directly with VEGFR2, and that
this binding enhances VEGFR2 signaling (20). Wnt5a has also been proposed as a binding
partner for CD146 (21). The reports of multiple ligands for CD146 create a degree of
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confusion regarding the mechanisms of adherence and migration of EPIC T cells.
Unfortunately the reports describing these ligands for CD146 have not been widely
confirmed by subsequent studies and it is unclear if these ligands are competitive or
cooperative. More studies are needed to elucidate the binding ligands of MCAM and the
precise mechanisms of migration and signaling in EPIC T cells.

CD146 engagement and signaling

Signaling resulting from MCAM engagement has been widely studied in a number of non-
leukocytic cells types, however a comprehensive, coherent picture of CD146 has not been
offered. In endothelial cells, engagement of CD146 was found to recruit p59" to CD1486,
triggering a calcium flux through phospholipase C-y activation and initiate a protein tyrosine
kinase (PTK)-dependent signaling pathway, with tyrosine phosphorylation of the focal
adhesion kinase, p125FAK and paxillin (22,23). Engagement of CD146 in endothelial cells
also has been reported to cause actin redistribution to an activated form as well as
translocation of NF-xB to the nucleus (24). In human melanoma cell lines Li and colleagues
(25) described a reciprocal regulation of MCAM and protein kinase B (PKB) (also known as
Akt), leading to inactivation of the Bcl-2-associated death promoter (BAD) and increased
survival of the melanoma cells.

There are several reports in the literature associating Wnt5a non-canonical signaling with
CD146 expression and function. Witze et al (26) demonstrated that brief treatment of
melanoma cells with Wnt5a led to redistribution of MCAM from a uniformly distributed
pattern to a highly polarized structure in concert with actin-myosin rearrangements. This
mechanism could thereby control directional movement in response to chemokine gradients.
Subsequent data using human umbilical cord endothelial cells as well as zebrafish embryos
indicated that CD146 binds to Wnt5a with high affinity and is essential for endothelial cell
migration and activity of c-jun amino-terminal kinase (JNK) via non-canonical signaling
(21). CD146 was reported to do this through phosphorylation of Dishevelled (Dvl). Insulin-
like growth factor binding protein 4 (IGFBP4), an antagonist of the Wnt/B-catenin signaling,
was found to activate Wnt/B-catenin signaling pathway and to induce the expression of
MCAM in renal carcinoma cells (27). To date, no studies have been performed in human T
cells concerning the signaling pathways associated with CD146 engagement.

Early description on lymphocytes

The first description of MCAM expression on lymphocytes appeared in 1997 in a report by
Pickl et al (28). Here, MCAM was described as an activation marker of T cells, ‘not
significantly” expressed on the leukocytes of healthy donors. It was, however, found on T
cells in synovial fluid from patients with rheumatoid arthritis. Furthermore, skin specimens
from contact dermatitis patients demonstrated that 50-80% of the CD3+ cells in tissue
sections were MCAM-+. These authors suggested, without any supporting data, that MCAM
might facilitate extravasation or homing of these cells. This initial observation lay dormant
for nearly a decade until a report identified MCAM+ T cells in the peripheral circulation of
healthy donors (29). The MCAM positive T cells could be found in both the CD4+ and
CD8+ subpopulations and demonstrated no clonality in the peripheral blood of healthy
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donors based on TCRVp analysis. CD146 is also expressed on a low percentage of B cells in
the peripheral circulation of healthy donors but is only rarely expressed on the NK
population. MCAM could be upregulated on B cells by mitogen stimulation and by
activation with a combination of CD40L and IL-4 (29). Seftalioglu and Karakog used
immunohistochemistry to demonstrate the presence of MCAM on immature cortical
thymocytes, supporting the concept that this antigen was expressed on T cells at an early
stage (30). A subsequent study by Elshal and colleagues (31) revealed that MCAM positive
T cells had an enhanced ability to bind the endothelial monolayers in vitro compared to
CD146 negative cells.

