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CD6 was established as a marker of T cells more than three decades
ago, and recent studies have identified CD6 as a risk gene for
multiple sclerosis (MS), a disease in which autoreactive T cells are
integrally involved. Nevertheless, the precise role of CD6 in
regulating T-cell responses is controversial and its significance in
the pathogenesis of various diseases remains elusive, partly due to
the lack of animals engineered to alter expression of the CD6 gene.
In this report, we found that CD6 KO mice showed decreased
pathogenic T-cell responses, reduced spinal cord T-cell infiltration,
and attenuated disease severity in experimental autoimmune
encephalomyelitis (EAE), an animal model of MS. CD6-deficient T
cells exhibited augmented activation, but also significantly reduced
survival and proliferation after activation, leading to overall de-
creased Th1 and Th17 polarization. Activated CD6-deficient T cells
also showed impaired infiltration through brain microvascular
endothelial cell monolayers. Furthermore, by developing CD6
humanized mice, we identified a mouse anti-human CD6 monoclo-
nal antibody that is highly effective in treating established EAE
without depleting T cells. These results suggest that (i) CD6 is a
negative regulator of T-cell activation, (ii) at the same time, CD6 is
a positive regulator of activated T-cell survival/proliferation and in-
filtration; and (iii) CD6 is a potential new target for treating MS and
potentially other T-cell–driven autoimmune conditions.
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CD6 is a type I membrane protein and a member of the scav-
enger receptor cysteine-rich (SRCR) protein family (1). Re-

cent genetic studies in multiple sclerosis (MS) patients from several
groups have consistently linked certain CD6 gene polymorphisms
to MS (2–5), identifying CD6 as a risk gene for this disease. CD6
was first cloned more than three decades ago (6) and was found to
be primarily expressed on T cells (1). Human CD6 gene and amino
acid sequences are highly homologous to mouse CD6, and CD6
from either human or mouse both bind the same ligand without
species restrictions (7). The specific expression of CD6 on T cells
and its highly conserved sequence among species strongly suggest
that CD6 could be an important regulatory molecule for T cells.
Although CD6 was discovered more than 30 y ago, its function

remains unclear. Previous in vitro studies using various CD6-spe-
cific monoclonal antibodies (mAbs) yielded contradictory results,
suggesting that CD6 can either stimulate or suppress T-cell acti-
vation (8, 9). CD6 was also speculated to be a potential target for
treating autoimmune diseases (10). However, the impetus for using
CD6-targeted reagents in treating human diseases had faltered due
in part to the lack of in vivo data to validate in vitro and ex vivo
studies, and, to the absence of CD6 gene engineered animals to
facilitate testing of CD6-targeted reagents in vivo, further hinder-
ing meaningful assessment of the conflicting implications of the
in vitro studies (10). Despite the lack of clear understanding of
CD6 function and the absence of CD6-related clinical trials in the
United States and Europe, Itolizumab, an anti-CD6 mAb de-
veloped in Cuba, has recently been approved to treat psoriasis in
India (11). So far, there is only one report of in vivo studies of CD6
using genetically engineered animals (12), and the precise role of
CD6 in regulating T-cell responses needs to be clarified.
In this report, we developed CD6 KO mice, studied their

pathogenic T-cell responses and disease severity in EAE

(experimental autoimmune encephalomyelitis), an animal model
of MS, and investigated the potential mechanisms by which CD6
regulates the development of EAE. We also developed CD6
humanized mice to evaluate human CD6-targeted reagents for
future therapeutic development and identified a mAb against
human CD6 that is highly effective in treating EAE.

Results
Development and Characterization of CD6 KO Mice. CD6 KO mice
were developed by manipulating mouse embryonic stem (ES) cells
using a homologous recombination strategy and blastocyst in-
jection of the identified target ES cells. The CD6 KO mice were
bred onto the DBA/1 background by 12 generations of back-
crossing. PCR and Southern blot assays verified the deletion of the
targeted loci (Fig. S1 A and B), and flow cytometry analysis of
CD6 protein on lymphocytes confirmed the deficiency of CD6 in
the CD6 KO mice (Fig. S1C).

