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Summary

CD5 is a scavenger-like receptor expressed in association with the antigen-specific receptors on T
and B-1a lymphocytes. Recent studies reveal a broader biology for CD5 that includes its role as
regulator of cell death and as a receptor for pathogen associated molecular patterns, in addition to
its previously described function as an inhibitory receptor. These findings shed new light into the
mechanistic role of CD5 in leukemias and effector cells to exogenous (infectious) or endogenous
(autoimmune, tumoral) antigens. The newly identified properties make this receptor a potential
candidate to be targeted for therapeutic intervention as well as immune modulation. This review
describes the current knowledge on the function of CD5 as an immunomodulatory receptor both in
health and disease.

Introduction

The CD5 lymphocyte receptor (also named T1, Tp67 in humans or Lyt-1 in mouse) was one
of the first surface markers used to identify T cells, and was later found to be expressed by
leukemic B cells and a subset of normal mature B-cells (named B-1a B cells) that secrete
natural poly-reactive antibodies [1]. Structurally, CD5 is a member of the ancient and highly
conserved superfamily of protein receptors named SRCR (for scavenger receptor cysteine-
rich)[2]. The extracellular region of CD5 is composed of 3 type B SRCR domains (D1, D2,
and D3) each one containing 8 cysteines and encoded by a single exon (in contrast to type
A, which contain 6 cysteines and are encoded by two or more exons)[3]. Other group B of
members of the SRCR superfamily expressed on lymphocytes also include CD6, T19/WC1,
CD163, DMBT1/gp340 and Spa/AlIM (revised in [3]).
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The nature of the endogenous CD5 ligand/s (CD5L) is still an open question. Several
counter-receptors, including CD72, gp35-40, gp150, gp200, the framework region of IgVy
and the CD5 itself [3,4], have been reported. However, most are insufficiently characterized
and none have been independently verified. Thus, the physiological role of CD5 ligation
remains an active area of investigation.

In both T-cells and B-cells, CD5 associates with their antigen-specific receptor complexes
and modulates their signals both qualitatively and quantitatively (reviewed in [5,6]). The
expression levels of CD5 on T-cells reflects the strength of antigen receptor signaling, which
reciprocally tunes the threshold of the response. CD5 is primarily considered to be an
inhibitory receptor, a view that needs to be revised based on accumulating new evidence.
This review will focus on the current understanding of the different physiological properties
of CD5 with respect to immunity and inflammation.

CD5 as a modulator of antigen receptor signaling

Initially, CD5 was considered a co-stimulatory molecule of T cell activation, but its function
as a regulatory receptor became apparent following the development of the CD5 knock-out
mouse (reviewed in [5]). Although the molecular mechanism of CD5-dependent negative
signaling remains unresolved, independent studies implicate activation of negative
regulators that include SHP-1, Ras-GAP, c-Cbl and CK2 [7-9]) (Figure 1).

T-cells, by altering the expression levels of CD5, tune the threshold of TCR response. The
level of CD5 expression is directly proportional to the avidity of antigen-specific receptors
on T-cells and plays a crucial role during T cell development [10] (Figure 2a). B-cells can
also modulate CD5 expression levels by a mechanism that involves the use of alternate exon
1 [11]. Depending on the exon 1 usage for transcription, CD5 can be expressed as a cell
surface form or as a truncated form that is retained in the cytoplasm and their expression
varies inversely with each other. By regulating the level of a DNA methyl transferase, B-
cells can modulate between the expression of the two forms. Down-modulation of the cell
surface form leads to the lowering of threshold of BCR signaling. Intriguingly, chronic
lymphocytic leukemias (CLLs) express predominantly the cell surface form, a characteristic
that might provide them a survival advantage (discussed further below).