Immunophenotyping

Although MCAM was initially described as an activation antigen of T cells, the distribution
of this antigen is distinct from other common markers of activation such as CD25, CD38,
CD69, OX-40, and HLA-Dr in freshly isolated cells, (31), although there are varying
degrees of in the expression of MCAM with many of the other activation markers (32). The
MCAM+ T cells were also found to be CD45RA-, CD45R0O+, CD28+and CCR7-,
indicative of effector memory T cells, and displayed no primitive markers such as CD133 or
CD34 and no other markers associated with endothelial cells (31, 33). Markers associated
with Th17 cells, CD26 and CD58 were coexpressed on MCAM positive cells, while
additional markers associated with Th17 cells, including CD161, CCR6, and CCR4, were
partially co-expressed with MCAM (33, 34).

Role in adherence and extravasation

The initial speculation that MCAM expression on T cells might facilitate extravasation was
based on MCAM-based adherence in other cells types but without any direct evidence on
human T cells. The renewed attention to MCAM a decade later included studies that
provided direct evidence for the role in MCAM in lymphocyte-endothelial interactions. In
addition to the study mentioned above (31), Guezguez and coworkers reported that a human
NK cell line transfected with MCAM decreases rolling velocity and increases firm adhesion
of these cells to endothelial cells in vitro and that antibodies against MCAM could reverse
these findings (15). MCAM transfection also increases the microvilli of the transfected NK
cells compared to non-transfected controls. Furthering this association between MCAM
expression on T cells and cell adherence, Brucklacher-Waldert et al demonstrated that
clones of MCAM positive Th17 cells isolated from peripheral blood could adhere to
endothelial cells ex vivo better than corresponding MCAM negative Th17 cells (35).
Additional, direct evidence showing a role for MCAM in extravasation of T cells per seare
data showing MCAM-+ lymphocytes migrate more efficiently across human blood-brain
endothelial cells than do the corresponding MCAM negative cells, and that this migration
could be blocked by anti-MCAM antibodies (36). In a similar context of MCAM positive
cells migrating through the blood-brain barrier, Duan and coworkers (37) extended this work
by using knockout mice lacking endothelial CD146 (MCAM) to demonstrate that
extravasation of MCAM positive T cells to the central nervous system (CNS) diminished in
comparison to wild type mice, suggesting that endothelial MCAM as well as lymphocytic
MCAM plays a role in this process. Interestingly, HEMCAM, the avian orthologue of
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MCAM/CD146, downregulates B1 integrin expression at the cell surface and with high
levels of HEMCAM there is reduced cellular adhesion to laminin 1 (38). These data,
together with the reports of various binding partners for MCAM, suggest that the role of this
molecule in cell adhesion may be quite complex.

Cytokine production by EPIC T cells

The initial reports of MCAM-expressing T cells made no mention of cytokine production by
these cells. The first hint of cytokine production from these cells was in a report by Elshal et
al (31) which presented a gene list showing 1L-8 and RORC2 upregulation associated with
CD146 expression on T cells; however there was no direct proof of actual cytokine
production. The first association of cytokine production by MCAM positive T cells was a
finding that sixty nine percent of clones of Th17 cells expressed MCAM whereas no Thl
clones did so (35). More proof of cytokine secretion from the MCAM positive cells was
presented in a study of peripheral blood CD4 T cells isolated on the basis of MCAM
expression demonstrated pronounced intracellular IL-17 and INF-y (34) whereas their
MCAM-negative counterparts showed minimal IL-17 secretion but retained INF-y
production. Furthermore, supernatants from sorted, short-term cultured MCAM positive
cells revealed increased IL-17 compared to their MCAM negative counterparts. Gene
expression analysis also revealed increased mRNA for IL17A, IL-22, and IL-26 in CD146
positive CD4 T cells relative to the MCAM negative cells, as well as increased RORC2. It is
extremely important to note that this cytokine secretion could be seen without in vitro
polarization, such as that used previously by Veldhoen et al to induce Th17 cells (39). Later
Kamiyama and colleagues (33) demonstrated that CCR6+ CD146+ CD4+ cells had a greater
capacity to produce IL-17 than did cells negative for one or both of these markers. In
contrast to the previous study which did not use polarization, here the secretion of IL-17 was
demonstrated after in vitro polarization with IL-1 and IL-23. It has also been found that
human CD8+ T cells expressing MCAM can also produce IL-17 and INF-y without the need
for in vitro polarization in a manner very similar to the CD4+ T cells, and both can also
produce TNFa (FIG 1) (40).

