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Abstract: CD5 and CDé6 are closely related signal-transducing class I scavenger receptors mainly
expressed on lymphocytes. Both receptors are involved in the modulation of the activation and
differentiation cell processes triggered by clonotypic antigen-specific receptors present on T and B cells
(TCR and BCR, respectively). To serve such a relevant immunomodulatory function, the extracellular
region of CD5 and CDé6 interacts with soluble and/or cell-bound endogenous counterreceptors
but also microbial-associated molecular patterns (MAMPs). Evidence from genetically-modified
mouse models indicates that the absence or blockade of CD5- and CD6-mediated signals results in
dysregulated immune responses, which may be deleterious or advantageous in some pathological
conditions, such as infection, cancer or autoimmunity. Bench to bedside translation from transgenic
data is constrained by ethical concerns which can be overcome by exogenous administration of soluble
proteins acting as decoy receptors and leading to transient “functional knockdown”. This review
gathers information currently available on the therapeutic efficacy of soluble CD5 and CD6 receptor
infusion in different experimental models of disease. The existing proof-of-concept warrants the
interest of soluble CD5 and CDé6 as safe and efficient immunotherapeutic agents in diverse and
relevant pathological conditions.

Keywords: soluble CD5; soluble CD6; immunomodulation; immunotherapy; infection; cancer;
autoimmunity

1. Introduction

Scavenger Receptors (SRs) comprise a structurally diverse superfamily of proteins involved
in a wide range of biological functions through the recognition of a variety of endogenous and
exogenous structures [1,2]. SRs are mainly expressed by cells from epithelial barriers and the innate
immune system, but T and B lymphocytes, the prototypical cell type of the adaptive immune system,
are also equipped with some representatives of the SR superfamily. This is the case of CD5 and CD6
receptors, two members of the class I type SRs, defined by the presence of several scavenger receptor
cysteine-rich (SRCR) domain repeats [3].

The CD5 and CD6 lymphocyte receptors share a high degree of functional and structural homology,
reflecting their origin from duplication of a common ancestral gene located at homologous regions
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of human and mouse chromosomes 11 and 9, respectively [1]. Both are integral trans-membrane
glycoproteins, characterized by three extracellular SRCR domains and a cytoplasmic tail adapted for
intracellular signal transduction, in spite of lacking intrinsic catalytic activity [4]. Importantly, CD5 and
CD6 are co-receptors physically associated with each other [5], as well as with the clonotypic
antigen-specific receptor complex of T (TCR) and Bla (BCR) cells [6-8], enabling modulation
and fine-tuning of the activation/death signals delivered upon specific antigen recognition [9].
This confers both receptors important immunomodulatory properties as bona fide immune checkpoint
regulators [9,10]. Additionally, accumulating evidence shows that CD5 and CD6 are pattern recognition
receptors (PRRs) that also sense the presence of microbial-associated molecular patterns (MAMPs)
from different origins (bacterial, fungal, viral or parasitic) [11-14]. The current working hypothesis
accommodates their dual function (both immunodulatory and PRR) through MAMP recognition,
as they would; (i) prevent autoimmunity by dampening activation of autoreactive lymphocytes;
and (ii) optimize the antimicrobial T cell response by favoring the activation of lymphocytes with the
highest reactivity to microbial antigens [15].

CD5 and CD6 were among the first lymphocyte surface receptors discovered in the 1970s with the
advent of monoclonal antibody (mAb) technology [16], but their functions remained elusive until the
first knockout (7/~) mice became available several decades later [17-19]. The information derived from
CD5- and CD6-deficient mice has enabled a better understanding of their physiological role and brought
light to their relevance and therapeutic potential in immune-related disorders. Given the ethical
concerns of genetically manipulating human material, alternative approaches are necessary to transfer
their pharmacologic properties into the clinic. The use of soluble CD5 and CD6 proteins as decoy
receptors would enable transient functional knockdown of receptor-ligand interactions that can be
readily explored in animal models of disease and further translated to patients. The following sections
summarize the information available on the development of soluble CD5 and CD6 receptor-based
therapeutic strategies in immune-related disorders (Figures 1 and 2).
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Figure 1. Soluble CD5 decoy receptor-based therapeutic strategies in infection, autoimmunity,
and cancer. Reported CD5 ligands and their therapeutic targets. CD, cluster of differentiation;
gp, glycoprotein; IL, Interleukin; IgVH, immunoglobulin heavy-chain variable; HCV, hepatitis C virus;
CMYV, cytomegalovirus; HIV, human immunodeficiency virus; Created with BioRender.com.



