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Summary

The characterization of the architecture, structure and extracellular inter-
actions of the CD6 glycoprotein, a transmembrane receptor expressed in
medullary thymocytes and all mature T-cell populations, has been
enhanced by the existence of monoclonal antibodies (mAbs) that specifi-
cally recognize the various scavenger receptor cysteine-rich (SRCR)
domains of the ectodomain. Using engineered isoforms of CD6 including
or excluding each of the three SRCR domains, either expressed at the
membranes of cells or in soluble forms, we provide conclusive and defini-
tive evidence that domain 2 of CD6, previously not identifiable, can be
recognized by the CD6 mAbs OX125 and OX126, and that OX124 targets
domain 3 and can block the interaction at the cell surface of CD6 with its
major ligand CD166. Alternative splicing-dependent CD6 isoforms can
now be confidently identified. We confirm that following T-cell activation
there is a partial replacement of full-length CD6 by the CD6Ad3 isoform,
which lacks the CD166-binding domain, and we find no evidence for the
expression of other CD6 isoforms at the mRNA or protein levels.

Keywords: CD6; isoforms; scavenger receptor cysteine-rich domain; T cell;
T-cell monoclonal antibodies.

Introduction

The T-cell surface glycoprotein CD6 has an impact on
the regulation of T-cell receptor-mediated signalling and
thymocyte maturation,'™ and it has attracted renewed
interest since it was found that CD6 is a susceptibility
gene for multiple sclerosis.* Furthermore, immunotherapy
targeting CD6 with monoclonal antibodies (mAbs) has
been attempted not only in mouse models but signifi-
cantly also in human pathologies;>® indeed, itolizumab
has proven efficacy in the treatment of patients with
rheumatoid arthritis and severe chronic plaque psoria-
sis.” ™

The interaction between CD6 and its widely expressed
extracellular ligand CD166 is well characterized, with
CD166 binding to the membrane proximal scavenger
receptor cysteine-rich (SRCR) domain (domain 3; d3) of
CD6.">!" It has been speculated that itolizumab or other
mAbs targeting d1 of CD6 could interfere with the bind-
ing of CD6 to CD166;'* however, this suggestion has not
been substantiated experimentally. One alternative possi-
bility to explain decreased T-cell activation by CD6 mAbs
is that CD6 is an inhibitory receptor and direct targeting

of the molecule induces signalling repression.'” In an
additional level of complexity, CD6 can display different
alternative splicing-dependent isoforms that arise during
activation, namely the CD6Ad3 isoform that lacks the
extracellular d3."*

It is therefore of the utmost importance that a thor-
ough characterization of the binding specificities of CD6
mAbs is performed and the functional effects, such as
ligand blocking, are described. Using engineered extracel-
lular isoforms of CD6 containing or excluding each of
the three SRCR domains of CD6, we analysed the speci-
ficities of several CD6 mAbs, their blocking efficacy, and
their value as markers for CD6 isoforms. Importantly, we
have also detected errors in the literature regarding the
specificity of two CD6 mAbs.

Material and methods

Cells and cell lines

Jurkat E6.1 and Raji cell lines were grown in supple-
mented RPMI-1640 and HEK293T cells in supplemented
Dulbecco’s modified Eagle medium.
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Peripheral blood lymphocytes (PBLs) were obtained
from buffy coats of healthy donors, provided by Servigo
de Imunohemoterapia, Hospital Sao Joao (Porto, Portu-
gal), by density-gradient separation using Lympholyte-H
(Cedarlane Laboratories, Burlington, Ont., Canada) fol-
lowed by exclusion of plastic-adherent monocytes. For
activation, 5 x 10° PBLs were stimulated with phyto-
haemagglutinin-P  (PHA-P) at 7.5 pg/ml for different
times. Flow cytometry was performed as previously
described" and analysed using a FACSCanto 2 (BD Bio-
sciences, San Jose, CA).

