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Cluster of Differentiation 6 (CD6), an established marker of T cells, has multiple
and complex functions in regulation of T cell activation and proliferation, and in
adhesion of T cells to antigen-presenting cells and epithelial cells in various
organs and tissues. Early studies on CD6 demonstrated its role in mediating cell-
cell interactions through its first ligand to be identified, CD166/ALCAM. The
observation of CD6-dependent functions of T cells that could not be explained
by interactions with CD166/ALCAM led to discovery of a second ligand, CD318/
CDCP1. An additional cell surface molecule (CD44) is being studied as a potential
third ligand of CD6. CD166, CD318, and CD44 are widely expressed by both
differentiated cancer cells and cancer stem-like cells, and the level of their
expression generally correlates with poor prognosis and increased metastatic
potential. Therefore, there has been an increased focus on understanding how
CD6 interacts with its ligands in the context of cancer biology and cancer
immunotherapy. In this review, we assess the roles of these CD6 ligands in
both the pathogenesis and treatment of cancer.
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What is CD6?

CD6, a type I transmembrane glycoprotein belonging to the highly conserved scavenger
receptor cysteine-rich superfamily (SRCR-SF), is expressed by all developing and mature T-
lymphocytes, a small fraction of mature B (CD5" or Bla) cells, about one-half of human,
but not mouse, NK (CD56dimCD16+) cells, and to a lesser extent, the basal ganglia and
cerebellar cortex regions of the brain (1-3). CD6 is composed of an extracellular region
consisting of three SRCR domains, a transmembrane region, and a long cytoplasmic tail
containing phosphorylatable residues for intracellular signal transduction (4). Galectins,
specifically Galectin-1 and -3, function as binding partners for CD6, primarily by
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interacting with specific carbohydrate moieties on CD6 (5), thereby
modulating its function in immune cell adhesion, migration, and
activation, particularly in the context of T cell signaling and
immune response regulation (5).

Thus far, there are two mammalian CD6 ligands identified:
CD166/activated leukocyte cell adhesion molecule (ALCAM) and
CD318, also known as CUB domain containing protein 1
(CDCP1). Additionally, a new study by Borjini et al. shows
strong biochemical and biophysical evidence that supports
CD44 as a novel CD6 ligand (4, 6, 7) (Figure 1). All three CD6
ligands are widely expressed on the surface of various tissues,
including endothelial and epithelial cells, antigen-presenting cells
(APCs), and cancer cells.

What is the function of CD6?

CD6 is known to play critical roles in T cell activation and
signaling, cell adhesion, regulation of immune responses, and
immune synapse formation (8, 9). Evidence that CD6 is involved
in T cell activation was first suggested by Gangemi et al., who
demonstrated that monoclonal antibodies (mAbs) targeting CD6

10.3389/fimmu.2024.1528478

were able to induce T cell activation, T cell proliferation, and
increase in IL-2 receptor expression (10). Since then, multiple
studies have further substantiated a co-stimulatory role of CDé6,
enhancing T cell receptor (TCR) signaling when engaged (11-13).
However, more recent studies suggest that CD6 can also act as an
attenuator of early and late T cell responses in a ligand-independent
manner (14, 15).

The involvement of CD6 in the immune synapse was first
described by Gimferrer et al., whose studies showed that a fraction
of CD6 molecules physically associate with the TCR/CD3 complex.
Image analysis of Ag-specific T-APC conjugates further
demonstrated that CD6 and its ligand CD166 colocalized with
TCR/CD3 at the center of the immunological synapse. Moreover,
their studies also found that addition of a soluble form of rCD6
reduces mature Ag-specific T-APC conjugates, indicating CD6
mediates early cell-cell interactions needed for immunological
synapse maturation (16). Further studies conducted by Tudor
et al. on CD6’s role in the immune synapse demonstrated that
when CD166 binds CD6, a supramolecular complex is formed with
the adaptor proteins ezrin and syntenin-1 coupling the cytoplasmic
tail of CD166 to actin, stabilizing the immunological synapse during
dendritic cell-T cell interactions (17).
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FIGURE 1

Schematic representation of CD6 interactions with its ligands. CD6 is composed of three extracellular scavenger receptor cysteine-rich domains
(domains 1, 2, and 3) and an intracellular cytoplasmic that contains phosphorylatable residues for intracellular signal transduction. CD6 functions by
interacting with its ligands CD166 (ALCAM), CD318 (CDCP1), and potentially CD44. CD166 is known to bind domain 3 of CD6, whereas CD318 binds
domain 1. A third ligand, CD44, has been recently identified as a potential novel receptor for CD6 by proximity labeling. Both CD6/CD166 and CD6/
CD318 interactions can selectively be targeted by the monoclonal anti-CD6 antibodies itolizumab and UMCDG6 respectively.
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CD6 also plays a significant role in cell adhesion. The sustained
attachment of T lymphocytes to endothelial cells and antigen-
presenting cells (APCs) is dependent on CDI166 binding CDG6,
which also facilitates effective immune responses and cell
migration to inflammatory sites in autoimmune disease.
Importantly, CD166 participates in leukocyte migration across the
blood-brain barrier (BBB), which is upregulated in active multiple
sclerosis and experimental autoimmune encephalomyelitis (18).
Furthermore, blockade of CD166 restricts the transmigration of
CD4+ lymphocytes and monocytes across BBB endothelium,
reducing the severity and delaying the onset of encephalomyelitis.
CD6 also mediates adhesion of T cells to other tissue-specific cell
types such as keratinocytes and synovial fibroblasts (19, 20). Such
interactions involve engagement of both CD166 and CD318, which
bind to distinct epitopes of CD6.

CD6 has also been shown to play a dual role in regulating
immune responses: while it enhances T cell activation, it also has
regulatory functions that help maintain immune homeostasis. Orta
Mascar6 et al. showed that CD6 can function as a negative
modulator of TCR-mediated signaling. The molecular
mechanisms by which CD6 restrains TCR signaling are not well
described, as CD6 signaling pathway is still relatively unknown.
However, given the association of CD5 and CD6 at the T cell
surface, and the regulatory role of CD6 on CD5 Tyr
phosphorylation, CD5 could mediate such a negative effect. CD6
signaling can therefore modulate the production of cytokines and
other immune mediators, ensuring a balanced immune response
that prevents excessive inflammation and autoimmunity (21).
Recent studies on the CD6 signalosome, conducted by Mori et al.,
confirmed that the TCR-inducible CD6 signalosome had both
positive (SLP-76, ZAP70, VAV1) and negative (UBASH3A/STS-
2) regulators of T cell activation (22).

Is CD6 linked to autoimmunity?

CD6 has been linked to autoimmunity, and CD6-targeting
antibodies have been proposed as a promising therapy for several
autoimmune diseases. Given that CD6 is required for optimal
immune response, it is not surprising that many studies have
linked CD6 with the pathogenesis of human autoimmune disease,
such as Behcet’s disease (23), multiple sclerosis (MS) (24, 25),
psoriasis (26), Sjogren’s syndrome (27, 28), rheumatoid arthritis
(RA) (29), uveitis (30), inflammatory bowel disease (31), and most
recently, lupus nephritis (32). For instance, CD6 has been identified
and validated as a risk gene for MS (25), single-nucleotide
polymorphisms (rs17824933, rs11230563 and rs12360861) are
associated with severe forms of psoriasis (33), and high
expression of CD6 has been observed in RA joints (20, 34).
Importantly, in mouse models of MS and RA, in both CD6”"
mice and CD6-humanized mice treated with UMCD®6, an anti-
human CD6 monoclonal antibody targeting the CD6/CD318
interaction, striking reductions in clinical signs of disease,
pathogenic Th1/Th17 responses and inflammatory cell infiltration
into the target organs are observed (24, 29). Similarly, CD6” mice
with experimental autoimmune uveitis (EAU), have decreased
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retinal inflammation and reduced autoreactive T-cell
responses (30).

Is there a role for CD6
in alloreactivity?

The role of CD6 in alloreactivity was described by Rasmussen
et al., who discovered a subpopulation of peripheral blood T
lymphocytes with low or no CD6 (CD3*CD5™CD6'") in the
blood of healthy volunteers. CD6'~ T cells showed decreased
reactivity to allogeneic stimulation, but not to mitogenic lectins
(PHA) or soluble recall antigens (tetanus toxoid) (35). Human
natural regulatory T cells (nTreg) were later found to exhibit low/
negative CD6 expression, suggesting that these cells could be the
same CD6"'~ population that Rasmussen et al. had discovered (36).

Additionally, CD6 is being studied for its role in graft rejection
and tolerance. Rambaldi et al. recently examined expression of CD6
in patients after allogeneic cell transplantation and found that CD6
expression was reduced in Treg and CD8+T cells in acute graft-
versus-host disease (aGvHD) compared to healthy donors.
Itolizumab, an anti-CD6 mAb that targets the CD6/CD166 axis,
inhibited CD4 and CD8 T-cell activation and proliferation in pre-
GvHD samples, but inhibition was less prominent in samples
collected after aGvHD onset. Modulating CD6 activity could
therefore enhance immune tolerance to transplanted organs,
reducing the risk of rejection and improving graft survival (37).