Cells 2020, 9, 2589 30f17

Reported CD6 Ligands Therapeutic targets
Infection
Endogenous
CD166/ALCAM Viral Helminth Bacteria
Galectin1and 3 ’ o &
CD318/CDCP1 X =
HIV-1 Hydatidosis Gram + sepsis
Gram - sepsis
Q Polymicrobial sepsis
Exogenous i . 2
Gram + bacteria (LTA PGN) Cancer Autoimmunity
Gram - bacteria (LPS) Soluble CD6 i) &
Virus (CMV, HIV-1) protein e 4 fd
Parasite (PSEx) . t!
ALCAM+ tumors Multiple sclerosis (EAE)
(e.g., melanoma) Rheumatoid arthritis (CIA)
CLL

Figure 2. Soluble CD6 decoy receptor-based therapeutic strategies in infection, immunomodulation,
autoimmunity, and cancer. Reported CD6 ligands and their therapeutic targets. ALCAM, Activated
Leukocyte Cell Adhesion Molecule; CD, cluster of differentiation; CDCP1, CUB domain-containing
protein 1; CIA, Collagen Induced Arthritis; CLL, chronic lymphocytic leukemia; CMV, cytomegalovirus;
HIV, human immunodeficiency virus; LTA, Lipoteichoic acid; LPS, lipopolysaccharide; PGN, Peptidoglycan;
Created with BioRender.com.

2. The Lymphocyte Receptor CD5

CD5 is a lymphoid-specific receptor expressed by all T cells [20,21] and certain B cell subsets
involved in production of natural poly-reactive antibodies (Bla cells) and regulation of immune
responses (Breg or B10 cells) [22,23]. Low surface CD5 levels have also been reported in certain
macrophage [24,25], endothelial [26], and dendritic [27-29] cell subpopulations. The highest surface
levels of CD5 are found in mouse regulatory T (Treg; CD4*CD25*Foxp3*) and B cells (Breg or B10 cells;
CD1d*CD5%), two IL-10-producing subsets involved in the prevention of autoimmunity [23,30].
As stated above, CD5 is a signaling co-receptor, associated with the antigen-specific clonotypic receptor
complex of T and B cells, and down-modulates the activation/differentiation signals delivered upon
specific antigen recognition. This is achieved through the phosphorylation of Tyr, Ser and Thr residues
in the cytoplasmic tail of CD5 and further interaction with downstream intracellular signal transducers.
The signaling pathway used by CD5 is only partially known and we remit the reader to comprehensive
reviews on that specific issue [31-35]. An interesting, though intriguing, finding is the demonstration
that ligation of the extracellular domain of CD5 is not required for the negative regulation of TCR
signaling during intra-thymic T-cell development [36].

In addition to membrane-bound CD5, the presence of a circulating soluble form of CD5 (sCD5)
has been shown in sera from healthy individuals at pico/nanomolar range resulting from proteolytic
cleavage following lymphocyte activation [37]. Moreover, increased levels of sCD5 have been reported
in sera from patients undergoing certain autoimmune and inflammatory disorders, such as Sjogren
syndrome (SS), theumatoid arthritis, (RA) systemic inflammatory response syndrome (SIRS), and atopic
dermatitis (AD), in which lymphocyte activation occurs [38—41]. It is currently unknown whether
shCD5 release, following lymphocyte activation in such disorders corresponds to an epiphenomenon
with no further consequences, given the scarcity of the release, of if alternatively it represents a
feed-back loop in which shCD5 competes in endogenous ligand binding with membrane-bound CD5.
The latter model would hinder its negative modulatory function leading to increased lymphocyte
activation or even apoptosis via activation-induced cell death.
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The nature of the endogenous CD5 ligand/s still remains controversial as none of the
proposed candidates have been validated by independent research groups. The list of reported
CD5 ligands includes: CD72 [42], IgVy framework region [43], gp200 [44], gp40-80 [45,46],
gp150 [47], IL-6 [48,49] and the CD5 itself [50]. Recent evidence shows that CD5 also interacts
with different MAMPs (Figure 1). The extracellular region of CD5 has been reported to bind to
-glucans—a constitutive and broadly distributed component of fungal cell walls—with similar affinity
(Ky) to that reported for Dectin-1—the main 3-glucan receptor in mammalian myeloid cells [12,51].
Such interaction is specific since no significant binding to other fungal-derived (mannan) or
bacterial-derived (lipopolysaccharide, LPS; lipoteichoic acid, LTA; peptidoglycan, PGN) MAMPs
was observed [12]. Importantly, exposure of HEK 293 or 2G5 Jurkat cell transfectants expressing
membrane-bound CD5 to the 3-glucan-rich fungal particle zymosan induced intracellular signaling
events (i.e., mitogen-activated protein kinase phosphorylation) and cytokine release (i.e., IL-8)
conditioned to CD5’s cytoplasmic tail integrity [12]. MAMPs recognition by CD5 has been further
extended to parasitic structures from the cestode Echinococcus granulosus [11,52], viral structures from
the Hepatitis C Virus (HCV) [53], Citomegalovirus (CMV) and Human Immunodeficiency Virus type 1
(HIV-1) (our unpublished observations).