Role of CD5 in lymphocyte survival

CD5 is rapidly emerging as an important regulator of T-cell and B-1a cell survival. This
discovery explains why loss of regulation in T-cells and B-1a cells in CD5~/~ mice does not
lead to autoimmunity. The first evidence that CD5 has a pro-survival role came from the
observation that CD5~/~ mice develop attenuated experimental autoimmune
encephalomyelitis (EAE) [12] (Figure 3). The attenuated EAE was associated with inability
of antigen-reactive T-cells to persist following hyperproliferation. A subsequent study
showed that CD5 expression levels on human tumor antigen specific CD8 CTL inversely
correlated with susceptibility to autologous tumor-mediated activation induced cell death
(AICD) [13]. CD5 promoted survival of CTL by down-regulating FasL and leading to
inhibition of caspase 8 activity. Remarkably, tumor-infiltrating lymphocytes (TILs) with
lower expression of CD5 exhibited the greatest anti-tumor activity [14]. Cytokines such as
IL-7 and IL-21, independently and synergistically down modulate CD5 expression in CTLs
by upregulating the expression of the E protein family transcription factor, E47 [15]. Such
cytokine-signaling dependent down modulation of CD5 leads to increased responsiveness of
CD8 T-cells to antigen and provides a mechanism by which CTLs can develop adaptive
ability to increase their anti-tumor activity. E47 and the IL-4 induced transcription factor,
GATA-3, are transcriptional repressors of CD5 [16,17]. These studies suggest that CTLs can
balance survival and cytolytic activity by regulating CD5 expression levels, a property
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regulated by local cytokine milieu. Similarly, CD5 up-regulation has been shown to protect
autoreactive CD4 T-cells from Fas-mediated death [18].

The molecular basis underlying CD5-mediated T-cell survival has not yet been fully
elucidated. However, one mechanism could be that CD5 promotes survival through
activation of CK2. Transgenic reconstitution of CD5~/~ mice with wild-type CD5, but not
CK2-binding deficient mutant CD5, restores resistance to AICD [9]. The result reveals that
CD?5 regulates activation and survival through independent domains. However, overlapping
functions cannot be excluded. CK2 can promote survival by inducing expression of pro-
survival molecules such as Bcl-2 and Bcl-xI, or by inhibiting proteins associated with
apoptotic pathways, such as caspases and Bid. An alternate pro-survival mechanism is
through the activation of Akt, as seen in thymocytes (Figure 2a) [19]. The PI3K/Akt
signaling pathway is critical for thymocyte survival and thymocyte activation leads to
recruitment of PI3K to CD5 [20](Figure 1).

In CD5 expressing B cells, survival is associated with CD5-dependent I1L-10 production [21]
(Figure 2b). CD5 provides viability signals to B cell chronic lymphocytic leukemias (B-
CLL) by a mechanism that involves PKC [22]. Phosphorylation of CD5 in certain B cell
lymphomas correlated with malignancy [23]. Interestingly, CD5 is constitutively
phosphorylated on tyrosines in B-CLL, suggesting chronic stimulation in vivo through the
BCR rather than through CD5 and therefore a pro-survival mechanism independent of the
CD5-CK2 axis. Intriguingly, a recent report has linked a single nucleotide polymorphism
(SNP), coding for a conservative amino acid change (V447A) C-terminal to the ITAM-like
motif of CD5, with progression-free survival in B-CLL patients [24]. The functional
consequences of this CD5 polymorphism in B-CLL cells remain to be explored. B-1a cells
are selected and maintained in the peritoneum by self-antigen [25]. The expression of CD5
might function to promote survival and maintain homeostasis of B-1a cells that are
susceptible to AICD due to continuous stimulation of the BCR (Figure 2b).

Role of CD5 in tolerance

CD25 and FoxP3 expression define nTregs, however, it should be noted that high levels of
CD5 is also a constitutive characteristic of both nTreg and iTregs [19,26]. This suggests that
CD5 may regulate the generation and/or function of these cells (Figure 2a). In fact, CD5~/~
mice have increased numbers of thymus-derived Treg cells both in the thymus and in the
periphery [19]. This report demonstrated that in the absence of CD5, enhanced TCR
signaling favoured de novo selection of nTregs but in parallel, induced deletion of naive
thymocytes (see below), leading to an enrichment of nTregs. Interestingly, CD5 ~/~ nTregs
appeared to be more resistant to apoptosis than wild type (wt) nTregs. Moreover, CD5~/~
Tregs showed enhanced ability to suppress in vitro proliferation of anti-CD3 stimulated
CD4*CD25 naive T lymphocytes. Accordingly, the severity of dextran sulfate sodium
(DSS)-induced colitis in CD5~/~ mice was lesser than in wt, arguing in favour of an
inhibitory role of CD5 in the suppressive function of CD4* CD25* Tregs [27]. These
observations suggest that CD5-dependent regulation of Treg activity is linked to control of
T-cell activation.