Is CD6 expressed by
lymphoid malignhancies?

CD6 is expressed by many lymphoid malignancies. Zhao et al.
found elevated expression of CD6 in aggressive NK-cell leukemia/
lymphoma (ANKLL) and extranodal NK/T-cell lymphoma
(ENKTL), suggesting that CD6 could be a therapeutic target for
these hematological malignances (38). In patients with B-cell
chronic lymphocytic leukemia (CLL), CD6 is also expressed on a
significant proportion of their malignant B cells (39, 40).
Parameswaran et al. recently confirmed that CD6 is indeed highly
expressed on most T cell lymphoma cell lines. Importantly, a CD6-
targeted antibody-drug conjugate (anti-CD6-ADC) selectively kills
T cell lymphoma cells in vitro and reverses the development of
tumors in vivo in mouse models of T cell lymphoma (TCL) (41).

Is CD6 involved in solid malignancies?

The proteolytic cleavage of the CD6 extracellular region
following lymphocyte activation gives rise to soluble CD6 (sCD6)
(42), which is found in serum of cancer patients (43). Transgenic
mice expressing high circulating levels of human sCD6
(shCD6LckEuTg) provided the first indication of the
immunotherapeutic potential of shCD6 against cancer. These
mice demonstrated decreased tumor growth when injected with
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subcutaneous syngeneic cancer cells of various lineages, such as
melanoma, fibrosarcoma, and lymphoma cell lines. Similar lineage-
independent increased anti-tumor responses were also seen in wild-
type mice transduced with hepatotropic adeno-associated virus
(AAV) coding for mouse sCD6 (smCD6) or given infusions of
the recombinant shCD6 protein (43).

Ligands of CD6

What are the functions of CD166/ALCAM?

CD166 or Activated Leukocyte Cell Adhesion Molecule
(ALCAM) was the first ligand described for CD6 (44, 45). CD166
is a cell surface glycoprotein and a member of the immunoglobulin
superfamily molecules, originally identified on leukocytes.
Structurally, CD166 has three domains: a large glycosylated
extracellular domain, a transmembrane domain, and a short
cytoplasmic domain. The extracellular domain has five
immunoglobulin (Ig)-like domains: two amino-terminal
membrane distal variable (V)-type domains, and three membrane
proximal constant (C2)-type domains. These Ig-like domains
mediate homophilic CD166-CD166 interactions and heterophilic
CD166-CD6 interactions (46). Subsequent kinetics analyses of
CD6-CD166 and CD166-CD166 interactions, done by Hassan
et al,, revealed that CD6 and CD166 proteins interact with a Kp,
=0.4-1.0 UM and K.g 20.4-0.63 s, which is typical of many
leukocyte membrane protein interactions. On the other hand,
CD166-CD166 homophilic interaction has much lower affinity
(Kp =29-48 uM and K. = 5.3 s7) (47).

Is CD166/ALCAM a therapeutic target in cancer?

CD166 has been found on activated T cells and monocytes,
epithelial cells, fibroblasts, neurons, and a wide range of
malignances. In autoimmunity, CD166 has been implicated in the
pathogenesis of lupus nephritis, rheumatoid arthritis, Sjogren’s
syndrome, and inflammatory bowel disease in which both CD6
and CD166 are overexpressed (28, 31, 32, 48). Specifically in cancer,
CD166 is associated with worse prognosis and increased metastatic
potential chance in several malignancies, including liver (49),
thyroid (50), head and neck (51), and breast cancer (52-54). In
prostate cancer specifically, CD166-positive cells have enhanced
sphere-forming capacity and carcinogenic potential (55), while in
breast cancer, CD166 promotes evasion of apoptosis of the cancer
cells (56). Furthermore, preliminary results from a phase II study of
praluzatamab ravtansine (CX-2009), an activated antibody-drug
conjugate that targets ALCAM, show promising overall response
rate in breast cancer patients with advanced hormone receptor-
positive, HER2 negative cancer (57).

In addition to prostate and breast cancer, CD166 is also up-
regulated in liver tissue and serum from patients with hepatocellular
carcinoma (HCC) (58). Pancreatic cancer patients whose
circulating cancer cells have high levels of CD166, also tend to
have significantly shorter survival than those with low levels of
CD166 (59). Similarly, high levels of CD166 in colorectal tumors are
strictly associated with poorer survival, nodal status, tumor grade
and high risk of metastasis (60). Nonetheless, a poor prognosis for
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cancer is not invariably associated with CD166 expression. High
levels of CD166 in patients with Ewing sarcoma are likely to have
better prognoses and not develop metastases (61). Similarly, CD166
expression is strongly linked with a better prognosis and longer
patient survival in a multivariate survival analysis of patients with
non-small cell lung cancer.

The interaction between CD6/CD166 is being studied for its
clinical applications in both autoimmunity and cancer (9).
Itolizumab, a humanized recombinant IgG1 mAb that blocks the
CD6/CD166 binding, is a novel biological agent that has been
approved in India for the treatment of psoriasis and psoriatic
arthritis (62). Itolizumab downregulates levels of interferon-y
(IFN-y), IL-6, and tumor necrosis factor-o. (TNF-o), leading to
reduction in the T-cell infiltration at the sites of inflammation.
Itolizumab is currently being evaluated for safety, pharmacokinetics
and pharmacodynamics for the treatment of Lupus Nephritis in the
U.S. (NCT04128579).

An in vitro study suggests that Itolizumab might increase the
cytotoxic capacity of CD8 and NK-T lymphocytes to enhance breast
cancer cell death. Gonzalez-Munoz et al. demonstrated that such an
effect of Itolizumab was due to reversal of the NKG2A/NKG2D
ratio and negative modulation of inhibitory CD5 receptor
expression on these cell subpopulations, as well as increased
granzyme-b and IFN-y production. Their work also showed the
first evidence of the synergistic antitumor effect of combination
therapy with itolizumab and pembrolizumab (anti-PD-1).
However, the use of CD166 targeted therapeutics for cancer
might raise issues of off target consequences related to widespread
expression of CD166 on other cell types, including many types of
cells of the immune system (63).

Chimeric antigen receptor (CAR) T-cell therapy is emerging as
an efficacious cancer treatment for hematological malignancies.
Recent pre-clinical studies on CAR-T cells that specifically target
CD166 also show substantial promise on various solid tumors. For
instance, Wang et al. showed that CD166.BB{ CAR-T cells (a type
of CAR-T cells known to persist longer than CD28-costimulated
CAR (280) T cells) substantially killed osteosarcoma cell lines in
vitro. Furthermore, their studies revealed that an intravenous
injection of CD166.BB{ CAR-T cells into immunocompromised
mice resulted in decreased tumor growth with no apparent
toxicity (64).

Similarly, He et al. recently developed CAR-T cells based on the
extracellular domain of CD6 and found that such cells are cytotoxic
to human colorectal cancer cells (CRC). Interestingly, their studies
demonstrated that CD6-CAR-T cells specifically targeted CD166
rather than CD318. Additionally, CD6-CAR-T cells exhibited
strong cytotoxicity in a dose-dependent manner against CD166-
positive cell lines, and increased production of the cytokine IFN-y.
Perhaps more importantly is the fact that these CD6-CAR-T cells
exhibited strong cytotoxicity against CRC cancer stem cells,
indicating that CD6-CAR-T might be a promising treatment
strategy for CRC (65). Considering that many cancers
simultaneously express CD166 and CD318, which bind to
different epitopes of CD6, the functional consequences of CD6-
mediated interactions between cancer cells and lymphocytes may be
a blend of distinct signals from each ligand.
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CD6 and galectins

Galectins are a class of proteins that bind to [-galactose-
containing glycoconjugates and play critical roles in
developmental, homeostatic, and pathological processes. These
proteins, essential in glycobiology, are expressed by fibroblasts,
mesenchymal stromal cells, a wide range of cancer cells, activated
T and B cells, regulatory T cells, dendritic cells, mast cells,
eosinophils, monocytes/macrophages, and neutrophils. In
addition, galectins can promote pro- or anti-inflammatory
responses, depending on the inflammatory stimulus,
microenvironment, and target cells (66-68). In regard to CD6,
Escoda-Ferran et al. demonstrated that Galectins 1 and 3 bind to
both CD6 and CD166/ALCAM, and interfere with superantigen-
induced T-cell proliferation, adhesion, and migration. Moreover,
their studies showed that CD6 expression protects T cells from
Galectin 1- and 3-induced apoptosis (5). Galectin-1 is considered a
pivotal immunosuppressive molecule, and it is expressed by many
types of cancer. Tumor-secreted Galectin-1 can bind to glycosylated
receptors on immune cells and trigger the suppression of immune
cell function in the tumor microenvironment, contributing to the
immune evasion of tumors (69). Galectin-3 expression is typically
elevated and considered a marker for tumor progression and
metastasis, as it is involved in various processes such as cell
adhesion, migration, invasion, angiogenesis, and immune
suppression, often promoting cancer cell growth and spread
across different tissues; essentially, high galectin-3 expression is
associated with a poorer prognosis in many cancers (68).