CD6 KO Mice Are Resistant to EAE Induction. Although CD6 gene
polymorphisms have been associated with MS (2–5), the precise
role of CD6 in the pathogenesis of MS is unclear. To address this
issue, we immunized both WT and CD6 KO mice with MOG79–98
(myelin oligodendrocyte glycoprotein) peptide in Complete
Freund’s Adjuvant (CFA) to induce EAE, and found that CD6
KO mice developed significantly less severe clinical signs of
EAE compared with WT mice (Fig. 1A). In parallel, recall as-
says showed markedly decreased antigen-specific Th1 (Fig. 1B)
and Th17 (Fig. 1C) responses, and spinal cord histopathology
showed reduced T-cell infiltration (Fig. 1D) and diminished
demyelination (Fig. 1E) in the CD6 KO mice with EAE. These
results demonstrate that CD6 is required for the development of

Significance

Multiple sclerosis (MS), an autoimmune disease that affects the
central nervous system, is driven by activated T lymphocytes
that invade the brain and spinal cord, leading to damage to the
myelin sheaths that surround nerve axons. Current treatments
are only partly successful, especially for the later stages of
chronic forms of MS. Experimental autoimmune encephalo-
myelitis (EAE) is a useful animal model of MS, suitable for
testing new approaches to treatment. By genetically altering
mice to eliminate a T lymphocyte surface protein known as
CD6, we show that the CD6 molecule is essential for the de-
velopment of EAE. Furthermore, an anti-CD6 monoclonal anti-
body is effective in treating EAE in mice that express human
CD6 but not mouse CD6 on their T lymphocytes.

Author contributions: F.L. designed research; Y.L. and J.W. performed research; N.G.S.
and M.A.B. contributed new reagents/analytic tools; Y.L., N.G.S., M.A.B., D.A.F., and F.L.
analyzed data; and D.A.F. and F.L. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.
1Present address: Juno Therapeutics, Inc., Seattle, WA 98109.
2To whom correspondence should be addressed. Email: linf2@ccf.org.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1615253114/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1615253114 PNAS | March 7, 2017 | vol. 114 | no. 10 | 2687–2692

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615253114/-/DCSupplemental/pnas.201615253SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615253114/-/DCSupplemental/pnas.201615253SI.pdf?targetid=nameddest=SF1
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1615253114&domain=pdf
mailto:linf2@ccf.org
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615253114/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1615253114/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1615253114


EAE, potentially by regulating pathogenic T-cell responses and/
or T-cell infiltration into the central nervous system (CNS).

Lack of CD6 on T Cells Reduces Both Th1 and Th17 Differentiation in
Vitro. To elucidate the mechanism by which lack of CD6 reduces
pathogenic Th1/Th17 responses and ameliorates disease severity
in EAE, we isolated CD4+ T cells from naïve WT and CD6 KO
mice, then cultured them under Th1 or Th17 polarization condi-
tions, followed by flow cytometric analysis of intracellular IFN-γ
(Th1) or IL-17 (Th17). In these experiments, CD6 KO CD4+ T
cells had impaired Th1 and Th17 development compared with
WT CD4+ T cells (Fig. 2).

CD6 Deficiency on T Cells Enhances T-Cell Activation. Previous studies
using anti-CD6 mAbs to study the role of CD6 in T-cell activation
generated conflicting results. Some of the data suggest that CD6
provides costimulatory signals to enhance T-cell activation, and
some suggest that CD6 inhibits T-cell activation (8, 9). To clarify
the role of CD6 in T-cell activation, we activated WT and CD6
KO T cells by using anti-CD3 and anti-CD28 mAbs for 5 h, then
measured up-regulation of T-cell activation markers CD25 and
CD69. We found that, compared with WT T cells, CD6 KO T cells
showed augmented up-regulation of both CD25 (Fig. 3A) and
CD69 (Fig. 3B), suggesting that CD6 is a negative regulator of
T-cell activation.

Lack of CD6 on T Cells Reduces Activated T-Cell Survival and Proliferation.
The discovery that CD6 is a negative regulator of T-cell activation
appears to conflict with results from the above EAE studies that
showed decreased Th1/Th17 responses in CD6 KOmice. To address

this paradox, we again activated WT and CD6 KO CD4+ T cells
under Th1 or Th17 polarization conditions and compared T-cell
apoptosis at 5, 24, 48, and 72 h by annexin V staining. After

Fig. 1. CD6 KOmice are protected from EAE. (A) Clinical scores of theWT and CD6 KOmice. Combined results from four experiments. n = 15 in each group. *P <
0.01. (B) MOG-specific Th1 and Th17 recall assays. Splenocytes from WT and CD6 KO mice 21 d after immunization were incubated without peptide (white bars),
with 10 μg/mL of a nonrelevant peptide (IRBP1–20, gray bars) or with 10 μg/mL MOG79–96 peptide (black bars) for 72 h. IFN-γ and IL-17a levels in the culture
supernatants were measured by ELISA (n = 14 in each group, *P < 0.05). (C) Spinal cord in CD6 KOmice had markedly reduced leukocyte infiltration as assessed by
H&E staining. (D) Representative images of spinal cord sections from the EAE mice after H&E staining, showing that CD6 KO mice have significantly reduced cell
infiltration. (Magnification: Upper, 4x; Insets shown at Lower, 20×.) (E) Representative images of spinal cord sections from the EAE mice after Luxol Blue staining,
showing that CD6 KO mice had intact myelin sheath (blue staining) compared with severe demyelination in the WT mice. (Magnification: 4×.)