Monoclonal antibodies

Mouse anti-human CD6 mAbs, OX124 (IgGl) and
0X126 (IgGl) were supplied by Absolute Antibody (Red-
car, UK) and together with OX125 (IgG2b) were also
produced in house. Other CD6 mAbs used were MEM98
(EXBIO, Vestec, Czech Republic), BL-CD6 (BioLegend,
San Diego, CA), itolizumab (a kind gift from Kalet Leon,
Centro de Imunologia Molecular, Havana, Cuba) and
T12.1 (obtained from ATCC, Manassas, VA). OKT3
(CD3), and LN3 (HLA-DR) were purchased from eBio-
science (San Diego, CA), FN50 (CD69), BC96 (CD25)
and OKT4 (CD4) from BioLegend, MEM233 (CD80) and
BU63 (CD86) from EXBIO, 3A6 (CD166) from BD
Pharmingen (San Diego, CA), N-21 (CD166) and Y2/178
(CD5) from Santa Cruz Biotechnology (Dallas, TX).

c¢DNA constructs and lentiviral transduction

Wild-type (WT)-CD6 and isoform-encoding sequences
were amplified by polymerase chain reaction from
pEGFP—Nl/CD6FL14 by removing exons 3, 4, 5 and 6,
encoding dl, d2, d3 and stalk region (st), respectively,
according to the annotated sequence NM_006725 (Gen-
Bank, NCBI), using exon specific primers (see Supple-
mentary material, Table S1). Constructs were cloned in
the lentiviral expression vector pHR using Mlul and Notl
restriction sites and transduced in E6.1 and HEK293T cell
lines, as described previously.'®

mRNA analysis of alternative splicing

Total RNA of 5 x 10° resting and activated PBLs was
isolated using the TripleXtractor directRNA Kit (Grisp,
Porto, Portugal). cDNA was synthesized using Superscript
III reverse transcriptase (Invitrogen, Carlsbad, CA). The
cDNA obtained was used to analyse the CD6 alternative
splicing pattern by polymerase chain reaction with NZY-
Taq (NZYTech, Lisbon, Portugal). Primer sequences were
the following: 5-acgcgtgccgcagegacggga-3’ (forward pri-
mer on exon 3), 5'-gaggagcattagctcccgaga-3' (reverse pri-
mer on exon 7) and 5'-ctgagcacaccgcgeccg-3' (reverse
primer on exon 5).

Domain-specific mAbs identify CD6 isoforms

Construction of CDI166-deficient Raji cells by CRISPR/
Cas9

For the deletion of CD166 from Raji cells, the gRNA 5'-
TGAGGTACGTCAAGTCGGCA-3"  was  synthesized
(Sigma-Aldrich, St. Louis, MO) and cloned in pLenti-
CRISPRv2 (a gift from Feng Zhang; Addgene plasmid
#52961;  http://n2t.net/addgene:52961; RRID:Addgene_
52961)"7 using the BsmBI site. Raji cells were transduced
with the lentiviral particles and selected with 2 pg/ml
puromycin.

Recombinant proteins and tetramer assembly

Recombinant extracellular WT-CD6 (GenBank
AAA86419.1) and CD6Ad3 (GenBank ABH04237.1) were
produced and biotinylated as described elsewhere;'’
amplification of CD6Ad3 was from pEGFP-NI1/
CD6AD3."

Tetramers were assembled by mixing 3 pg of biotiny-
lated CD6 or CD6Ad3 with 0-75 pg of Streptavidin-Alex-
a647 (Invitrogen) and incubating for 1 hr at 4° with
agitation. The assembled mixture was added to 2-5 x 10’
cells and allowed to interact for 45 min on ice. Cells were
washed and analysed by flow cytometry.

In blocking experiments, CD6 mAbs were added to the
assembled tetramers and incubated for 20 min on ice
before cell staining.

Conjugate formation

Raji B cells were incubated with a mix of the superanti-
gens (sAg) staphylococcal enterotoxins A, B, C3 and E
(Toxin Technologies, Sarasota, FL), at 200 ng/ml each for
1 hr at 37°. Raji cells were centrifuged and resuspended
in complete RPMI. PBLs or CD6-expressing E6.1 cells
(E6.1-WT-CD6) were added to Raji cells and allowed to
interact at 37° for different times.