The mechanism by which CD6 expression negatively modulates
Galectin 1- and 3-induced T-cell death is not fully understood.
Escoda-Ferran et al. demonstrated reduced protection of CD6-
negative cells transfected with cytoplasmic tail-truncated CD6
isoforms compared to full-length CD6, suggesting that the down-
modulatory effect depends on the integrity of the CD6’s cytoplasmic
domain (5). The interaction between galectins and CD6 is thus
highly relevant as a potential therapeutic target in various diseases,
including cancer.

Is CD318 important in cancer?

CD318 or Cub domain-containing protein 1 (CDCP1) is a cell-
surface glycoprotein expressed by fibroblasts and the epithelium of
normal and cancer cells. CD318 is implicated in inflammatory
responses, autoimmunity, and cancer. In regard to autoimmune/
inflammatory diseases, knockout of CD318 gene has been found to
attenuate disease severity and infiltration of IFN-gamma and IL-17-
producing T cells in experimental mouse models of encephalomyelitis
(6), inflammatory arthritis (29), Kawasaki disease (70), and uveitis (30).

CD318 has been studied almost exclusively in cancer. High
levels of cell surface CD318 are associated with progressive disease
and markedly poorer survival in breast (71), lung (72), colorectal
(73), ovarian (74, 75), renal (76), prostate (77), melanoma (78),
pancreatic (79), and hematopoietic cancers (80). This is attributable
to the fact that CD318 lies at the nexus of key tumorigenic and
metastatic signaling cascades such as the oxidative pentose
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phosphate pathway, fatty acid oxidation, SRC/PKCS, PI3K/AKT,
WNT, and RAS/ERK axes (81). These signaling cascades play a
significant functional role in cancer cell growth and survival, as well
as metastasis and resistance to current treatments.

Specifically, CD318 is also known to contribute to the
proliferation of breast, lung, ovarian and prostate cancer cells via
interacting with HER2 and receptor tyrosine kinases (RTKs), as well
as the downstream proteins Ras, Src, and AKT. Alajati et al.
demonstrated that the interaction between CD318 and HER2
enhances HER2-driven tumorigenesis and promotes trastuzumab
resistance in breast cancer (82). Furthermore, Uekita et al. showed
that CD318 is required for the functional link between Ras and Src
signaling during the multistage development of human malignant
tumors. Further studies demonstrated that, indeed, Ras stimulates
the expression of CD318 and promotes Src-mediated survival in in
vitro lung cancer models of non-small lung carcinoma (83).
Similarly, CD318 mediates spheroid growth and is involved in the
activation of AKT in ovarian cancer (74). These and other findings
have stimulated the development of agents that target CD318 for
detection and treatment of a range of cancers, and results from
preclinical models suggest that these approaches could be
efficacious for the treatment of cancer.

The identification of CD318 as a second CD6 ligand has led to
studies that begin to explore its potential role in anti-tumor
immunity. Co-culture experiments using breast, lung, and
prostate cancer cell lines showed substantial enhancement of
cancer cell death in the presence of human lymphocytes and
UMCDS, an anti-CD6 monoclonal antibody that rapidly caps and
internalizes CD6. Augmentation of lymphocyte cytotoxicity by
targeting CD6 is due to direct effects of UMCD6 on NK cells,
NK-T cells, and CD8+T cells when CD6 is internalized from the cell
surface membrane.

In vivo, a single dose of UMCD6 injected intraperitoneally is
sufficient to erase CD6 expression from the surface of human
lymphocytes adoptively transferred into immunodeficient mice
for at least 7 days and thus, maintain their activated phenotype.
Further studies confirmed that UMCD6 directly activates the
cytotoxic properties of T cells and NK cells by up-regulating the
NK activating receptor NKG2D and down-regulating the inhibitory
receptor NKG2A (84). In vivo, targeting the interaction between
CD6 and its ligand CD318 with UMCD6 increases survival of breast
and prostate cancer xenografted mice that also receive infusions of
human lymphocytes. Analysis of tumor-infiltrating cytotoxic
lymphocytes in these mice revealed higher proportions of
activated tumor-infiltrating NK cells and CD8+T cells in
UMCD6-treated mice compared to IgG and anti-PD-1 control
antibodies. Similarly, NK cells treated with UMCD6 showed up-
regulation of the NKG2D-DAP10 complex and PI3K pathway (85).
These results imply that engagement of CD6 by CD318 weakens the
host response against cancer.

Monoclonal antibodies against CD318 have also been studied as
a potential approach to cancer immunotherapy. Anti-CD318
produces a more modest effect on cancer cell death and survival
compared to UMCD6, which is attributable to a dual effect of
UMCDE6: 1) rapid internalization of CD6 prevents or reverses
engagement of CD6 by its ligand CD318 on cancer cells; and 2)
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UMCDE6 directly activates the cytotoxic properties of CD8+, NK-T
and NK cells. Because anti-CD318 does not have any effect on
lymphocyte cytotoxic capability, UMCD6 therapy is substantially
more effective than anti-CD318 therapy.

In addition, recent pre-clinical work using CAR-T cells
containing an anti-CD318 single-chain variable fragment (anti-
CD318 scFv), CD3{, CD28, and Toll-like receptor 2 (TLR2)
domains, shows great promise as a novel strategy for the
treatment of colorectal cancer (86). In these studies, Li et al.
found that CAR318 T cells exhibited strong cytotoxicity and
cytokine-secreting abilities against colorectal cancer cells in vitro,
and induced cancer regression in xenograft mouse models in vivo.
Moreover, Schifer et al. also showed that CAR-T cells specific for
CD318 possess strong antitumor capabilities for pancreatic ductal
adenocarcinoma (PDAC) (87).

Does CD6 interact with cancer
stem cells?

Importantly, there is now substantial evidence that many
cancers are hierarchically organized and driven by a stem-like
population that mediates metastasis and treatment resistance (88,
89). Rather than representing a fixed population, “stemness”
represents a cell state and “stem-like cells” may arise via de-
differentiation of bulk tumor cells. In addition to resistance to
radiation and chemotherapy, these cells are also relatively resistant
to anti-PD-1/PD-L1 checkpoint inhibition (90, 91). This suggests
that increasing the efficacy of immunotherapy as a potential cure of
cancers will require effective elimination of this population of cells.

CD166 has been established as a marker for stem cells, particularly
in the context of the intestinal stem cell niche, where it is highly
expressed on active-cycling stem cells and plays a role in maintaining
their function and niche interactions (92). Recent research also
indicates CD166 is expressed on hematopoietic stem cells,
suggesting its potential as a stem cell marker across different tissue
types (93). CD166 has been studied as a potential cancer stem cell
marker in many cancers, including colorectal (94), ovarian (95), breast
(96), and prostate (97) cancers due to its involvement in cell adhesion.

Similarly, CD318 has been proposed as a stem cell marker as it
is also expressed on cells phenotypically identical to mesenchymal
stem/progenitor cells (MSCs) and neural progenitor cells (NPCs)
(98). Similar to CD166, CD318 expression is also linked to cancer
stem cells, indicating its potential role in identifying aggressive
tumor cells with stem-like properties in breast cancer (99) and
melanoma (78). Further studies are necessary to evaluate the ability
of CD6/CD166 and CD6/CD318 directed therapies to target CSCs.

What is the role of CD44 as a
potential CD6 ligand?

CD44 is a cell surface glycoprotein highly expressed on normal
stromal cells and on stem cells, in the vast majority of cancers.
CD44 binds to several ligands including hyaluronic acid (HA),
osteopontin (OPN), chondroitin, collagen, fibronectin, and

Frontiers in Immunology

10.3389/fimmu.2024.1528478

serglycin/sulfated proteoglycan. Recently, Borjini et al. have
identified CD44 as a novel ligand of CD6 (7). Using enzyme-
catalyzed proximity labeling and biophysical approaches they
demonstrated that CD44 and the other two known CD6 ligands,
CD166 and CD318, are distributed diffusely on resting retinal
pigment epithelium (RPE) cells but clustered together to form a
receptor complex upon CD6 binding. Interestingly, CD6
stimulation dramatically remodeled the actomyosin cytoskeleton
in RPE cells, leading to an increase in myosin II phosphorylation.
Further studies confirmed that actomyosin activation triggers the
disassembly of tight junctions responsible for RPE barrier integrity
in a process that required all three CD6 known ligands, providing
new insights into the mechanisms by which CD6 mediates T cell-
driven disruption of tissue barriers during inflammation.

In addition to RPE, CD44 is highly expressed in many cancers
and has a crucial role in regulating metastasis via recruitment of
CD44 to the cell surface of the cancer cells. In addition, CD44 is a
compelling marker for cancer stem cells of many solid malignancies.
The interaction of HA and CD44 promotes EGFR-mediated
pathways, consequently leading to tumor cell growth, tumor cell
migration, and chemotherapy resistance in breast, prostate, and
gastrointestinal cancers (100). In breast cancer specifically, CD44+
cells have superior spheroid colony formation in serum-free medium
in vitro, as well as enhanced tumor frequency when injected into
severe combined immunodeficient (SCID). Moreover, CD44+ gastric
cancer cells display similar stem cell properties of self-renewal and are
able to give rise to CD44+ cells in vitro and in vivo. Additionally, these
CD44+ gastric cancer cells exhibited increased resistance to radiation
and chemotherapy-induced cell death.