2.1. Soluble CD5 as Therapeutic Agent in Infection

Following the discovery of CD5 as a -glucan PRR, CD5-deficient (cd57/~) mice demonstrated
higher susceptibility to systemic fungal (i.e., Candida albicans and Cryptococus neoformans) infection
concomitant with lower pro-inflammatory cytokine production and T and B cell activation [54].
These results highlight that CD5 is a non-redundant 3-glucan receptor and an integral component of
antifungal defense, thus, opening the possibility of its use in life-threatening invasive mycoses. The first
proof of concept was in the demonstration of increased survival following prophylactic infusion
of recombinant soluble human CD5 (rshCD5) to mice undergoing zymosan-induced generalized
inflammation (ZIGI) [12]. Such prophylactically infused mice also showed decreased toxicity score,
peritoneal leukocyte infiltration, pro-inflammatory cytokine production, and liver myeloperoxidase
activity [12]. Recent studies have further shown dose- and time-dependent therapeutic effects of
rshCD5 infusion in mouse models of systemic infection by pathogenic fungal species (C. albicans
and C. neoformans) [55]. Higher rshCD5-induced survival of lethally infected mice was concomitant
with reduced fungal load, increased IFN-y mRNA levels and increased lymphoid (NK and B)
and myeloid (dendritic, macrophage and granulocyte) cell infiltration in primary target organs
(i.e., kidney for C. albicans) [55]. Furthermore, ex vivo studies showed that addition of rshCD5 to
fungus-splenocyte co-cultures increased pro-inflammatory cytokine release involved in antifungal
defense (TNF-« and IFN-y) and reduced the number of viable C. albicans. Of note was the observation
of additive mouse survival effects when rshCD5 was combined with sub-optimal doses of fluconazole.
These results prompt further exploration of shCD5 as adjunctive immunotherapy to reduce the adverse
effects associated with current anti-mycotic drugs without compromising their efficacy in case of drug
resistance, and at the same time, to expand their antifungal spectrum. The lack of shCD5 efficacy,
observed when treating C. albicans-infected immunodeficient NOD scid gamma (NSG) mice, supports
the notion that an intact immune system is necessary for optimal survival following shCD5 infusion [55].

The therapeutic value of rshCD5 has also been studied in in vitro and in vivo experimental models
of parasite infection by E. granulosus, responsible of human hydatidosis, also named secondary
cystic equinococcosis [11]. Invitro binding studies showed that rshCD5 interacts with intact
viable protoscoleces (PSC) from E. granulosus through recognition of some components from a
metaperiodate-resistant fraction of tegumental antigens (PSEx), the ultimate nature of which is
currently under investigation [52]. Interestingly, it was observed that (i) production of echinoccocal
infection-protective pro-inflammatory cytokines (i.e., TNF-a and IL-6) following PSEx exposure of
mouse wild-type (WT) peritoneal cells was increased in the presence of rshCD5, and (i) peritoneal
cells from cd5~/~ mice challenged with PSEx produced lower amounts of IL-6 compared with WT
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counterparts [11]. In light of such findings, rshCD5 was prophylactically infused in an experimental
secondary cystic echinococcosis mouse model. The resulting reduction of infected mice, and of total
count and wet weight of hydatid cysts per mouse, provides novel evidence for the prophylactic potential
of rshCD5 in human cystic echinococcosis, and warrants further exploration in other helminth-driven
disorders as well [11].