EPIC T cells in autoimmune diseases

The initial observations concerning the expression of MCAM on T cells included
demonstrating MCAM on T cells in the synovial fluid of patients with rheumatoid arthritis
(RA), a finding leading this group to speculate that expression of CD146 might be involved
in the migration of T cells to sites of inflammation (31). A subsequent study by Dagur and
coworkers (41) confirmed finding MCAM+ T cells in the synovial fluids of RA patients,
reaching as high as 26% of the T cells in some patients, and extended this observation by
showing that increases, albeit less than seen in the synovial fluids, of CD4+ MCAM+ T cells
could also be found in the peripheral circulation of patients with arthritis and other
musculoskeletal diseases. This observation raised the likelihood that the mediators of local
inflammation could be detected systemically. The EPIC T cells in this study displayed an
effector memory phenotype and a distinctly pro-inflammatory profile. A subsequent study
again confirmed these findings in RA amd extended these to ankylosing spondylitis (AS)
(42).
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A number of studies have also reported the presence of MCAM positive T cells in multiple
sclerosis, and suggested their potential role in the inflammatory process in this disease
(35-37). Larochelle et al (36) found elevated levels of MCAM+ T cells that secrete IL17 in
the circulation of MS patients compared to controls as well as MCAM expressing T
lymphocytes in perivascular infiltrates in active multiple sclerosis lesions. Furthermore
MCAM expression in the brain endothelium was also upregulated, suggesting homotypic
binding of CD146 in the migration of these cells. In vitro experiments revealed that the
MCAM+ T cells migrated more efficiently through human blood brain barrier endothelial
cells than did their MCAM negative counterparts and this was inhibited by anti-MCAM
antibodies. Duan and colleagues (37) extended these findings using a mouse model of
experimental autoimmune encephalomyelitis (EAE) and demonstrated that anti-CD146
antibody administered in vivo reduced the severity and clinical score of EAE. Yet another
group (16) found the same role for MCAM+ T cells in EAE but presented evidence that
laminin 411 was the binding partner for MCAM rather than homotypic binding of
endothelial MCAM. Later work identified MCAM as an exclusive pathway for Th17 cells to
migrate through the blood brain barrier in patients undergoing anti-VLA-4 therapy (18).

In studies of additional autoimmune diseases, patients with Sjogren’s syndrome (32) and
psoriasis vulgaris (33) were found to have increased percentages of CD146+ T cells in
peripheral blood. A landmark study identified EPIC T cells in active psoriatic skin lesions
and revealed that these are prominent producers of IL-17 among the T cells in the active
lesion (43); strongly implicating MCAM-expressing T cells in the pathogenesis of this
disease, as psoriasis is an IL-17-driven disease (44, 45). In the skin lesions cytokine
production was enhanced in MCAM+ T cells compared to circulating EPIC T cells.
Furthermore, increased production of chemokines such as CXCL13 and CCL20 was also
observed in these lesional MCAM+ T cells (Dagur and McCoy, unpublished), suggesting
that this type of cell may play a role in attracting other cells to the site of inflammation.

Increases in circulating MCAM positive T cells have been identified in several additional
autoimmune diseases such as sarcoidosis, Behcet’s disease, Crohn’s disease, and birdshot
retinochoroidopathy (34, 40). Figures 2 and 3 summarize the findings from our laboratory of
CD146+ T cells in healthy subjects and in the blood and sites of inflammation in
autoimmune diseases. As mentioned above, MCAM is not only expressed by CD4+ T cells
but also by the CD8+ populations, which also secrete IL-17, consistent with a proposed
effector role for CD8+ T cells in autoimmunity (46). It is of interest that some of these data
suggest that MCAM+ CD8+ T cells are elevated in autoimmune diseases with HLA class 1
associations while MCAM+ CD4+ T cells are elevated in those autoimmune diseases
without such an association. It has been suggested that this putative association of CD146+
CD8+ T cells may be of use in the differential diagnosis of autoimmune diseases with a
class | association.