Expression of certain vCD44 isoforms is linked with progression
and metastasis of cancer cells, as well as poor prognosis. The
expression of CD44 isoforms can be correlated with tumor
subtypes and also be a marker of cancer stem cells. CD44 cleavage,
shedding, and elevated levels of soluble CD44 in the serum of patients
is a marker of tumor burden and metastasis in several cancers
including colon and gastric cancer (101). In prostate cancer, CD44-
positive cells are also capable of enhancing metastasis. Di Stefano
et al. demonstrated that CD44v8-10P cells from PC3 cells are more
invasive in vitro and have a higher clonogenic potential than
CD44"8" cells (102). Functional consequences of CD44 on
lymphocytes binding to CD6 have not yet been examined.

Are CD6 ligands chemotactic factors?

The first clue that CD6 ligands might be involved in chemotaxis
came from Enyindah-Asonye et al., who demonstrated that CD318 is
shed from fibroblast-like synoviocytes (FLS) and accumulates in a
soluble form in rheumatoid arthritis (RA) synovial fluid at levels
higher than found in normal or RA sera. Enyindah-Asonye et al.
further confirmed that soluble CD318 is indeed chemotactic for CD6
+ lymphocytes at a concentration equal to this in vivo gradient. Like
FLS, CD318 cancer cells shed concentrations of soluble CD318
proportional to the intensity of CD318 expression on the cell
surface. Very high concentrations of chemoattractants, in excess of
the optimal concentrations for initiation of chemotaxis, can halt
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directed migration of cells. Thus, concentrations of CD318+ that are
markedly elevated in the vicinity of a CD318+ cancer could
potentially halt lymphocytes outside of a tumor and exclude
lymphocytes from the tumor microenvironment.

In regard to CD44, Tzircotis et al. demonstrated that
hyaluronan acts as a soluble chemoattractant promoting the
migration of breast cancer cells in vitro. Importantly, they also
found that chemotaxis towards hyaluronan can be abrogated upon
treatment of the cells with siRNA oligonucleotides to downregulate
CD44 expression. Their studies further demonstrated that CD44 is
the principal receptor mediating this response, and that CD44
expression is not a general requirement for cell migration and
gradient sensing, rather it elicits a ligand-specific response.
However, CD44 alone is not sufficient to drive chemotaxis
towards hyaluronan, as fibroblasts transfected with high levels of
human CD44 do not respond to a hyaluronan gradient (103).

A role for CD166 pathway in chemotaxis has also been
reported. Marrocco et al. recently investigated the contribution
of CD6 in mediating chemokine-induced migration of T.g cells
through endothelial barriers using human PBMCs and found that
CD4+ T cells expressing higher levels of CD6 preferentially
migrate in response to CXCLI12. Blocking the CD6-CD166
pathway with itolizumab reduces the migration of CD4+ CCR7-
CD45RA - Tgy cells by ~60%. Furthermore, itolizumab treatment
reduced the migration of pathogenic TH17 when co-cultured
with monocytes.

UMCD6)k
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An important issue in understanding possible roles of CD6 or
its ligands in chemotaxis is the paradigm that chemotactic
responses are mediated by G-protein coupled receptors (GPCRs).
Neither CD6 nor its ligands have the structural attributes of GPCRs.
This raises the possibility that an additional CD6-associated protein
(or proteins), within the GPCR family but as yet unidentified, is
required to concurrently engage ligands of CD6 that generate a
chemotactic response.

Conclusion - the potential of anti-
CD6 as a cancer immunotherapy

CD6 ligands have been extensively studied in cancer biology
because of their correlation with higher occurrence of metastases,
higher relapse rate, and poor prognosis in breast, lung, prostate, colon,
melanoma, renal, hepatocellular, acute myeloid leukemia, and
pancreatic cancers. However, their role in anti-tumor immunity
have just begun to be explored. In this review we highlight a
unique dual effect of blocking the CD6/CD318 interaction with
UMCD6, an anti-CD6 mAb known to block T-cell dependent
autoimmunity through effects on differentiation of effector CD4+T
cell subsets, while also activating the anti-cancer cytotoxic properties
of CD8+T and NK cells (Figure 2). Importantly, current checkpoint
inhibitors induce significant autoimmune/inflammatory toxicity in
many organs (104-106), which limits the intensity and duration of
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FIGURE 2

Schematic representation of the dual role of anti-CD6 as a cancer immunotherapy and suppressor of T-cell autoimmunity. (A) Internalization of CD6
by UMCD6 leads to increased expression of the activating receptor complex NKG2D-DAP10 and cytotoxic cytokine production on both NK cells and
CD8+T cells. (B) Internalization of CD6 on CD4+T cells impedes the differentiation of effector Thl and Th17 cells, offering protection against various

mouse models of T-cell autoimmunity.
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immunotherapy. Humans or mice that lack PD-1 or CTLA-4 exhibit
a global autoimmune diathesis that corresponds to the toxicities
observed when these structures are targeted in immunotherapy of
cancer. In contrast, CD6”" and CD318” mice are healthy and resistant
to the induction of autoimmune diseases that are driven by Thl or
Th17 cells. The potential safety of UMCD6 for clinical use is
enhanced by lack of depletion of CD6+ lymphocytes by UMCDG6,
due to its rapid capping and internalization by CD6+ cells, which can
avoid engagement of complement or Fc receptors. Although much
remains unknown about the interactions of CD6 with its ligands, the
data from experimental systems argues for testing anti-CD6 as a
novel, lymphocyte-engaging cancer immunotherapy in human
cancer patients.

Author contributions

MG-R: Writing - original draft, Writing — review & editing. FL:
Writing - review & editing. MW: Writing — review & editing.
YM-D: Writing - review & editing. DF: Writing - original draft,
Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by funds from the NIH Autoimmunity Center of
Excellence and Training Grant T32AR007080, with additional funds
from the Michigan Translational Research And Commercialization

References

1. Martinez VG, Moestrup SK, Holmskov U, Mollenhauer J, Lozano F. The
conserved scavenger receptor cysteine-rich superfamily in therapy and diagnosis.
Pharmacol Rev. (2011) 63:967-1000. doi: 10.1124/pr.111.004523

2. Braun M, Muller B, ter Meer D, Raffegerst S, Simm B, Wilde S, et al. The CD6
scavenger receptor is differentially expressed on a CD56 natural killer cell
subpopulation and contributes to natural killer-derived cytokine and chemokine
secretion. | Innate Immun. (2011) 3:420-34. doi: 10.1159/000322720

3. Mayer B, Funke I, Seed B, Riethmuller G, Weiss E. Expression of the CD6 T
lymphocyte differentiation antigen in normal human brain. ] Neuroimmunol. (1990)
29:193-202. doi: 10.1016/0165-5728(90)90162-g

4. Chappell PE, Garner LI, Yan J, Metcalfe C, Hatherley D, Johnson S, et al.
Structures of CD6 and its ligand CD166 give insight into their interaction. Structure.
(2015) 23:1426-36. doi: 10.1016/j.5tr.2015.05.019

5. Escoda-Ferran C, Carrasco E, Caballero-Banos M, Miro-Julia C, Martinez-
Florensa M, Consuegra-Fernandez M, et al. Modulation of CD6 function through
interaction with Galectin-1 and -3. FEBS Lett. (2014) 588:2805-13. doi: 10.1016/
j.febslet.2014.05.064

6. Enyindah-Asonye G, Li Y, Ruth JH, Spassov DS, Hebron KE, Zijlstra A, et al.
CD318 is a ligand for CD6. Proc Natl Acad Sci U S A. (2017) 114:E6912-E21.
doi: 10.1073/pnas.1704008114

7. Borjini N, Lun Y, Jang GF, Crabb ], Chen Y, Crabb J, et al. CD6 triggers
actomyosin cytoskeleton remodeling after binding to its receptor complex. J Leukoc
Biol. (2024) 115:450-62. doi: 10.1093/jleuko/qiad124

8. Fox DA. The role of CD6 in autoimmune diseases. Cell Mol Immunol. (2018)
15:1001-2. doi: 10.1038/s41423-018-0015-1

9. Gurrea-Rubio M, Fox DA. The dual role of CD6 as a therapeutic target in cancer
and autoimmune disease. Front Med (Lausanne). (2022) 9:1026521. doi: 10.3389/
fmed.2022.1026521

Frontiers in Immunology

10.3389/fimmu.2024.1528478

program and the Frederick Huetwell and William Robinson
Professorship in Rheumatology at the University of Michigan. In
addition, this study was supported by funds from the NIH National
Cancer Institute Grant R21CA287325.