The role of sCD5 in murine models of viral infection has not been tested yet, but its interaction with
viral structures has been reported (see above). CD5 has been identified as essential for infection of T cells
with native, patient-derived HCV, enabling a lymphoid reservoir [53]. Both, antibody-mediated CD5
blockade and CD?5 silencing with specific short hairpin RNA (shRNA), decreased T cell susceptibility
to HCV infection in vitro [53]. These findings position sCD5 as a feasible therapeutic agent provided
that sCD5-HCV interaction interferes with binding of HCV to other receptors known to be involved
in hepatocyte entry [56]. Besides CD5 and HCV interaction, the possibility that sCD5 could have a
role in modulating other viral infections exists as CD5 adapts its surface expression in lymphocyte
subsets during Hepatitis B virus [57], HIV-1 [58], Equine Infectious Anemia [59] and Epstein-Barr
Virus-associated hemophagocytic lymphohistiocytosis [60] infections.

2.2. Soluble CD5 as Therapeutic Agent in Cancer

The negative immunomodulatory properties of CD5 appear relevant in cancer immune response as
supported by multiple evidences. Therefore, in situ adaptation (down-regulation) of CD5 expression in
tumor-infiltrating lymphocytes has been shown to elicit strong anti-tumor reactivity in lung carcinoma
patients [61]. Similarly, carriage of the less suppressive CD5 haplotype Pro224-Ala471 has been
associated with better survival in melanoma patients [62]. On the other hand, higher CD5 expression
is associated with better prognosis in non-small cell lung cancer, probably due to increased resistance
to activation-induced cell death (AICD) of high-affinity tumor-specific T lymphocytes [63]. CD5 is also
expressed on Breg cells, which play a controversial role in cancer. Therefore, Breg cells have been
identified as one of the suppressive cell subtypes recruited into pancreatic ductal adenocarcinoma [64].
Circulating CD5" B cells were decreased in patients with bladder cancer, probably due to either
infiltration of these cells into the tumor or to the effect of T cells or cytokines [65]. Also, the presence of
CD5* B cells in tumor-draining lymph nodes correlated with lower staging in head and neck squamous
cell carcinoma patients [66].

Studies in cd57/~ mice have shown an increased T cell response against mouse cancer
(melanoma) cells, in line with CD5’s immunomodulatory function [67]. However, this enhanced
response only slowed tumor growth at early stages, since AICD phenomena prevailed at more advanced
ones. Similarly, ex vivo treatment with a blocking anti-CD5 (clone 53-7.3) mAb increased the killing
capacity of CD8" T lymphocytes of mouse cancer (breast) cells concomitant with increased expression
of markers for both T cell activation (i.e., CD69) and AICD (i.e., Fas, FasL) [68]. The latter indicates that
targeting additional T cell molecules in combination with CD5 blockade may be necessary to prevent
CD8" T cell exhaustion and sustain CD8" T cell function.

In order to assess the in vivo use of sCD5 as a decoy receptor in cancer therapy, a transgenic
mouse line that constitutively expresses the soluble portion of human CD5 (shCD5) under control
of the non-tissue specific SV40 promoter and immunoglobulin p heavy chain enhancer (Ep) was
developed [69]. In these mice, serum concentrations of shCD5 were in the range of 10-100 nM and
major B and T cell compartments were normal, though percentage changes were observed in some
minor lymphocyte subsets: Decreased spleen transitional 1 and 2 B cells and increased spleen marginal
zone B cells; decreased peritoneal and spleen Breg cells; decreased lymph node Treg cells; and increased
spleen NKT cells. Similar phenotypes were observed after repeated (every-other-day) injections of
purified rshCD5 for two weeks [69]. The functional relevance of such lymphocyte phenotype was
supported by the demonstration of slower melanoma tumor growth in transgenic mice compared with
WT controls [69]. Similarly, rshCD5 treatment (i.p.) in combination with chemotherapy (doxorubicin
plus vincristine) of WT mice, implanted with melanoma cells, decreased tumor growth compared with
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mice treated with chemotherapy alone [69]. These results highlight the potential of soluble CD5 as a
treatment in cancer.

Validation and mechanistic studies were further performed in a similar transgenic mouse line
expressing shCD5 under the control of lymphoid-specific Ick promoter and the Ep enhancer to
ensure preferential expression in lymphoid tissues [70]. A challenge of such transgenic mice with
different tumor (melanoma and thymoma) cell lines again led to slower tumor growth compared
with WT controls. Analysis of tumor-draining lymph nodes (TdLN) from transgenic mice showed
higher cellularity at the expense of both CD4* and CD8" T cells, but with a lower percentage of
Treg cells [70]. Intra-tumor mRNA analyses showed reduced IL-6 and increased IL-15 expression levels,
which are known to inhibit and potentiate NK function, respectively [71,72]. The possibility that NK
cells could be involved in the anti-tumor effect of transgenic shCD5 was confirmed by its reversion
following treatment with the NK cell-depleting anti-NK1.1 antibody [70]. Importantly, all the above
mentioned findings in transgenic mice could be reproduced in tumor-challenged WT mice administered
with exogenous rshCD5 protein [70]. Moreover, ex vivo assays showed that rshCD5 interfered with
polarization of naive CD4* T lymphocytes from WT mice to Treg, while favored polarization to Th1 [70].
Taken together, these studies position shCD5 administration as a potential therapeutic strategy in cancer.
These treatments would work as immune checkpoint inhibitors, but enhancing anti-tumor immune
responses, and by shifting immune populations towards a more pro-inflammatory status (increased
effector T and NK and decreased regulatory populations).