Upregulation of CD5 expression is associated with the development of antigen-specific
unresponsiveness in T-cells [28,29] and B cells [30]. A direct causal relationship between
upregulation of CD5 expression and antigen-specific anergy has been best demonstrated in a
study where dendritic-cells (DC) were selectively targeted to present a self-reactive myelin
peptide to T-cells, in vivo [31]. In that study, immature DC targeted with myelin
oligodendrocyte glycoprotein (MOG) peptide rendered mice resistant to EAE to a
subsequent immunization with the myelin peptide. The self-reactive T-cells had elevated
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expression of CD5 and exhibited antigen-specific unresponsiveness, but were not anergic to
direct stimulation of the antigen-receptor in vitro. Remarkably, this type of antigen-specific
unresponsiveness could not be generated in CD5~/~ mice, demonstrating a direct role for
CD5 in this form of induced T-cell tolerance. The molecular mechanism of this “novel”
form of tolerance remains to be elucidated. However, it might be speculated that such a
mechanism might be active for the generation of antigen-specific induced Treg cells [32].

The CD5-CK2 axis may have implications in the development of autoimmune diseases.
Severity and incidence of EAE, the mouse model of human multiple sclerosis (MS), in CD5-
CK2 binding deficient mice (CD5-ACK2) was dramatically lower than wild-type and
CD5~/~ mice [9] (Figure 3). The resistance to development of disease was associated with
decreased survival of effector cells as well as attenuated generation of a Th effector
population that expressed both IFN-y and IL-17.

High CD5 surface expression is also a hallmark of some B cells with regulatory function,
now defined as B10 (for IL-10 producing B cells)[33]. These B10 cells, display a unique
CD5+CD1d" phenotype, and represent 1-2% of splenic B cells and 7%—-8% of peritoneal B
cells in wt mice but are not normally detectable in blood or lymph nodes. I1L-10 producing B
cells have an important role in controlling mouse models of autoimmune diseases, such as
EAE [34], collagen-induced arthritis (CIA) [35], inflammatory bowel disease (IBD) [36],
contact hypersensivity (CHS) [33] and SLE [37]. TLR signals are necessary for maturation
and expansion of B10 cells [38] (Figure 2b). This observation is consistent with an earlier
study showing that TLR-signaling in B cells suppressed inflammatory Th1 and Th17
responses and promoted recovery from EAE [39]. Although it is not established that CD5 is
necessary for the generation of B10 cells, the link between CD5, IL-10 and survival is
striking [21]. In favor of a physiological role for CD5 in Breg homeostasis, fewer
CD1d"IIL-10+ B-cells are present in CD5 deficient mice and in a newly developed knock-in
mouse expressing CD5 lacking the ability to bind and activate CK2 (CD5ACK2BD)
(Cashman, Fenutria and Raman; unpublished data). For detection of IL-10 cells were
stimulated with PMA and ionomycin in the presence of brefeldin A before intracellular
cytokine staining. In the CD5ACK2BD mouse, co-expression of CD5 with CD1d and IL-10
was used to identify B10 B-cells cells. Similarly, blocking of CD5-CD5L interaction, by
administration of soluble hCD5 or in shCD5tg mice was shown to reduce 10 numbers of
Bla and B10 cells (Fenutria R and Lozano F, unpublished data).

Breg represent a heterogenous cell population and includes subsets that do not express CD5.
A recent study demonstrated the existence of a human IL-10 producing CD5-CD24hCD27+
B cell subset that functionally parallels the mouse B10 cell [40]. CD5, but IL-10 producing
regulatory B-cells that probably developed from B2 B-cells have been reported in other
studies with important regulatory function in attenuating rheumatoid arthritis and
inflammatory bowel disease [36,41,42].

CD5 as areceptor for pathogen associated molecular patterns (PAMPS)

Recognition of pathogen-associated molecular patterns (PAMPS) by pathogen recognition
receptors (PRRs) on immune associated cells is critical for host defense against pathogens.
CD5 functions as PRR for the recognition of certain PAMPS present on fungal but not
bacterial surfaces [43]. Both membrane-bound and soluble recombinant human CD5
(rshCD5) can bind to the B-glucan-rich particle zymosan as well to different soluble -
glucans expressed on fungi, but not to bacterial cell wall components. RshCD5 bound and
induced aggregation of a diverse group of both saprophytic and pathogenic fungal cells,
including Saccharomyces cerevisiae, Schizosaccharomyces pombe, Aspergillus fumigatus,
Candida albicans, and Criptococcus neoformans, (Figure 4a); and this property also applied
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to any of the three individual SRCR domains of CD5. The Kd of this interaction was similar
in magnitude (at nM range) to that reported for Dectin-1, the main p-glucan receptor present
on myeloid cells [44]. Zymosan, following binding to membrane-bound CD5 expressed on
lymphoid (Jurkat 2G5) and non-lymphoid (Cos-7) transfectants, induced signaling events
that included MAP kinase activation and IL-8 production, respectively [43] (Figure 4b).
Interestingly rshCD5 abolished the IFN-y release of purified peripheral T cells stimulated
with anti-CD3 mADb plus zymosan.