A mouse model for EPIC T cells?

It is most common for novel immune subsets to be studied in a mouse model to perform
various mechanistic studies in order to better understand the nature and function of those
cells. Unfortunately, as pointed out by Davis, this is not always possible due to inherent
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differences between humans and inbred mice (47). In human leukocytes, MCAM binding is
found predominantly on T lymphocytes, less on B lymphocytes, and only trace amounts are
found on NK cells (31). In contrast, studies with mice have shown that MCAM binds
primarily to NK cells with little, if any, binding to T cells. (34, 48). Conflicting data show
CD146 expression on IL-17-secreting T cells in the mouse, similar to what is observed in
humans (36, 37). Unfortunately both of the studies which demonstrated MCAM expression
on murine T cells used monoclonal antibodies developed in their own laboratories rather
than commercially available reagents, making replication of these findings difficult.
However, this suggests that the commercially available antibodies to murine CD146
recognize epitopes found on endothelial cells and NK cells but not T cells. Further work is
needed to resolve this discrepancy, and to determine of appropriate mouse models can be
found for the study of EPIC T cells in vivo.

Discussion and future efforts

The EPIC T cells described here are interesting multi-functional cells having the abilities to
bind to endothelium through a unique cell surface moiety and to produce cytokines such as
interleukin-17 without ex vivo polarization using exogeneous cytokines (Figure 4). It would
seem that these cells are positioned to be early adaptive responders due to their enhanced
abilities to transmigrate and to increase cytokine production with only TCR engagement
with CD28 costimulation. The increased numbers of these cells at the site of inflammation in
psoriasis and rheumatoid arthritis as well as in the peripheral circulation of these patients
suggests their role in the pathogenesis of these diseases, although at which stage remains to
be determined through time course experimentation. Validation of the suggested mouse
models would permit direct experimentation to observe EPIC T cell trafficking, however, to
date, these mouse models have been difficult to replicate. Th17 cells have been
demonstrated to orchestrate the pathogenesis of numerous autoimmune diseases (49) and
thus the association of IL-17-secreting MCAM positive cells with autoimmunity comes as
no surprise; however the identification of this cell surface MCAM is highly suggestive of a
mechanism by which Th17 cells can transit from the peripheral circulation to sites of active
inflammation. It is noteworthy that a recent publication concerning CD8aa innate-type
lymphocytes revealed strong expression of CD146 on these cells (50), suggesting the
expression of MCAM extends beyond traditional Th17 and Tc17 cells.

To date there is no evidence to suggest a genetic link between MCAM expression and 1L-17
secretion. Indeed, some IL-17 secreting T cells can be found in healthy individuals without
concomitant MCAM expression on those cells.

The increased presence of the EPIC T cells in numerous IL-17 mediated autoimmune
disorders and their prominence at the sites of inflammation in these diseases could have
therapeutic implication. Early studies with targeted IL-17 therapy are showing promising
results in psoriasis and rheumatoid arthritis (51-53) and it is certainly plausible that targeting
EPIC T cells may be a viable alternative therapy. This could be direct targeting of the EPIC
T cells via MCAM or, once the ligand for these cells is definitively identified, through
interfering with the migration of these cells to sites of inflammation.
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Clearly the work revealing the full nature and function of MCAM-expressing T cells is in
the initial stages but this effort is gaining momentum as these cells are indentified in a
myriad of autoimmune diseases. Preliminary data to date strongly indicate that these cells
are primed for extravasation and cytokine secretion and their prevalence at the site of
inflammation argue for a pathogenic role of EPIC T cells in inflammatory autoimmune
diseases.
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Figure 1. Secretion of IL-17, IFN-y, and TNF-a by MCAM+ and MCAM- T cell subsets
Subpopulations of T cells from a healthy donor were sorted by flow cytometry to separate