Fig. 2. Absence of CD6 leads to impaired Th1 and Th17 development. Puri-
fied CD4+ T cells from naïve WT and CD6 KO mice were activated and cultured
under Th1 or Th17 polarization conditions for 5 d. Then the development of
Th1 and Th17 cells was assessed by intracellular staining of IFN-γ or IL-17a.
(A and B) Representative results of the intracellular IFN-γ or IL-17a staining
within the differentiated T cells; (C and D) combined results from three dif-
ferent experiments. n = 3, data are mean ± SEM, *P < 0.05.
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activation under both Th1 and Th17 polarization conditions, CD6
KO T cells underwent significantly more apoptosis (annexin V+)
than WT T cells (Fig. 4 A and B).
In addition to activation and survival, proliferation of activated

T cells also governs the outcome of a T-cell response. We there-
fore measured proliferation of activated WT and CD6 KO T cells
under Th1 or Th17 polarization conditions at 5, 24, 48, and 72 h
after activation, by a BrdU incorporation assay. In the absence of
CD6, activated T cells under both Th1 and Th17 polarization
conditions had significantly reduced proliferation (Fig. 4 C andD).

CD6 Deficiency on T Cells Impairs T-Cell Migration Through Brain
Microvascular Endothelial Cells. In EAE, activated pathogenic Th1
and/or Th17 cells need to migrate through the blood–brain barrier
(BBB) into the CNS to initiate local inflammation, and brain mi-
crovascular endothelial cells (BMECs) are an important component
of the BBB. To determine whether CD6 has an effect on activated
T-cell migration through the BBB, we first isolated BMECs from
naïve WT mice following an established protocol (13) (Fig. 5 A and
B), then grew these cells into monolayers on culture inserts in
transwell culture plates. We added carboxyfluorescein succinimidyl
ester (CFSE)-labeled WT or CD6 KO T cells activated with anti-
CD3/anti-CD28 mAbs onto the top of the monolayer of BMEC;
CCL2 [Chemokine (C-C motif) ligand 2] was added to the bottom
of the transwells to induce T-cell migration. After 18 h of in-
cubation, WT T cells migrated better than the CD6 KO T cells
through the BMEC monolayer (Fig. 5C), suggesting that CD6 on T
cells is required for activated T cells to efficiently migrate through
the BBB to initiate inflammation in EAE.

Development of CD6 Humanized Mice. The above data suggest that
CD6 could be a valid target for treating EAE. Because (i) almost
all existing anti-mouse CD6 mAbs were developed in rats, and rat
IgGs are highly immunogenic in mice, (ii) the identification of a
disease-modifying anti-human CD6 mAb would have potential
translational value, and (iii) almost all of the anti-human CD6
mAbs were developed in mice, it would be valuable to develop a
CD6 humanized mouse in which mouse CD6 is replaced by human
CD6. In addition, human and murine CD6 proteins are highly
homologous, and previous studies demonstrate that CD6 interacts
with its ligand without species restrictions (7). We therefore gen-
erated CD6 humanized mice in which mouse CD6 on T cells was
replaced by human CD6. In brief, we first developed human CD6
transgenic mice (hCD6 Tg) in which the hCD6 expression is driven
by a human CD2 promoter/LCR to direct expression of CD6 re-
stricted to T cells. After verifying the expression of human CD6
protein on lymphocytes in the resultant Tg mice, we backcrossed
the human CD6 Tg mice onto the DBA-1 background, then bred
the human CD6 Tg mice with the mouse CD6 KO mice, and
generated CD6 humanized mice that do not express mouse CD6
(Fig. 6A) but instead express human CD6 in vivo (Fig. 6B).