Conflict of interest

DF and FL hold equity in Abcon, a company created to test the
use of therapeutic agents that interrupt the interactions between
CD6 and CD6 ligands. They also hold patents related to potential
therapeutic uses of anti-CDé.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

10. Gangemi RM, Swack JA, Gaviria DM, Romain PL. Anti-T12, an anti-CD6
monoclonal antibody, can activate human T lymphocytes. J Immunol. (1989)
143:2439-47. doi: 10.4049/jimmunol.143.8.2439

11. Swack JA, Gangemi RM, Rudd CE, Morimoto C, Schlossman SF, Romain PL.
Structural characterization of CD6: properties of two distinct epitopes involved in T cell
activation. Mol Immunol. (1989) 26:1037-49. doi: 10.1016/0161-5890(89)90068-0

12. Bott CM, Doshi JB, Morimoto C, Romain PL, Fox DA. Activation of human T
cells through CD6: functional effects of a novel anti-CD6 monoclonal antibody and
definition of four epitopes of the CD6 glycoprotein. Int Immunol. (1993) 5:783-92.
doi: 10.1093/intimm/5.7.783

13. Ibanez A, Sarrias MR, Farnos M, Gimferrer I, Serra-Pages C, Vives J, et al.
Mitogen-activated protein kinase pathway activation by the CD6 lymphocyte surface
receptor. J Immunol. (2006) 177:1152-9. doi: 10.4049/jimmunol.177.2.1152

14. Oliveira MI, Goncalves CM, Pinto M, Santos AM, Lee SF, Castro MA, et al. CD6
attenuates early and late signaling events, setting thresholds for T-cell activation. Eur |
Immunol. (2012) 42:195-205. doi: 10.1002/€ji.201040528

15. Henriques SN, Oliveira L, Santos RF, Carmo AM. CD6-mediated inhibition of T
cell activation via modulation of Ras. Cell Commun Signal. (2022) 20:184. doi: 10.1186/
512964-022-00998-x

16. Gimferrer I, Calvo M, Mittelbrunn M, Farnos M, Sarrias MR, Enrich C, et al.
Relevance of CD6-mediated interactions in T cell activation and proliferation. J
Immunol. (2004) 173:2262-70. doi: 10.4049/jimmunol.173.4.2262

17. Tudor C, te Riet J, Eich C, Harkes R, Smisdom N, Bouhuijzen Wenger J, et al.
Syntenin-1 and ezrin proteins link activated leukocyte cell adhesion molecule to the
actin cytoskeleton. J Biol Chem. (2014) 289:13445-60. doi: 10.1074/jbc.M113.546754

18. Cayrol R, Wosik K, Berard JL, Dodelet-Devillers A, Ifergan I, Kebir H, et al.
Activated leukocyte cell adhesion molecule promotes leukocyte trafficking into the
central nervous system. Nat Immunol. (2008) 9:137-45. doi: 10.1038/ni1551

frontiersin.org


https://doi.org/10.1124/pr.111.004523
https://doi.org/10.1159/000322720
https://doi.org/10.1016/0165-5728(90)90162-g
https://doi.org/10.1016/j.str.2015.05.019
https://doi.org/10.1016/j.febslet.2014.05.064
https://doi.org/10.1016/j.febslet.2014.05.064
https://doi.org/10.1073/pnas.1704008114
https://doi.org/10.1093/jleuko/qiad124
https://doi.org/10.1038/s41423-018-0015-1
https://doi.org/10.3389/fmed.2022.1026521
https://doi.org/10.3389/fmed.2022.1026521
https://doi.org/10.4049/jimmunol.143.8.2439
https://doi.org/10.1016/0161-5890(89)90068-0
https://doi.org/10.1093/intimm/5.7.783
https://doi.org/10.4049/jimmunol.177.2.1152
https://doi.org/10.1002/eji.201040528
https://doi.org/10.1186/s12964-022-00998-x
https://doi.org/10.1186/s12964-022-00998-x
https://doi.org/10.4049/jimmunol.173.4.2262
https://doi.org/10.1074/jbc.M113.546754
https://doi.org/10.1038/ni1551
https://doi.org/10.3389/fimmu.2024.1528478
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Gurrea-Rubio et al.

19. Singer NG, Mitra R, Lialios F, Richardson BC, Marks RM, Pesando JM, et al.
CD6 dependent interactions of T cells and keratinocytes: functional evidence for a
second CD6 ligand on gamma-interferon activated keratinocytes. Immunol Lett. (1997)
58:9-14. doi: 10.1016/s0165-2478(97)02707-7

20. Joo YS, Singer NG, Endres JL, Sarkar S, Kinne RW, Marks RM, et al. Evidence for
the expression of a second CD6 ligand by synovial fibroblasts. Arthritis Rheumatol.
(2000) 43:329-35. doi: 10.1002/1529-0131(200002)43:2<329::AID-ANR12>3.0.CO;2-Y

21. Orta-Mascaro M, Consuegra-Fernandez M, Carreras E, Roncagalli R, Carreras-
Sureda A, Alvarez P, et al. CD6 modulates thymocyte selection and peripheral T cell
homeostasis. ] Exp Med. (2016) 213:1387-97. doi: 10.1084/jem.20151785

22. Mori D, Gregoire C, Voisinne G, Celis-Gutierrez J, Aussel R, Girard L, et al. The
T cell CD6 receptor operates a multitask signalosome with opposite functions in T cell
activation. J Exp Med. (2021) 218(2):€20201011. doi: 10.1084/jem.20201011

23. Zheng M, Zhang L, Yu H, Hu J, Cao Q, Huang G, et al. Genetic polymorphisms
of cell adhesion molecules in Behcet’s disease in a Chinese Han population. Sci Rep.
(2016) 6:24974. doi: 10.1038/srep24974

24. Li Y, Singer NG, Whitbred J, Bowen MA, Fox DA, Lin F. CD6 as a potential
target for treating multiple sclerosis. Proc Natl Acad Sci U S A. (2017) 114:2687-92.
doi: 10.1073/pnas.1615253114

25. Wagner M, Bilinska M, Pokryszko-Dragan A, Sobczynski M, Cyrul M,
Kusnierczyk P, et al. ALCAM and CD6-multiple sclerosis risk factors. J
Neuroimmunol. (2014) 276:98-103. doi: 10.1016/j.jneuroim.2014.08.621

26. Dogra S DS, Rajagopalan M. Anti-CD6 mAbs for the treatment of psoriasis.
Expert Opin Biol Ther. (2020) 20:1215-22. doi: 10.1080/14712598.2020.1776254

27. Alonso R, Buors C, Le Dantec C, Hillion S, Pers JO, Saraux A, et al. Aberrant
expression of CD6 on B-cell subsets from patients with Sjogren’s syndrome. J
Autoimmun. (2010) 35:336-41. doi: 10.1016/j.jaut.2010.07.005

28. Casado-Llombart S, Gheitasi H, Arino S, Consuegra-Fernandez M, Armiger-
Borras N, Kostov B, et al. Gene variation at immunomodulatory and cell adhesion
molecules loci impacts primary Sjogren’s syndrome. Front Med (Lausanne). (2022)
9:822290. doi: 10.3389/fmed.2022.822290

29. Li Y, Ruth JH, Rasmussen SM, Athukorala KS, Weber DP, Amin MA, et al.
Attenuation of murine collagen-induced arthritis by targeting CD6. Arthritis
Rheumatol. (2020) 72:1505-13. doi: 10.1002/art.41288

30. Zhang L, Li Y, Qiu W, Bell BA, Dvorina N, Baldwin WM 3rd, et al. Targeting
CD6 for the treatment of experimental autoimmune uveitis. ] Autoimmun. (2018)
90:84-93. doi: 10.1016/j.jaut.2018.02.004

31. Casado-Llombart S, Velasco-de Andres M, Catala C, Leyton-Pereira A,
Gutierrez-Cozar R, Suarez B, et al. Experimental and genetic evidence for the impact
of CD5 and CD6 expression and variation in inflammatory bowel disease. Front
Immunol. (2022) 13:966184. doi: 10.3389/fimmu.2022.966184

32. Chalmers SA, Ayilam Ramachandran R, Garcia SJ, Der E, Herlitz L, Ampudia J,
et al. The CD6/ALCAM pathway promotes lupus nephritis via T cell-mediated
responses. ] Clin Invest. (2022) 132(1):e147334. doi: 10.1172/]JCI147334

33. Consuegra-Fernandez M, Julia M, Martinez-Florensa M, Aranda F, Catala C,
Armiger-Borras N, et al. Genetic and experimental evidence for the involvement of the
CD6 lymphocyte receptor in psoriasis. Cell Mol Immunol. (2018) 15:898-906.
doi: 10.1038/cmi.2017.119

34. Saifullah MK, Fox DA, Sarkar S, Abidi SM, Endres J, Piktel ], et al. Expression
and characterization of a novel CD6 ligand in cells derived from joint and epithelial
tissues. J Immunol. (2004) 173:6125-33. doi: 10.4049/jimmunol.173.10.6125

35. Rasmussen RA, Counts SL, Daley JF, Schlossman SF. Isolation and
characterization of CD6- T cells from peripheral blood. J Immunol. (1994) 152:527-
36. doi: 10.4049/jimmunol.152.2.527

36. Garcia Santana CA, Tung JW, Gulnik S. Human treg cells are characterized by
low/negative CD6 expression. Cytometry A. (2014) 85:901-8. doi: 10.1002/cyto.a.22513