In blocking experiments, 1 pg of CD6 mAbs were
added to E6.1-WT-CD6 cells and incubated for 20 min
on ice before conjugate formation. Where indicated, Raji
cells were pre-incubated with 1 pg of N-21 (CD166) mAb
before sAg loading. Supernatants were collected at 48 hr
and interleukin-2 (IL-2) was quantified by enzyme-linked
immunosorbent assay (R&D Duo Set human IL-2; R&D
Systems, Minneapolis, MN).

Surface plasmon resonance

Tissue culture supernatants containing CD6CD4d3d4
fusion proteins were produced in HEK293T cells.'"'®
Binding specificity was carried out using a T200 BIAcore
at 25°. Monoclonal antibodies (100 pg/ml) were injected
at 10 pl/min over CD6 fusion proteins immobilized via a
CD4d3d4 mAb (0OX68) coupled to a CM5 chip.'"'®
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Results

The CD6 mAbs OX124 and OX126 are specific for d3
and d2, respectively

CD6 domain-specific mAbs are valuable tools for moni-
toring the expression of specific extracellular domains
and the architecture of particular isoforms. Most avail-
able CD6 mAbs bind to dl of CD6 (see Supplementary
material, Table S2). A separate set of mAbs, OX124,
OX125 and OX126 were described to have been raised
against the third extracellular SRCR domain of human
CD6.'"® These reagents were putatively useful to detect
the presence of the domain that contacts CD166 and so
directly inform on the availability of CD6 to bind the
ligand."®

It was therefore surprising that E6.1 Jurkat cells where
we artificially expressed the CD6Ad3 isoform were posi-
tively labelled by OX126 at similar levels to the E6.1 cells
transfected and expressing WT-CD6 (Fig. la). The
described original immunogen included much of the
stalk region sequence in addition to d3 of CD6'®%; how-
ever, a CD6 isoform lacking d3 and the stalk
(CD6Ad3Ast) was still recognized by OX126 (Fig. 1a). It
was clear that the original characterization of OX126'
was incorrect."”

We undertook a thorough characterization of the
domain specificity of OX124 and OX126. To avoid any
interference by endogenous CD6, we expressed WT-CD6
and different combinations of domains in HEK293T cells.
HEK293T cells expressing WT-CD6 were positive for a
mAb likely to be specific for CD6 dl (BL-CD6),°
OX126 and OX124,'® but untransfected HEK293T cells
were negative for these mAbs (Fig. 1b). However,
whereas OX124 did not label HEK293T cells expressing
the isoforms lacking d3, CD6Ad3 and CD6Ad3Ast,
0X126 was still positive for all the cell lines analysed.
The data showed that OX124 binds the SRCR d3 of CD6
and OX126 bound somewhere else in the CD6 ectodo-
main.

To define the domain specificity of 0X126, we
expressed CD6 isoforms each excluding one of the three
SRCR domains in HEK293T cells and analysed the speci-
ficity of the different CD6 mAbs. As seen in Fig. 1(c), the
absence of d1 and d3 correlated with the lack of BL-CD6
and of OX124 binding, respectively, but OX126 labelling

was lost only when d2 of CD6 was absent, only compati-
ble with OX126 binding to d2. WT-CD6 and CD6Ad3,
but not CD6Ad1, were detected by BL-CD6, confirming
its specificity for d1.

To test whether OX126 bound directly to d2, we
expressed a CD6 isoform that excluded both CD6d1 and
CD6d3. Detection of this CD6Ad1Ad3 isoform by 0X126
and not by OX124 definitively established that OX126 is
specific for d2 (Fig. 1d).

0X125 and OX126 recognize different epitopes on
CD6d2

We comprehensively characterized the domain specificity
of all three CD6 mAbs, OX124, OX125 and OX126 by
surface plasmon resonance using soluble recombinant
CD6 isoforms (Fig. le). All mAbs were tested against iso-
forms containing either the full CD6 sequence from d1 to
d3 (CD6d1-d3), omitting d3 (CDé6dl-d2) or dl
(CD6d2—-d3), or only containing d3 (CD6d3). Mono-
clonal antibodies were injected over the immobilized CD6
fusion proteins. OX126 bound to isoforms that contained
CD6d2 (CD6d1-3, CD6dl1-2 and CD6d2-3). OX124
binding was dependent on the presence of d3 (CD6d1-
d3, CD6d2—-d3 and CD6d3). OX125 displayed the same
domain specificity as OX126. In sequential injections of
mAbs over the same immobilized fusion proteins, OX126
did not prevent OXI125 binding to CD6d2-containing
constructs, and vice versa (data not shown), indicating
that OX125 and OX126 bind different epitopes on
CD6d2. As expected, a CD6 d1 mAb (T12.1) bound only
to CD6d1-d3 and CD6d1-d2.