CDS?5 is aberrantly expressed in B cell chronic lymphocytic leukemia (B-CLL) and mantle cell
lymphoma (MCL), while other B cell malignancies, including hairy cell leukemia (HCL) and B cell
prolymphocyticleukemia (B-PLL), Diffuse Large B-cell Lymphoma (DLBCL), Follicular Lymphoma (FL),
Splenic marginal zone lymphoma (SMZL), and even B-Acute Lymphoblastic Leukemia (B-ALL),
are usually CD5 negative or weakly positive [73]. It is thought that CD5 expression plays an
important role in the development and progression of CD5* B-cell malignancies due to CD5’s
intracellular signaling capabilities, which regulate BCR-induced signaling and expression of several
genes (e.g., IL-10) [74]. Whether blockade of intracellular signals triggered by ill-defined endogenous
CD5 ligands may modify the fate of malignant B cells is an unresolved question.

2.3. Soluble CD5 as Therapeutic Agent in Autoimmunity

The interest of targeting CD5 in autoimmune disorders came first from mAb-mediated T cell
suppression therapies. This is exemplified by the observation that treatment with the mouse IgG;
anti-rat CD5 OX-19 mAb [75] protected rats from T cell-dependent diabetes models [76,77], and reduced
proteinuria and mesangial injury in a rat glomerulonephritis model [78]. These changes correlated
with a decrease in circulating T lymphocytes, in line with autoreactive T cell depletion. However,
treatment with OX-19 was also reported to increase relapse in an experimental allergic neuritis model
concomitant with down-regulation of CD5 expression on T lymphocytes [79]. This may relate to CD5
high expression on Treg and Breg cells, necessary for acquisition of their suppressive function [80,81].
Therefore, anti-CD5 mAbs may have a dual effect, by inducing both internalization of membrane-bound
CD5 and T cell depletion, and their balance lead to increased or decreased autoimmunity.

The use of a checkpoint inhibitor therapies has the downside of excessive immune activation,
which can lead to immune-related adverse events (autoimmunity) [82]. Given the negative
immunomodulatory role of the CD5 receptor in lymphocyte activation, therapies targeting CD5
would also be expected to have similar potential adverse effects. Nevertheless, studies in c45~/~ mice
report delayed onset and decreased severity of experimental autoimmune encephalomyelitis (EAE) [83].
The resistance to EAE in cd5~/~ mice was not attributed to the inability of T cells to respond efficiently
to stimulation with MOG35 but was associated with elevated frequency of apoptotic activated
T cells (AICD) [83]. In light of this evidence, the use of sCD5 proteins as a decoy receptor has been
explored in autoimmunity models, pursuing attenuation of inflammation. Thus, administration of
chimeric human CD5-Fc (hCD5-Fc) protein abrogated the formation of granular immunoglobulin
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deposits in peripheral capillaries and reduced production of anti-rabbit antibodies In a T-cell dependent
antibody-mediated membranous glomerulonephritis (MGN) mouse model [45]. Given that putative
CD5 ligands are expressed on T and B cells, the authors hypothesized that the effect was based
on interference of T-B cell co-stimulation [45]. In another work, adenoviral expression of chimeric
mouse CD5-Fc (mCD5-Fc) protein arrested the development of EAE, while hCD5-Fc did not [83].
Treatment with mCD5-Fc also correlated with a low activated T cell count, as a result of increased AICD.
The latter suggests that blocking CD5 interactions with endogenous ligands induces apoptosis of
hyper-activated autoreactive T cells. In contrast, transgenic mice expressing shCD5 develop more
severe forms of EAE and collagen-induced arthritis (CIA) [69]. Several experimental differences
may account for the contradicting results (e.g., use of WT vs. transgenic mice, human versus
mouse protein, Fc-based vs. non-chimeric soluble proteins, etc.). In addition to the differing
amounts of circulating protein (and consequently, of functional CD5 blockade) achieved by the varied
expression systems used (e.g., 10-100 ng/mL shCD5 in transgenic mice vs. 1700 ng/mL mCD5-Fc
in adenovirally-transduced mice) [69,83]. Consequently, the extent of CD5-ligand interference may
sufficiently activate T lymphocytes and induce AICD in autoimmune settings.