37. Rambaldi B, Kim HT, Arihara Y, Asano T, Reynolds C, Manter M, et al.
Phenotypic and functional characterization of the CD6-ALCAM T cell costimulatory
pathway after allogeneic cell transplantation. Haematologica. (2022) 107(11):2617-29.
doi: 10.3324/haematol.2021.280444

38. Zhao X, McCall CM, Block JG, Ondrejka SL, Thakral B, Wang SA, et al.
Expression of CD6 in aggressive NK/T-cell neoplasms and assessment as a potential
therapeutic target: A bone marrow pathology group study. Clin Lymphoma Myeloma
Leuk. (2024) 24(11):e808-18. doi: 10.1016/j.clm1.2024.06.013

39. Osorio LM, De Santiago A, Aguilar-Santelises M, Mellstedt H, Jondal M. CD6
ligation modulates the Bcl-2/Bax ratio and protects chronic lymphocytic leukemia B
cells from apoptosis induced by anti-IgM. Blood. (1997) 89:2833-41. doi: 10.1182/
blood.V89.8.2833

40. Salem DA, Stetler-Stevenson M. Clinical flow-cytometric testing in chronic
lymphocytic leukemia. Methods Mol Biol. (2019) 2032:311-21. doi: 10.1007/978-1-
4939-9650-6_17

41. Parameswaran N, Luo L, Zhang L, Chen ], DiFilippo FP, Androjna C, et al. CD6-
targeted antibody-drug conjugate as a new therapeutic agent for T cell lymphoma.
Leukemia. (2023) 37:2050-7. doi: 10.1038/s41375-023-01997-8

42. Carrasco E, Escoda-Ferran C, Climent N, Miro-Julia C, Simoes IT, Martinez-
Florensa M, et al. Human CD6 down-modulation following T-cell activation
compromises lymphocyte survival and proliferative responses. Front Immunol.
(2017) 8:769. doi: 10.3389/fimmu.2017.00769

Frontiers in Immunology

10.3389/fimmu.2024.1528478

43. Simoes IT, Aranda F, Casado-Llombart S, Velasco-de Andres M, Catala C,
Alvarez P, et al. Multifaceted effects of soluble human CD6 in experimental cancer
models. ] Immunother Cancer. (2020) 8(1):¢000172. doi: 10.1136/jitc-2019-000172

44. Patel DD, Wee SF, Whichard LP, Bowen MA, Pesando JM, Aruffo A, et al.
Identification and characterization of a 100-kD ligand for CD6 on human thymic
epithelial cells. J Exp Med. (1995) 181:1563-8. doi: 10.1084/jem.181.4.1563

45. Bowen MA, Patel DD, Li X, Modrell B, Malacko AR, Wang WC, et al.
Cloning, mapping, and characterization of activated leukocyte-cell adhesion
molecule (ALCAM), a CD6 ligand. J Exp Med. (1995) 181:2213-20. doi: 10.1084/
jem.181.6.2213

46. Skonier JE, Bowen MA, Emswiler J, Aruffo A, Bajorath J. Recognition of diverse
proteins by members of the immunoglobulin superfamily: delineation of the receptor
binding site in the human CD6 ligand ALCAM. Biochemistry. (1996) 35:12287-91.
doi: 10.1021/bi961038k

47. Hassan NJ, Barclay AN, Brown MH. Frontline: Optimal T cell activation requires
the engagement of CD6 and CD166. Eur ] Immunol. (2004) 34:930-40. doi: 10.1002/
€j1.200424856

48. Levesque MC, Heinly CS, Whichard LP, Patel DD. Cytokine-regulated
expression of activated leukocyte cell adhesion molecule (CD166) on monocyte-
lineage cells and in rheumatoid arthritis synovium. Arthritis Rheumatol. (1998)
41:2221-9. doi: 10.1002/1529-0131(199812)41:12<2221::AID-ART18>3.0.CO;2-1

49. Lu XY, Chen D, Gu XY, Ding J, Zhao Y], Zhao Q, et al. Predicting value of
ALCAM as a target gene of microRNA-483-5p in patients with early recurrence in
hepatocellular carcinoma. Front Pharmacol. (2017) 8:973. doi: 10.3389/
fphar.2017.00973

50. Chaker S, Kak I, MacMillan C, Ralhan R, Walfish PG. Activated leukocyte cell
adhesion molecule is a marker for thyroid carcinoma aggressiveness and disease-free
survival. Thyroid. (2013) 23:201-8. doi: 10.1089/thy.2012.0405

51. Clauditz TS, von Rheinbaben K, Lebok P, Minner S, Tachezy M, Borgmann K,
et al. Activated leukocyte cell adhesion molecule (ALCAM/CD166) expression in head
and neck squamous cell carcinoma (HNSSC). Pathol Res Pract. (2014) 210:649-55.
doi: 10.1016/j.prp.2014.06.012

52. Hein S, Muller V, Kohler N, Wikman H, Krenkel S, Streichert T, et al. Biologic
role of activated leukocyte cell adhesion molecule overexpression in breast cancer cell
lines and clinical tumor tissue. Breast Cancer Res Treat. (2011) 129:347-60.
doi: 10.1007/s10549-010-1219-y

53. Burandt E, Bari Noubar T, Lebeau A, Minner S, Burdelski C, Janicke F, et al. Loss
of ALCAM expression is linked to adverse phenotype and poor prognosis in breast
cancer: a TMA-based immunohistochemical study on 2,197 breast cancer patients.
Oncol Rep. (2014) 32:2628-34. doi: 10.3892/0r.2014.3523

54. Thnen M, Wirtz RM, Kalogeras KT, Milde-Langosch K, Schmidt M, Witzel I,
et al. Combination of osteopontin and activated leukocyte cell adhesion molecule as
potent prognostic discriminators in HER2- and ER-negative breast cancer. Br ] Cancer.
(2010) 103:1048-56. doi: 10.1038/sj.bjc.6605840

55. Sanders AJ, Owen S, Morgan LD, Ruge F, Collins R], Ye L, et al. Importance of
activated leukocyte cell adhesion molecule (ALCAM) in prostate cancer progression
and metastatic dissemination. Oncotarget. (2019) 10:6362-77. doi: 10.18632/
oncotarget.27279

56. Jezierska A, Matysiak W, Motyl T. ALCAM/CD166 protects breast cancer cells
against apoptosis and autophagy. Med Sci Monit. (2006) 12:BR263-73.

57. Boni V, Fidler MJ, Arkenau HT, Spira A, Meric-Bernstam F, Uboha N, et al.
Praluzatamab ravtansine, a CD166-targeting antibody-drug conjugate, in patients with
advanced solid tumors: an open-label phase I/II trial. Clin Cancer Res. (2022) 28:2020—
9. doi: 10.1158/1078-0432.CCR-21-3656

58. Ma L, Lin J, Qiao Y, Weng W, Liu W, Wang J, et al. Serum CD166: a novel
hepatocellular carcinoma tumor marker. Clin Chim Acta. (2015) 441:156-62.
doi: 10.1016/j.cca.2014.12.034

59. Yang Y, Sanders AJ, Ruge F, Dong X, Cui Y, Dou QP, et al. Activated leukocyte
cell adhesion molecule (ALCAM)/CD166 in pancreatic cancer, a pivotal link to clinical
outcome and vascular embolism. Am ] Cancer Res. (2021) 11:5917-32.

60. Tachezy M, Zander H, Marx AH, Stahl PR, Gebauer F, Izbicki JR, et al. ALCAM
(CD166) expression and serum levels in pancreatic cancer. PloS One. (2012) 7:e39018.
doi: 10.1371/journal.pone.0039018

61. YangY, Ma Y, Gao H, Peng T, Shi H, Tang Y, et al. A novel HDGF-ALCAM axis
promotes the metastasis of Ewing sarcoma via regulating the GTPases signaling
pathway. Oncogene. (2021) 40:731-45. doi: 10.1038/s41388-020-01485-8

62. Menon R, David BG. Itolizumab - a humanized anti-CD6 monoclonal antibody
with a better side effects profile for the treatment of psoriasis. Clin Cosmet Investig
Dermatol. (2015) 8:215-22. doi: 10.2147/CCID.S47784

63. Munoz C. Evaluacion del efecto del anticuerpo monoclonal anti-CD6 itolizumab
sobre la capacidad citotoxica de celulas efectoras enfrentadas a celulas tumorales. Cuba:
Universidad de la Habana (2024).