In the current characterization of OX124, OX125 and
OX126, the identity of each recombinant protein is con-
firmed in each experiment with domain-specific antibod-
ies. This was not done in the original description and it
is now clear that the domain specificity of the mAbs was
not proven.'® A labelling error was identified and the
antibody preparations used in the original study were
checked for specificity using the domain mutants as in
Fig. 1(e). The current data indicate that the identities of
0OX124 and OX126 were switched in the original descrip-
tion.'®'? Further scrutiny of the original data shows that
these are consistent with recombinant CD6d1-3 being
used both for binding analysis and immunization.'®"”

Figure 1. CD6 monoclonal antibodies (mAbs) OX126 and OX124 bind domain 2 (d2) and d3, respectively. Flow cytometry analysis of (a) Jurkat
E6.1 and (b—d) HEK293T cells transfected with wild-type (WT) -CD6 and domain deletion (A) mutants using CD6d1 mAb (BL-CD6), OX126
and OX124. (a) OX126 binding does not depend on d3 and/or the membrane proximal stalk region of CD6. (b) OX124 binding depends on d3.
(c) OX126 binding depends on d2. (d) OX126 binds directly to d2 without a contribution of other domains. (e) CD6 mAbs, OX126, OX124,
OX125 and a d1 mAb (T12.1) were injected over the fusion proteins consisting of CD6 domains 1-3 (CD6d1-3), CD6d1-2, CD6d2-3 and
CD6d3, immobilized on the surface of a CM5 chip. Sensorgram traces show that mAb binding depends on the presence of d2 for OX126 and

0OX125; d3 for OX124 and d1 for T12.1.
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0X124 blocks CD6—CD166 interactions

Having clarified unequivocally the domain specificity of
the CD6 mAbs, OX124 (d3), OX125 (d2) and OXI26
(d2), we next investigated their potential to block CD6-
CD166 interactions. We assembled soluble extracellular
WT-CD6 and CD6Ad3 recombinant proteins as tetramers
and tested their binding to Raji cells, expressing CD166
endogenously, or CRISPR/Cas9-engineered CD166-defi-
cient Raji cells. Deletion of CD166 was confirmed by flow
cytometry (Fig. 2a), together with the analysis of expres-
sion of the markers HLA-DR, CD80 and CD86 (see Sup-
plementary material, Fig. S1). WT-CD6,., bound well to
CD166-expressing Raji cells but not to cells deficient in
CD166 (Fig. 2b). As expected, CD6Ad3,., bound to nei-
ther cell line.

We next investigated which CD6 mAbs would interfere
with the binding of WT-CD6,, to Raji expressing CD166,
and for that tested OX124, OX126 and the mAbs MEM-
98 and itolizumab, both binding to CD6d1 but reportedly
not effective in interfering with CD6 ligand binding.'"*°
As seen in Fig. 2(c), only OX124 was effective in disrupt-
ing CD6 binding to CD166. However, this difference in
the blocking capacity was not reflected in any disparities
in the responses of E6.1-WT-CD6 cells, previously incu-
bated with the mAbs, to antigen-presenting cells. The
presence of any of the CD6 mAbs (specific for d1, d2 or
d3) resulted only in slightly decreased levels of IL-2 pro-
duction by E6.1-WT-CD6 cells interacting with sAg-
pulsed Raji cells (see Supplementary material, Fig. S2).
On the other hand, the presence of a CD166 mAb
induced an increase in IL-2 production. These results

(b) Raji

show that the blocking potential of CD6 mAbs does not
necessarily correlate with a particular functional effect on
immune responses.