This finding establishes CD5 as a receptor for PAMPs, a property exhibited by several other
members of highly conserved group of SRCR protein receptors. These include CD6 (a
protein structurally and functionally homologous to CD5), SR-Al/ll, MARCO, DMBT1/
gp340/salivary agglutinin, CD163 and Spa/AIM. Interestingly, CD6 interacts with PAMPs
broadly distributed among bacterial species (such as LPS, PGN and LTA) but absent in
fungi [45]. These data suggests that CD5 and CD6 may complement each other in the
recognition of pathogens; while CD5 is well adapted to interact with fungal associated
PAMPs, CD6 has evolved to recognize bacterial ones. It has been hypothesized that
recognition of PAMPs by these lymphoid scavenger receptors, particularly CD5, may result
in the optimization of anti-infectious responses while minimizing the activation of auto-
reactive cell clones [46]. In the presence of microbial products binding to CD5, it would
increase the threshold for TCR or BCR signaling from auto-reactive lymphocytes likely
activated during infectious processes. On the contrary, similar binding of CD5 by microbial
components would allow the preferential activation of those lymphocytes with the highest
reactive TCR o0 BCR, able to overcome the negative signals of CD5 [46]. However,
extralymphoid expression of CD5 has also been reported, namely macrophages [47] and DC
[48], and this might influence the innate arm of the immune responses.

Immunomodulatory role of soluble CD5 in inflammation

Soluble CD5 (sCD5) arising from proteolytic cleavage is detectable in human serum [49].
At steady state, SCD5 levels are very low with discrete increased levels in some autoimmune
and inflammatory disorders [50-52]. The biological significance of endogenous sCD5 is
unknown. However, it could function as a decoy receptor blocking the interaction of cell-
surface CD5 with its endogenous ligand/s and thereby attenuating CD5 engagement-
dependent activities such as survival and perhaps suppressor/regulatory activity. In fact,
expression of chimeric CD5-Fc in mice leads to apoptosis of activated T-cells in super-
antigen Staphylococcus enterotoxin B treated mice by counteracting CD5-dependent
survival signals [12]. CD5-Fc treatment in mice also attenuated EAE in mice after initiation
of disease (Figure 3c) as well as development of a murine model antibody-mediated
membranous glomerulonephritis [53]. Similarly, recombinant soluble hCD5 treatment on
mice in a zymosan-induced septic shock model, resulted in attenuated production of pro-
inflammatory cytokines, reduction of leukocyte infiltration into the peritoneum and liver,
and significant increase in mice survival, compared to untreated mice [43] (Figure 4c).
These studies provide the emerging rationale for considering sCD5 as decoy receptor for the
treatment of autoimmune diseases, fungi induced septic shock and B-CLL.

Concluding remarks

The evidence provided in this review supports the role of CD5 as a crucial
immunomodulator both under homeostatic and inflammatory conditions. The limited
success of the early anti-CD5-based immunotherapy studies can how be reinterpreted in
light of the recent information regarding elevated expression of CD5 in regulatory cell
subsets: CD5-mediated cell depletion may lead to enhanced immune response and
pathological consequences, as CD5 is overexpressed on Treg [19] and Breg cells (B10,
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Cd1d"i CD5+) [33]. In contrast to anti-CDS5 therapy, targeting CD5 biology using sCD5 is
likely to be therapeutically beneficial to treat inflammation, autoimmunity and perhaps
leukemias without inducing immunodepletion.