CD146+ cells from their CD146- counterparts were subsequently cultured for 5 days with
CD3/28 stimulation. The cells were then stained for CD146 and three intracellular
cytokines, and then analyzed by flow cytometry. Row A: CD4+CD45R0O+CD146+ T cells;
Row B: CD4+CD45R0O+CD146- T cells; Row C: CD8+CD146+ T cells; Row D:
CD8+CD146- T cells; Column I: IFN-y vs IL-17A; Column II: TNF-a vs IL-17A; Column
I11: IFN-y vs TNF-a. These data show a marked, but not unique, association of IL-17A with
CD146+ T cells. The other two cytokines are abundantly secreted by both CD146+ and

CD146-T cells.
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Figure 2. The frequencies of CD146+ T cells are elevated in peripheral circulation and are
enriched at the site of inflammation in human autoimmune diseases

The frequency of CD146+ T lymphocytes and T cells subsets in the peripheral circulation of
healthy volunteers (n=71), non-infectious inflammatory uveitis of sarcoidosis (n=51);
Bechet’s Disease (n=23); birdshot retinochoriodopathy (n=8)); inflammatory bowl diseases
(Crohn’s (n=26) and ulcerative colitis (n=09), autoimmune neuroinflammatory disorder
multiple sclerosis (n=47) and its sub categories (primary progressive or PPMS (n=19);
secondary progressive or SPMS (n=10); and relapse and remitting or RRMS (n=05));
psoriasis (n=77) and rheumatoid arthritis (n=10). The scatter plots show the means and error
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bars representing standard error. (top) percent positive CD146+ cells in CD3+ T lymphocyte
gate, (middle) percent positive CD4+CD146+ cells in T lymphocyte gate and (bottom)
percent positive events in CD8+CD146+ cells in T lymphocyte gate. Red dashed line shows
the mean frequency of CD146+ cells in healthy donors.
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Figure 3.
(top) Scatter plots showing the mean with error bars representing standard error of the

percent positive CD146+ cells in T lymphocyte gate in peripheral blood and at the site of
inflammation (lesional skin for psoriasis and synovial fluid for RA); (middle) the percent
positive CD4+CD146+ cells in T lymphocyte gate in the peripheral blood and at the site of
inflammation (lesional skin for psoriasis (n=13) and synovial fluid for RA (n=29)); and
(bottom) the percent positive events in CD8+CD146+ cells in T lymphocyte gate in
peripheral blood and at the site of inflammation (lesional skin for psoriasis and synovial
fluid for RA). Data were analyzed using Mann Whitney students T test with 95% confidence

Autoimmun Rev. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Dagur and McCoy

Page 17

interval on Prism 6.0 software. P values were calculated. *= p<0.05; **=p<0.001,;
***=p<0.0001; ****=p<0.00001; ns = not significant. For figure A, B and C values were
compared between healthy and disease; for figure D, E and F values were compared
between blood and the local site of inflammation.
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Figure 4. Features of MCAM+ T cells
T cells expressing MCAM display an effector memory phenotype with the expression of

IL-17, ILN-y, and TNF-a. The presence of MCAM on the cell surface has been
demonstrated to facilitate the binding and transmigration of these cells through the
endothelium to the site of active inflammation by a mechanism that has yet to be fully
elucidated.

Autoimmun Rev. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Dagur and McCoy

TABLE 1

Ligands reported for CD146

Ligand Cell type Reference
Galectin-1 CD146 transfected Fibroblast Jouve et al, 2013.
Laminin-411 | CD146 transfected Chinese Flanagan et al, 2012.
hamster ovary (CHO) cells
Whntba CD146 transfected human Ye et al, 2013
embryonic kidney cell line
HEK293T cells
Vegfr2 CD146 transfected human Jiang et al, 2012

embryonic kidney cell line
HEK?293T and Endothelial cells
for VEGFR-2
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