The alternative splicing-generated CD6Ad3 isoform,
but not CD6AA2, is expressed upon activation

We have previously described the activation-inducible
CD6Ad3 isoform that does not bind to CD166,'*?! and
which is enriched in subjects containing the risk allele for
multiple sclerosis.”* This isoform was then discovered not
only by analysing the pre-mRNA, but also by flow cytom-
etry detecting T cells that were labelled with a CDé6d1
mADb but were dim for the CD6 mAD, incorrectly named
OX126 in the publication.'" The antibody preparation
used in that study was traced back to the same material
used in Hassan et al.,'® this was the d3 mAb, OX124."”
We re-analysed the expression of different forms of CD6
on activation and for this stimulated PBLs and monitored
the expression of WT-CD6, CD6Ad3 and other possible
isoforms. The proportion of CD6Ad3 was highest at
24 hr, as seen in flow cytometry by a decrease in the
binding by OX124 (Fig. 3a,b). This coincided with the
peak of cellular activation as reported by CD69 expres-
sion (Fig. 3a) and by the highest relative expression of an
mRNA isoform lacking exon 5 (encoding d3; Fig. 3c).
There was no evidence, however, for the appearance of a
CD6Ad2 isoform at the protein or mRNA levels (Fig. 3).
We further confirmed the development of the CD6Ad3
isoform in PBLs that were allowed to conjugate with sAg-
pulsed Raji cells (Fig. 3d,e). Although the kinetics of
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Figure 2. The CD6 monoclonal antibody (mAb) OX124, specific for domain 3 (d3), blocks the CD6-CD166 interaction. (a) Flow cytometry
analysis of CD166 expression on Raji and CD166-deficient Raji, edited by CRISPR/Cas9, confirms deletion of the CD6 ligand. (b) Fluorescent
streptavidin-tetramers of wild-type (WT) -CD6, but not of CD6Ad3, bind to CD166-expressing Raji cells and not to CD166"® Raji cells.
Unbound streptavidin (SA) does not bind to cells. (c) Pre-incubation of WT-CD6 tetramers with increasing amounts of CD6d1 (MEM-98 or ito-
lizumab), d2 (OX126) or d3 (OX124) mAbs shows that only OX124 effectively blocks the CD6-CD166 interaction.
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Figure 3. The CD6Ad3 alternative isoform, but not CD6Ad2, is induced upon activation. (a, b) Flow cytometry analysis of resting and phytohaemag-
glutinin-P-activated human peripheral lymphocytes, gated on CD3" cells, stained with CD69, CD6d1 (BL-CD6), OX126 and OX124 monoclonal
antibodies (mAbs). (a) Expression of the activation marker CD69, and of CD6 domain 1 (d1), d2 and d3 upon stimulation with phytohaemagglu-
tinin-P for 4, 8, 24 and 72 hr. (b) Graphical representation of the kinetics of expression of CD6 d1, d2 and d3, assessed by normalization of the geo-
metric mean fluorescence intensity of activated to resting cells. The expression of d3 is significantly reduced at 24 hr post activation, coinciding with
the peak of CD69 expression shown in (a). (c) mRNA expression of CD6 isoforms in resting and 24 hr-activated cells corroborates the results of the
previous panels, with the increase of a transcript that encodes the CD6Ad3 isoform, which skips the d3-encoding exon 5. Left panel: polymerase chain
reaction amplification using a forward primer on exon 3 (encoding d1) and a reverse primer on exon 7 allowed the identification of a smaller isoform
indicative of the skipping of a single domain-encoding exon. Right panel: complementary polymerase chain reactions were performed to identify
which of the exons 4 and 5 is skipped. Using a forward primer on exon 3 (d1) and a reverse primer on exon 5 (d3), transcripts corresponding to
wild-type (WT) -CD6, with a predicted size of 660 bp, were obtained from resting and 24-hr phytohaemagglutinin-P-activated human peripheral
lymphocytes. However, no mRNA corresponding to the CD6Ad2 isoform, having a predicted size of 348 bp, could be detected. WT-CD6 and
CD6Ad2 cDNAs were used as templates for positive control reactions. (d, e) Flow cytometry analysis and graphical representation of the expression
of CD6 d1, d2 and d3 of human peripheral lymphocytes (gated on CD4" cells) interacting with superantigen-pulsed Raji cells (Raji-sAg activation) or
with unprimed Raji cells (resting). (d) T cells were stained with mAbs against CD69, CD25 and CD6 d1, d2 and d3 (BL-CD6, OX126 and OX124,
respectively) and the corresponding kinetics normalization (e) was as detailed in (b). Although the decrease of OX124 expression is less pronounced,
d3-mediated splicing is observed at 24 hr and more pronounced at 72 hr.
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splicing were slower and the decrease in the levels of d3
was less pronounced, possibly because fewer T cells are
engaged in activation and the stimulation is not as exten-
sive as with phytohaemagglutinin-P (PHA-P), we observed
a noticeable decrease in the labelling by OX124 that lasted
until 72 hr after activation. Again, we found no evidence
of diminished OX126 labelling and consequently of the
generation of a CD6Ad2 isoform (Fig. 3d,e).