3. The Lymphocyte Receptor CD6

CD6 is a transmembrane glycoprotein expressed on all T cells and the Bla subset of B cells [84],
though it is also found in a subset of Natural Killer cells (CD56%™CD16%) [85], some hematopoietic
cell precursors and certain brain cells [86,87]. As for CD5, CD6 also works as a signaling co-receptor
negatively modulating the intracellular signals delivered by the antigen-specific clonotypic receptor
complex (TCR and BCR) to which it is physically associated [88]. Again, this is achieved through
phosphorylation of cytoplasmic Tyr, Ser and Thr residues which further interact with still ill-defined
downstream intracellular signal transducers (see [89] and [90] for more extensive information on
CD6 signaling).

CDé6 also exist in a circulating soluble form (sCD6) at low concentrations (pM-nM) in serum
of healthy individuals, and at higher levels in patients with inflammatory disorders (i.e., SS and
SIRS) [38,39]. This sCD6 results from proteolytic cleavage of the membrane-bound form during
lymphocyte activation events, rendering CD6'°"/"¢& cells less proliferative and more sensitive
to apoptosis [91].

The better characterized endogenous CD6 ligand is CD166/ALCAM (for activated leukocyte cell
adhesion molecule), a member of the Ig family of adhesion molecules that is expressed on professional
antigen presenting cells (APCs), but also activated lymphocytes, thymic epithelial cells, endothelial
cells and brain cells [92]. The adhesive CD6-CD166/ALCAM interactions play a relevant role in the
stabilization of the cell-to-cell contacts during immunological synapse formation and maturation
and in the subsequent T cell proliferative responses [8,93]. Additionally reported endogenous
CD6 ligands, include (i) CD318/CDCP1 (for CUB domain-containing protein 1) a receptor expressed on
non-hematopoietic lineages, such as fibroblasts, keratinocytes, epithelial cells, and a variety of neoplastic
cells [18] and (ii) Galectins 1 and 3, two soluble mammalian lectins [94]. While the consequences
of the CD6-CD318/CDCP1 interaction still need further exploration, that of CD6 with Galectins 1
and 3 first, competes with both T cell adhesive contacts mediated by the CD6-CD166/ALCAM pairing
and CD6 recognition of bacterial MAMPs (see next section below) and second, prevents Galectin 1-
and 3-induced T cell apoptosis events [94].

In addition to these endogenous ligands, CD6 also binds to different MAMPs of bacterial,
parasitic and viral origin (Figure 2). Indeed, CD6 binds to and senses the presence of both
LPS from Gram-negative bacteria, and LTA and PGN from Gram-positive bacteria, and induces
intracellular signaling events and cytokine release conditioned to CDé’s cytoplasmic tail integrity [13,14].
Interestingly, the affinity (K;) of the CD6 interaction with LPS, LTA and PGN is high [13,14] and in a
range of that reported for CD14, the main macrophage receptor for such bacterial components [95].
Moreover, MAMPs recognition by CD6 also includes tegumental components (PSEx) from the cestode
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parasite E. granulosus [11,52], and glycoproteins from the HIV-1 (gp120) [96] and CMV (our unpublished
observations) viruses.

3.1. Soluble CD6 as Therapeutic Agent in Infection

The first evidence for the in vivo therapeutic benefit of the MAMP-binding properties of CD6
in infection was the demonstration of increased survival, concomitant with reduced serum levels
of pro-inflammatory cytokines (i.e., TNF-«, IL-6, and IL-1p), following prophylactic infusion of
recombinant soluble human CD6 (rshCD6) to mice undergoing a lethal LPS-induced septic shock,
an experimental model of severe Gram-negative infection [13]. Similar prophylactic effects of
rshCD6 were later observed when mice were subjected to lethal models of septic shock induced by
intraperitoneal injection of Gram-positive bacteria-derived endotoxins (i.e., LTA and PGN) or exotoxins
(i.e., staphylococcal TSST-1, for toxic shock syndrome toxin 1), as well as of multidrug-resistant or
-sensitive Staphylococcus aureus [14]. At that time, similar in vivo benefits of soluble proteins were
reported for sCD14 in bacterial septic shock [97], but not in any of the SRCR superfamily of receptors.