An important issue to be answered is the functional consequence of CD5 crosslinking on
Tregs and Bregs. Can CD5 act similarly to other PRR such as TLRs to modulate Treg/Breg
function? Several lines of evidence indicate that, early in infection, activation through the
TCR in the presence of simultaneous ligation of TLRs [54-56] allow the expansion/
recruitment of both effector (Teff) and regulatory (Tregs) T cells while diminishing the
suppressive activity of the latter. This would lead to preferential expansion and activation of
newly activated specific Teff, thus favoring the control of the infection. After the pathogen
has been eliminated, Treg that have been previously expanded/recruited recover their
suppressive capacity, and contribute to the immune system homeostasis. Since scavenger-
like receptors, such as CD5, also sense the presence of PAMPs and are expressed at different
densities on Teff and Treg, it would be interesting to explore the homeostatic role of them
during early and late phases of antigen-specific T cell responses.
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Figure 1. Extracellular and intracellular interactions mediated by CD5 with endogenous and/or
exogenous ligands

For simplicity, crosstalk signalling pathways activated through the TCR are not shown.
Binding domains described for each putative ligand are depicted: gp35-37, gp77-80, gp150
(DI and DI); Framework IgVy and CD5 (DI); zymosan (B glucans) (DI, DIl and DIII). The
pseudo ITAM domain is shaded in orange. Intracellular signalling molecules that associate
with CD5 cytoplasmic tail are: Lck, PI13K, CaMKII, PKC — activation molecules; C-Cbl,
RAS-GAP, SHP-1 - negative regulators; CK2 — prosurvival molecule. The downstream
effectors activated by CD5 are shown. The association of SHP-1 to membrane proximal
tyrosine of CD5 is controversial. CK2 and Akt mediate CD5-dependent survival in T
lymphocytes.
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Figure 2. CD5 T and B cell development and homeostasis

a) CD5 acts as a negative regulator of TCR signaling, modulating the threshold of positive
and negative selection. The absence of CD5 leads to enhanced negative selection of
thymocytes with high affinity TCRs, such as P14, but does not affect selection of low
affinity TCRs (H-Y). On the other hand, transgenic expression of CD5 decreases positive
selection of H-Y due to enhanced death by neglect, but does not affect positive selection of
P14 thymocytes. The absence of CD5 leads to the novo generation of nTregs, due to
lowering threshold for activation, in parallel, leads to increased negative selection of naive
thymocytes, which are unable to phosphorylate Akt in response to CD3 plus CD28
crosslinking. Adapted from Maloy KJ and Powrie F, Nat. Immunol. (2001); 9: 816-822 and
Azzam HS et al. J. Immunol (2001); 166:5464—72.

b) CD5 can interact with PAMPs and/or other CD5 ligands to trigger IL-10 secretion from
BCR-crosslinked CD5+ B cells, acting as an autocrine factor to promote peritoneal CD5+ B
cell survival and proliferation. In the absence of CD5, peritoneal B cell homeostasis is
altered due to a decrease in IL-10 production, leading to increased apoptosis upon BCR
crosslinking.
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Figure 3. Immunomodulatory role of CD5 in EAE
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a) Immunization with MOG results in the activation of specific autoreactive T cells leading
to autoimmunity and disease symptoms. b) CD5~/~ mice and CD5-ACK2 mutant mice

exhibit attenuated EAE as a result of enhanced activation induced cell death (AICD),
demonstrating a role for CD5 in T lymphocyte protection from apoptosis. In CD5~/~
enhanced AICD is preceded by T-cell hyperactivation as a consequence of absence of

negative regulation. In CD5-ACK2 mutant mice, low disease severity is also associated
decreased numbers of Th cells expressing both IFN-y and IL-17. c) Treatment of EAE mice
with AdmCD5Fc (soluble mouse CD5Fc recombinant adenovirus) results in reduced clinical
score and recovery from EAE, due increased AICD of autoreactive clones. d) CD5+ B10
regulatory cells play a role in the control of EAE. B cell depletion (anti-CD20 treatment)
leads to exacerbation of EAE symptoms, while transfer of the CD19* CD5* (B10) regulatory
subpopulation results in a delayed initiation and reduced severity of the disease. The bottom

graph represents a composite picture of EAE severity in the experimental paradigms
described in a—d.
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Figure 4. Immunomodulatory role of CD5 in the response against fungal infections

a) Soluble CD5 can interact with B-glucans present on cell walls from saprophytic and
pathogenic fungi leading to cell aggregation. b) Zymosan can interact with surface CD5
expressed on T cells and lead to intracellular signaling (p-MEK, p-Erk) and IL-8 secretion.
c¢) Zymosan-induced septic shock can be prevented by soluble CD5, leading to a reduced
inflammatory process and increased mice survival.
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