64. Wang Y, Yu W, Zhu J, Wang ], Xia K, Liang C, et al. Anti-CD166/4-1BB
chimeric antigen receptor T cell therapy for the treatment of osteosarcoma. J Exp Clin
Cancer Res. (2019) 38:168. doi: 10.1186/s13046-019-1147-6

65. He S, Li S, Guo J, Zeng X, Liang D, Zhu Y, et al. CD166-specific CAR-T cells
potently target colorectal cancer cells. Transl Oncol. (2023) 27:101575. doi: 10.1016/
j.tranon.2022.101575

frontiersin.org


https://doi.org/10.1016/s0165-2478(97)02707-7
https://doi.org/10.1002/1529-0131(200002)43:2%3C329::AID-ANR12%3E3.0.CO;2-Y
https://doi.org/10.1084/jem.20151785
https://doi.org/10.1084/jem.20201011
https://doi.org/10.1038/srep24974
https://doi.org/10.1073/pnas.1615253114
https://doi.org/10.1016/j.jneuroim.2014.08.621
https://doi.org/10.1080/14712598.2020.1776254
https://doi.org/10.1016/j.jaut.2010.07.005
https://doi.org/10.3389/fmed.2022.822290
https://doi.org/10.1002/art.41288
https://doi.org/10.1016/j.jaut.2018.02.004
https://doi.org/10.3389/fimmu.2022.966184
https://doi.org/10.1172/JCI147334
https://doi.org/10.1038/cmi.2017.119
https://doi.org/10.4049/jimmunol.173.10.6125
https://doi.org/10.4049/jimmunol.152.2.527
https://doi.org/10.1002/cyto.a.22513
https://doi.org/10.3324/haematol.2021.280444
https://doi.org/10.1016/j.clml.2024.06.013
https://doi.org/10.1182/blood.V89.8.2833
https://doi.org/10.1182/blood.V89.8.2833
https://doi.org/10.1007/978-1-4939-9650-6_17
https://doi.org/10.1007/978-1-4939-9650-6_17
https://doi.org/10.1038/s41375-023-01997-8
https://doi.org/10.3389/fimmu.2017.00769
https://doi.org/10.1136/jitc-2019-000172
https://doi.org/10.1084/jem.181.4.1563
https://doi.org/10.1084/jem.181.6.2213
https://doi.org/10.1084/jem.181.6.2213
https://doi.org/10.1021/bi961038k
https://doi.org/10.1002/eji.200424856
https://doi.org/10.1002/eji.200424856
https://doi.org/10.1002/1529-0131(199812)41:12%3C2221::AID-ART18%3E3.0.CO;2-I
https://doi.org/10.3389/fphar.2017.00973
https://doi.org/10.3389/fphar.2017.00973
https://doi.org/10.1089/thy.2012.0405
https://doi.org/10.1016/j.prp.2014.06.012
https://doi.org/10.1007/s10549-010-1219-y
https://doi.org/10.3892/or.2014.3523
https://doi.org/10.1038/sj.bjc.6605840
https://doi.org/10.18632/oncotarget.27279
https://doi.org/10.18632/oncotarget.27279
https://doi.org/10.1158/1078-0432.CCR-21-3656
https://doi.org/10.1016/j.cca.2014.12.034
https://doi.org/10.1371/journal.pone.0039018
https://doi.org/10.1038/s41388-020-01485-8
https://doi.org/10.2147/CCID.S47784
https://doi.org/10.1186/s13046-019-1147-6
https://doi.org/10.1016/j.tranon.2022.101575
https://doi.org/10.1016/j.tranon.2022.101575
https://doi.org/10.3389/fimmu.2024.1528478
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Gurrea-Rubio et al.

66. Stillman BN, Hsu DK, Pang M, Brewer CF, Johnson P, Liu FT, et al. Galectin-3
and galectin-1 bind distinct cell surface glycoprotein receptors to induce T cell death. ]
Immunol. (2006) 176:778-89. doi: 10.4049/jimmunol.176.2.778

67. Liu FT, Stowell SR. The role of galectins in immunity and infection. Nat Rev
Immunol. (2023) 23:479-94. doi: 10.1038/s41577-022-00829-7

68. Liu FT, Rabinovich GA. Galectins as modulators of tumour progression. Nat Rev
Cancer. (2005) 5:29-41. doi: 10.1038/nrc1527

69. Rabinovich GA. Galectin-1 as a potential cancer target. Br | Cancer. (2005)
92:1188-92. doi: 10.1038/sj.bjc.6602493

70. Lun Y, Borjini N, Miura NN, Ohno N, Singer NG, Lin F. CDCP1 on dendritic
cells contributes to the development of a model of Kawasaki disease. J Immunol. (2021)
206:2819-27. doi: 10.4049/jimmunol.2001406

71. Wright HJ, Arulmoli J, Motazedi M, Nelson L], Heinemann FS, Flanagan LA,
et al. CDCP1 cleavage is necessary for homodimerization-induced migration of triple-
negative breast cancer. Oncogene. (2016) 35:4762-72. doi: 10.1038/0nc.2016.7

72. Nam Y, Choi CM, Park YS, Jung H, Hwang HS, Lee JC, et al. CDCP1 expression
is a potential biomarker of poor prognosis in resected stage I non-small-cell lung
cancer. J Clin Med. (2022) 11(2):341. doi: 10.3390/jcm11020341

73. He Y, Davies CM, Harrington BS, Hellmers L, Sheng Y, Broomfield A, et al.
CDCP1 enhances Wnt signaling in colorectal cancer promoting nuclear localization of
beta-catenin and E-cadherin. Oncogene. (2020) 39:219-33. doi: 10.1038/s41388-019-
0983-3

74. Harrington BS, He Y, Khan T, Puttick S, Conroy PJ, Kryza T, et al. Anti-CDCP1
immuno-conjugates for detection and inhibition of ovarian cancer. Theranostics.
(2020) 10:2095-114. doi: 10.7150/thno.30736

75. Harrington BS, He Y, Davies CM, Wallace SJ, Adams MN, Beaven EA, et al.
Cell line and patient-derived xenograft models reveal elevated CDCP1 as a target in
high-grade serous ovarian cancer. Br ] Cancer. (2016) 114:417-26. doi: 10.1038/
bjc.2015.471

76. Emerling BM, Benes CH, Poulogiannis G, Bell EL, Courtney K, Liu H, et al.
Identification of CDCP1 as a hypoxia-inducible factor 2alpha (HIF-2alpha) target gene
that is associated with survival in clear cell renal cell carcinoma patients. Proc Natl Acad
Sci U S A. (2013) 110:3483-8. doi: 10.1073/pnas.1222435110

77. Alajati A, Chen J, Alimonti A. CDCP1 initiates tumorigenesis and cooperates
with PTEN loss to promote senescence evasion and prostate cancer progression. Ann
Oncol. (2017) 28. doi: 10.1093/annonc/mdx361.001

78. Liu H, Ong SE, Badu-Nkansah K, Schindler J, White FM, Hynes RO. CUB-
domain-containing protein 1 (CDCP1) activates Src to promote melanoma metastasis.
Proc Natl Acad Sci U S A. (2011) 108:1379-84. doi: 10.1073/pnas.1017228108

79. Moroz A, Wang YH, Sharib JM, Wei J, Zhao N, Huang Y, et al. Theranostic
targeting of CUB domain containing protein 1 (CDCP1) in pancreatic cancer. Clin
Cancer Res. (2020) 26:3608-15. doi: 10.1158/1078-0432.CCR-20-0268

80. Ebian HF, Issa DR, Al-Karamany AS, Etewa RL, EI Maghraby HM, Hussein S.
Evaluation of CDCP1 (CD318) and endoglin (CD105) expression as prognostic
markers in acute myeloid leukemia. Cancer biomark. (2022) 34:285-96. doi: 10.3233/
CBM-210346

81. Khan T, Kryza T, Lyons NJ, He Y, Hooper JD. The CDCP1 signaling hub: A
target for cancer detection and therapeutic intervention. Cancer Res. (2021) 81:2259-
69. doi: 10.1158/0008-5472.CAN-20-2978

82. Alajati A, Guccini I, Pinton S, Garcia-Escudero R, Bernasocchi T, Sarti M, et al.
Interaction of CDCP1 with HER2 enhances HER2-driven tumorigenesis and promotes
trastuzumab resistance in breast cancer. Cell Rep. (2015) 11:564-76. doi: 10.1016/
j.celrep.2015.03.044

83. Uekita T, Fujii S, Miyazawa Y, Iwakawa R, Narisawa-Saito M, Nakashima K,
et al. Oncogenic Ras/ERK signaling activates CDCP1 to promote tumor invasion and
metastasis. Mol Cancer Res. (2014) 12:1449-59. doi: 10.1158/1541-7786.MCR-13-0587

84. Ruth JH, Gurrea-Rubio M, Athukorala KS, Rasmussen SM, Weber DP, Randon
PM, et al. CD6 is a target for cancer immunotherapy. JCI Insight. (2021) 6(5):¢145662.
doi: 10.1172/jci.insight.145662

85. Gurrea-Rubio M, Wu Q, Amin MA, Tsou PS, Campbell PL, Amarista CI, et al.
Activation of cytotoxic lymphocytes through CD6 enhances killing of cancer cells.
Cancer Immunol Immunother. (2024) 73:34. doi: 10.1007/s00262-023-03578-1

86. Li M, Li S, Zhao R, Lv ], Zheng D, Qin L, et al. CD318 is a target of chimeric
antigen receptor T cells for the treatment of colorectal cancer. Clin Exp Med. (2023)
23:2409-19. doi: 10.1007/s10238-022-00967-1