Further studies addressed the broad-spectrum antibacterial properties of rshCD6 by challenging
mice with a lethal model of polymicrobial peritonitis induced by cecal ligation and puncture
(CLP model), which is considered the gold-standard pre-clinical model, resembling the progression
and characteristics of human sepsis [98]. Using this model, rshCD6 infusion showed dose- and
time-dependent prophylactic and therapeutic effects [99]. Protection from CLP-induced lethality
was also observed in mice, expressing high and sustained serum levels (5-10 pg/mL) of mouse
sCD6 (msCD6), as a result of their transduction with hepatotropic adeno-associated virus (AAV) [99].
Moreover, additive effects were observed when rshCD6 was combined with the broad-spectrum
bactericidal antibiotic imipenem/cilastatin, a member of the carbapenem class that acts by inhibiting
cell wall synthesis of various Gram-negative and -positive bacteria [99].

Recently, three short CD6-derived peptides have been identified and studied for its bacterial-
recognition properties [100]. These sequences come from each of the three SRCR extracellular
domains of CD6 and are homologous to the 11-mer consensus peptide identified in DMBT-1/SAG,
which show bacterial binding properties [101]. Those CD6-derived peptides showed similar capabilities,
though differing in their magnitude, regarding interaction with LPS and LTA, bacterial agglutination,
and prevention of CLP-induced septic shock [100]. Consequently, these peptides offer cost-effective
opportunities for developing new adjunctive alternatives to currently available sepsis treatment.
One such possibility could be their covalent coupling to a solid-phase for designing adsorption devices
to remove circulating bacterial toxins [102].

As for CD5, targeting CD6 in certain viral infections could represent a new therapeutic approach,
though further exploration is still needed. Indeed, it has been reported that rshCD6 interferes with
HIV-1 infection of human peripheral blood mononuclear cells (PBMCs) as well as with gp120 binding to
human PBMC in a dose-dependent manner [96]. This is achieved through CD6 interaction with a linear
sequence of the V3 loop from HIV-1 gp120, which is relevant for chemokine receptor interaction [96].
The shCD6-gp120 interaction is enhanced by pre-binding of sCD4 to gp120, suggesting that inhibitory
activity of rshCD6 is mediated by blocking the gp120/coreceptor interaction [96]. These results suggest
that the anti-HIV-1 activity of shCD6 likely takes place at the virological synapse, thus preventing
HIV-1 entry.

With respect to parasites, rshCD6 directly interacts with tegumental antigens (PSEx) from
E. granulosus and down-modulate the IL-10, TNF-a and IL-6 cytokine responses of mouse peritoneal
cells exposed to them [11]. Accordingly, rshCD6 infusion has exhibited some degree of prophylactic
potential in a mouse model of secondary cystic echinococcosis, by showing a trend towards reduction
in the proportion of infected mice and the number of hydatid cysts per mouse [11].
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3.2. Soluble CD6 as Therapeutic Agent in Cancer

The ability of CD6 to modulate important physiological lymphocyte processes warrants exploration
of its immunomodulatory potential in cancer therapy. Indeed, CD6 expression was early reported
in chronic lymphocytic leukemia (CLL) and in some lymphosarcoma cell leukemia (LSCL) cells [84],
despite CD6 expression did not correlate with disease progression [103]. However, it is known that
CD6 ligation induces expression of anti-apoptotic proteins and prevents apoptosis of leukemic B cells
following IgM cross-linking [104]. Therefore, the prevention of CD6 ligation on leukemic cells increases
their sensitivity to apoptosis and limit their abnormal expansion.

The CD6 ligand CD166/ALCAM is involved in the maintenance of tissue architecture,
immune responses and tumor progression [105]. CD166/ALCAM establishes both homophilic
(ALCAM-ALCAM) and heterophilic (ALCAM-CD6) cell-to-cell interactions, with the former being
around 100-fold weaker than the heterophilic ones [93]. Heterophilic ALCAM-CD6 interactions are
involved in lymphocyte migration and extravasation processes [106]. A number of studies support
the association of CD166/ALCAM expression with aggressiveness in a variety of cancers, including
melanoma, prostate, breast, ovarian, esophageal, bladder and intestinal cancers (probably a result
of homophilic ALCAM-ALCAM interactions), thus constituting of an oncology-related target and
prognostic marker [107,108].