Discussion

Expression of different forms of CD6 has implications for
the regulation of immune responses and how they are
dysregulated in autoimmunity.'*** Characterization of
the domain specificity of CD6 mAbs is crucial for distin-
guishing among different isoforms and there are now
available mAbs that recognize each of the three extracellu-
lar SRCR domains of CD6. OX124 binds to CD6d3,
0X125 and OX126 are non-competitive mAbs that recog-
nize CD6d2 and most of the other numerous CD6 mAbs
bind to CD6d1.*° Our group had described the CD6Ad3
isoform based on the decrease of a CD6d3 mAb binding
concomitant with the sustained levels of CD6dl1.'* We
extended that study using mAbs specific for d1, d2 and
d3, and confirmed the induction on activation of
CD6Ad3 and found no evidence for other isoforms.

Characterization of CD6 mAbs is important for the
development of CD6-based therapies. The CD6d3 mAb
used in our previous study blocked interactions between
T cells and CD166-expressing Raji cells, consistent with
OX124 being used in that study.'"* A proposed mode of
action of the therapeutic antibody, itolizumab, is steric
hindrance of CD6—CD166 interactions; definitive charac-
terization of the blocking d3 mAb OX124 is important
for development of therapeutic CD6 mAbs. Itolizumab
and other CD6d1 mAbs appear not to be effective at
blocking CD6-CD166 interactions.”

CD6 is described as promoting cellular adhesion and
facilitating T-cell receptor scanning of antigens presented
by antigen-presenting cell-expressed major histocompati-
bility complex, while an intrinsic inhibitory function of
the cytoplasmic region may then restrain activation.>*
Disrupting the CD6-CD166 interaction without direct
binding to CD6, such as that accomplished by CD166
mADbs, may result in diminished cellular adhesion and the
absence of CD6-mediated signalling inhibition, resulting
in a higher level of activation (see refs '>'* and Supple-
mentary material, Fig. S2). In contrast, the presence of
any mAb that binds to CD6 may have the effect of poten-
tiating the inhibitory function of CD6, such as the small
decrease in IL-2 secreted by E6.1-WT-CD6 cells interact-
ing with sAg-pulsed Raji cells that we describe here using
mAbs against d1, d2 or d3, or a significant decrease in T-
cell proliferation, as was observed earlier.'” In an antigen-
specific recall response in peripheral blood, perturbation

with the d3-specific blocking antibody was immunosup-
pressive and the CD6 d2 mAb had no effect, leading to
the conclusion that blocking CD6-CD166 interactions in
this assay reduced an overall activating effect of CD6.'®!"”
An alternative integrative interpretation is that in this
case the d3 mAD caused the cumulative effect of acting as
an inhibitory agonist while obtaining optimal blockage of
the CD6—CD166 induced cell adhesion. These examples
serve to illustrate the challenges in interpretation of the
functional effects of CD6 mAbs and the requirement for
further research.

In conclusion, our study confirms and extends our pre-
vious findings,'>'* provides new data on the specificity
and properties of CD6 mAbs, OX124, OXI125 and
0X126, and facilitates correction of the literature.'®'’
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