Frontiers in Immunology

10

10.3389/fimmu.2024.1528478

87. Schafer D, Tomiuk S, Kuster LN, Rawashdeh WA, Henze ], Tischler-Hohle G,
et al. Identification of CD318, TSPANS and CD66c¢ as target candidates for CAR T cell
based immunotherapy of pancreatic adenocarcinoma. Nat Commun. (2021) 12:1453.
doi: 10.1038/s41467-021-21774-4

88. Fillmore CM, Kuperwasser C. Human breast cancer cell lines contain stem-like
cells that self-renew, give rise to phenotypically diverse progeny and survive
chemotherapy. Breast Cancer Res. (2008) 10:R25. doi: 10.1186/bcr1982

89. Dean M, Fojo T, Bates S. Tumour stem cells and drug resistance. Nat Rev Cancer.
(2005) 5:275-84. doi: 10.1038/nrc1590

90. Zheng Q, Zhang M, Zhou F, Zhang L, Meng X. The breast cancer stem cells traits
and drug resistance. Front Pharmacol. (2020) 11:599965. doi: 10.3389/
fphar.2020.599965

91. Li X, Lewis MT, Huang J, Gutierrez C, Osborne CK, Wu MF, et al. Intrinsic
resistance of tumorigenic breast cancer cells to chemotherapy. J Natl Cancer Inst.
(2008) 100:672-9. doi: 10.1093/jnci/djn123

92. Levin TG, Powell AE, Davies PS, Silk AD, Dismuke AD, Anderson EC, et al.
Characterization of the intestinal cancer stem cell marker CD166 in the human and
mouse gastrointestinal tract. Gastroenterology. (2010) 139:2072-82 e5. doi: 10.1053/
j.gastro.2010.08.053

93. Chitteti BR, Kobayashi M, Cheng Y, Zhang H, Poteat BA, Broxmeyer HE, et al.
CD166 regulates human and murine hematopoietic stem cells and the hematopoietic
niche. Blood. (2014) 124:519-29. doi: 10.1182/blood-2014-03-565721

94. Lugli A, Iezzi G, Hostettler I, Muraro MG, Mele V, Tornillo L, et al. Prognostic
impact of the expression of putative cancer stem cell markers CD133, CD166, CD44s,
EpCAM, and ALDHI in colorectal cancer. Br J Cancer. (2010) 103:382-90.
doi: 10.1038/s.bjc.6605762

95. Kim DK, Ham MH, Lee SY, Shin MJ, Kim YE, Song P, et al. CD166 promotes the
cancer stem-like properties of primary epithelial ovarian cancer cells. BV B Rep. (2020)
53:622-7. doi: 10.5483/BMBRep.2020.53.12.102

96. Kalantari E, Taheri T, Fata S, Abolhasani M, Mehrazma M, Madjd Z, et al.
Significant co-expression of putative cancer stem cell markers, EpCAM and CD166,
correlates with tumor stage and invasive behavior in colorectal cancer. World J Surg
Oncol. (2022) 20:15. doi: 10.1186/s12957-021-02469-y

97. Jiao J, Hindoyan A, Wang S, Tran LM, Goldstein AS, Lawson D, et al.
Identification of CD166 as a surface marker for enriching prostate stem/progenitor
and cancer initiating cells. PloS One. (2012) 7:e42564. doi: 10.1371/
journal.pone.0042564

98. Buhring HJ, Kuci S, Conze T, Rathke G, Bartolovic K, Grunebach F, et al.
CDCP1 identifies a broad spectrum of normal and Malignant stem/progenitor cell
subsets of hematopoietic and nonhematopoietic origin. Stem Cells. (2004) 22:334-43.
doi: 10.1634/stemcells.22-3-334

99. Turdo F, Bianchi F, Gasparini P, Sandri M, Sasso M, De Cecco L, et al. CDCP1 is
anovel marker of the most aggressive human triple-negative breast cancers. Oncotarget.
(2016) 7:69649-65. doi: 10.18632/oncotarget.11935

100. Yan Y, Zuo X, Wei D. Concise review: emerging role of CD44 in cancer stem
cells: A promising biomarker and therapeutic target. Stem Cells Transl Med. (2015)
4:1033-43. doi: 10.5966/sctm.2015-0048

101. Hiraga T, Ito S, Nakamura H. Cancer stem-like cell marker CD44 promotes
bone metastases by enhancing tumorigenicity, cell motility, and hyaluronan
production. Cancer Res. (2013) 73:4112-22. doi: 10.1158/0008-5472.CAN-12-3801

102. Di Stefano C, Grazioli P, Fontanella RA, De Cesaris P, D’Amore A, Regno M,
et al. Stem-like and highly invasive prostate cancer cells expressing CD44v8-10 marker
originate from CD44-negative cells. Oncotarget. (2018) 9:30905-18. doi: 10.18632/
oncotarget.25773

103. Tzircotis G, Thorne RF, Isacke CM. Chemotaxis towards hyaluronan is
dependent on CD44 expression and modulated by cell type variation in CD44-
hyaluronan binding. J Cell Sci. (2005) 118:5119-28. doi: 10.1242/jcs.02629

104. Postow MA, Sidlow R, Hellmann MD. Immune-related adverse events
associated with immune checkpoint blockade. N Engl ] Med. (2018) 378:158-68.
doi: 10.1056/NEJMral703481

105. Comont T, Belliere J, Sibaud V, Alric L, Meyer N, Mazieres J, et al. Inmune-
related adverse events after immune checkpoints inhibitors in 2019: An update. Rev
Med Interne. (2020) 41:37-45. doi: 10.1016/j.revimed.2019.09.005

106. Marin-Acevedo JA, Chirila RM, Dronca RS. Immune checkpoint inhibitor
toxicities. Mayo Clin Proc. (2019) 94:1321-9. doi: 10.1016/j.mayocp.2019.03.012

frontiersin.org


https://doi.org/10.4049/jimmunol.176.2.778
https://doi.org/10.1038/s41577-022-00829-7
https://doi.org/10.1038/nrc1527
https://doi.org/10.1038/sj.bjc.6602493
https://doi.org/10.4049/jimmunol.2001406
https://doi.org/10.1038/onc.2016.7
https://doi.org/10.3390/jcm11020341
https://doi.org/10.1038/s41388-019-0983-3
https://doi.org/10.1038/s41388-019-0983-3
https://doi.org/10.7150/thno.30736
https://doi.org/10.1038/bjc.2015.471
https://doi.org/10.1038/bjc.2015.471
https://doi.org/10.1073/pnas.1222435110
https://doi.org/10.1093/annonc/mdx361.001
https://doi.org/10.1073/pnas.1017228108
https://doi.org/10.1158/1078-0432.CCR-20-0268
https://doi.org/10.3233/CBM-210346
https://doi.org/10.3233/CBM-210346
https://doi.org/10.1158/0008-5472.CAN-20-2978
https://doi.org/10.1016/j.celrep.2015.03.044
https://doi.org/10.1016/j.celrep.2015.03.044
https://doi.org/10.1158/1541-7786.MCR-13-0587
https://doi.org/10.1172/jci.insight.145662
https://doi.org/10.1007/s00262-023-03578-1
https://doi.org/10.1007/s10238-022-00967-1
https://doi.org/10.1038/s41467-021-21774-4
https://doi.org/10.1186/bcr1982
https://doi.org/10.1038/nrc1590
https://doi.org/10.3389/fphar.2020.599965
https://doi.org/10.3389/fphar.2020.599965
https://doi.org/10.1093/jnci/djn123
https://doi.org/10.1053/j.gastro.2010.08.053
https://doi.org/10.1053/j.gastro.2010.08.053
https://doi.org/10.1182/blood-2014-03-565721
https://doi.org/10.1038/sj.bjc.6605762
https://doi.org/10.5483/BMBRep.2020.53.12.102
https://doi.org/10.1186/s12957-021-02469-y
https://doi.org/10.1371/journal.pone.0042564
https://doi.org/10.1371/journal.pone.0042564
https://doi.org/10.1634/stemcells.22-3-334
https://doi.org/10.18632/oncotarget.11935
https://doi.org/10.5966/sctm.2015-0048
https://doi.org/10.1158/0008-5472.CAN-12-3801
https://doi.org/10.18632/oncotarget.25773
https://doi.org/10.18632/oncotarget.25773
https://doi.org/10.1242/jcs.02629
https://doi.org/10.1056/NEJMra1703481
https://doi.org/10.1016/j.revmed.2019.09.005
https://doi.org/10.1016/j.mayocp.2019.03.012
https://doi.org/10.3389/fimmu.2024.1528478
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Ligands of CD6: roles in the pathogenesis and treatment of cancer
	What is CD6?
	What is the function of CD6?
	Is CD6 linked to autoimmunity?
	Is there a role for CD6 in alloreactivity?
	Is CD6 expressed by lymphoid malignancies?
	Is CD6 involved in solid malignancies?
	Ligands of CD6
	What are the functions of CD166/ALCAM?
	Is CD166/ALCAM a therapeutic target in cancer?


	CD6 and galectins
	Is CD318 important in cancer?
	Does CD6 interact with cancer stem cells?
	What is the role of CD44 as a potential CD6 ligand?
	Are CD6 ligands chemotactic factors?
	Conclusion - the potential of anti-CD6 as a cancer immunotherapy
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