The use of sCD6 has been explored in different experimental instances as an alternative to
blocking anti-CD166/ALCAM mAbs. In vitro studies showed that rshCD6 inhibits T-cell proliferation
to an extent comparable with CD6-blocking mAbs or chimeric ALCAM-Fc proteins suggesting, at
least in part, to be the result of interfering heterophilic ALCAM-CD6 interactions (e.g., APC-T-cell
interactions) [8,109]. Furthermore, rshCD6 inhibits proliferation and migration of tumor cell lines
expressing high CD166/ALCAM surface levels (B16-F0, EL-4, and MC-205) [110].

Recent work provides proof-of-concept on the immunotherapeutic potential of sCD6 in
cancer and its translatability to the clinical practice [110]. This was explored by challenging
genetically-modified or WT mice, expressing high circulating levels of sCD6 with subcutaneous
or metastatic syngeneic cancer cells of different lineage origins (B16-FO melanoma, MCA-205 sarcoma
and RMA-S lymphoma cells). The results showed delayed in vivo growth of tumor cells constitutively
expressing high CD166/ALCAM surface levels in transgenic shCD6IckEpuTg mice compared with WT
controls [110]. Moreover, a lower number of lung metastases and improved survival was observed
when WT mice transduced with hepatotropic AAV expressing soluble mouse CD6 (AAV-smCD6)
were challenged (i.v.) with B16.FO melanoma cells. Importantly, both delayed local growth and
lower metastatization results were observed in tumor-challenged WT mice infused with rshCD6
protein [110]. In vitro studies showed that mechanisms operating at the level of lymphocyte effector
function and tumorigenicity were engaged in the presence of rshCD6, such as defective Treg generation
and function, decreased CD166/ALCAM-mediated tumor cell proliferation/migration and impaired
galectin-induced T-cell apoptosis [110]. These pre-clinical results illustrate the multifaceted effects of
sCD6 on cancer development and support its immunotherapeutic potential, as well its translatability
to clinical oncotherapy.

3.3. Soluble CD6 as Therapeutic Agent in Autoimmunity

Growing evidence backs up the use of sCD6 for the treatment of autoimmune disorders.
Single nucleotide polymorphisms (SNPs) of CD6 have been associated with susceptibility and/or clinical
outcome of several autoimmune diseases, including multiple sclerosis (MS), RA, (SS, inflammatory
bowel disease (IBD), Behcet’s disease and psoriasis [88,111]. Intriguingly, lower mRNA CD6 levels have
been reported in PBMC from MS patients, without any significant association with CD6 SNPs [112].
Though apparently contradictory, relevant information also comes from cd6~/~ mice, in which attenuated
or aggravated forms of experimental autoimmune diseases have been reported depending on the disease
model (EAE, autoimmune uveitis, graft versus host disease-induced lupus-like, imiquimod-induced
psoriasis, CIA) and the mouse genetic background (C57BL/6, DBA-1) [19,99,113-117]. Some of the
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referred cd6/~ mice results might relate in part to the fact that the CD6-CD166/ALCAM interaction
has been shown to be important in the recruitment of peripheral blood leukocytes to inflamed
tissues [106,118].

In this context and despite the lack of a thorough understanding of CD6 function, availability of
mouse and humanized anti-CD6 mAbs has provided valuable information regarding the potential
targeting of CD6 for the treatment of RA, psoriasis and potentially other T cell-driven autoimmune
conditions [119]. Indeed, ALZUMADB® (Itolizumab), a humanized anti-human CD6 mAb developed
from its parent murine antibody IOR-T1, has been approved by the Drugs Controller General of India
in January 2013 to treat psoriasis [120,121]. A randomized phase III clinical trial was carried out in
India in a cohort of 225 patients with moderate to severe chronic psoriasis plaques in which Itolizumab
was effective and well-tolerated [122].

In the light of the above, the use of sCD6 could provide an effective alternative. Indeed, preliminary
observations made with shCD6IckEuTg mice and rshCDé6-treated WT mice reveal improved outcomes
(lower clinical score) in two different experimental autoimmune diseases (CIA and EAE) [110] and
warrant further clinical validation.

4. Concluding Remarks

The multifaceted abilities of the CD5 and CD6 receptors set the basis for potential breakthrough
therapies. CD5 and CD6 combine immunomodulatory and PRR properties, and are suited to treating
pathologies associated to dysregulated immune responses. The fact that soluble forms of these
lymphoid scavenger receptors interact with different endogenous and exogenous ligands (some still
awaiting full description), has prompted incipient pre-clinical studies in infectious, autoimmune and
cancerous processes. Exogenous sCD5 and sCD6 proteins offer efficient and safe therapeutic agents,
and their testing in a clinical setting has now become a priority.
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