A Mouse Anti-Human CD6 mAb Reverses EAE Progression in the CD6
Humanized Mice. To demonstrate that human CD6 can replace
mouse CD6 function in vivo and that these newly developed hu-
manized mice can be used to test CD6-targeted reagents that have
potential in treating human diseases, and to evaluate our mouse
anti-human CD6 mAb for its potential in treating MS, we induced
EAE in the humanized CD6 mice (DBA-1 background). Hu-
manized mice were immunized with MOG79–96 peptide in CFA
together with pertussis toxin, per protocol described above, then
the development of EAE was assessed by monitoring clinical
scores daily. Once mice showed mild signs of EAE clinically, we
randomly treated half of the mice with a mouse anti-human CD6
IgG (UMCD6) (∼0.4 mg per mouse) and the other half with the
same amount of mouse IgG by i.p. injection, then continued to
monitor the mice daily. We also carried out immunological and
histopathological assays as described. These experiments showed
that, like WT DBA-1 mice, humanized CD6 mice developed se-
vere EAE (Fig. 6C), indicating that transgenic expression of hu-
man CD6 can replace the function of mouse CD6 in mice, and
supporting our hypothesis that using CD6 humanized mice we can
predict the effects of CD6-related reagents in human MS. Com-
pared with severe EAE that developed in humanized CD6 mice
treated with control mouse IgG, EAE progression in the treated
mice was halted, and these mice showed little clinical evidence of
EAE 7 d after treatment (Fig. 6C). Recall assays showed signifi-
cantly reduced MOG-specific Th1 (Fig. 6D) and Th17 responses
(Fig. 6E) in the active treatment group compared with control.
Further, histopathological assays showed markedly decreased
spinal cord inflammation (Fig. 6F) and reduced demyelination
(Fig. 6G) in the treated mice.

UMCD6 Does Not Deplete T Cells in the Treated EAE Mice. Because
CD6 is present on all T cells, one possible mechanism by which
the anti-CD6 mAb ameliorates EAE severity could be depletion
of T cells. To test this hypothesis, we assessed CD4+ and CD8+

T-cell percentages in the UMCD6-treated and control IgG-
treated mice by staining the peripheral leukocytes with anti-CD4,
anti-CD8 (Biolegend), and a polyclonal anti-hCD6 IgG (R&D).

Fig. 3. Absence of CD6 leads to augmented T-cell activation. Purified CD4+

T cells from naïveWT and CD6 KOmicewere activated by incubationwith 1 μg/mL
anti-CD3 and anti-CD28 mAbs, then the activation of the T cells was assessed 5 h
later by measuring the up-regulation of activation markers CD25 (A) and
CD69 (B) using flow cytometric analysis. Gray bars, before activation; black
bars, 5 h after activation, n = 5, data are mean ± SEM, *P < 0.05.

Fig. 4. Absence of CD6 leads to reduced proliferation and enhanced apo-
ptosis of activated T cells. Purified CD4+ T cells from naïve WT and CD6 KO
mice were activated by incubation with plate-bound anti-CD3 and anti-CD28
mAbs, then cultured under the Th1 or Th17 polarization conditions. At 5, 24,
48, and 72 h time points, proliferation of the activated cells was assessed by
measuring BrdU incorporation using a BrdU ELISA kit (A and B), and apoptosis
of the activated T cells was assessed by staining the cells with annexin V fol-
lowed by flow cytometric analysis (C and D). n = 3 in each group, data are
mean ± SEM, *P < 0.05.
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These experiments found that CD4+, CD8+, and CD6+ T-cell
populations did not significantly change between the treated and
control groups (Fig. S2), suggesting that UMCD6 mAb attenu-
ated EAE disease severity in the CD6 humanized mice neither
by T-cell depletion nor by modulating CD6 on T cells.

Discussion
CD6 was one of the first identified markers of T cells, but its role
in T cells remains unclear, partly because of the lack of CD6 KO
mice. In this study, we developed CD6 KO mice and demon-
strated that lack of CD6 protects mice from CNS injury in EAE
in association with reduced pathogenic Th1/Th17 responses and
decreased T-cell infiltration into the CNS. In addition, we de-
veloped CD6 humanized mice and demonstrated that human
CD6 functions in these mice. Using such mice, we identified a
mouse anti-human CD6 mAb (UMCD6) that is highly effective
in treating EAE without depleting T cells.
Results from previous studies on the role of CD6 in regulating

T cells were contradictory. In these studies, because of the lack of
CD6 gene engineered animals, different anti-CD6 mAbs were used
to block and/or cross-link CD6 in an effort to gain insights into the
CD6 function. It has been reported that CD6 is a negative re-
gulator of T cells (14), and we have reported that certain CD6-
reactive mAbs inhibit the proliferation of activated memory T cells
(9), suggesting that CD6 can also be a positive regulator of T cells.
Because distinct mAbs that bind CD6 may differ in function, these
mAbs might block, modulate, or cross-link CD6, and, even dif-
ferent concentrations of the same mAb could have opposite effects
on the target protein. Therefore, it was not surprising that func-
tional studies using different CD6-reactive mAbs gave conflicting
results. In most of these studies, 3H-thymidine incorporation assays
were used to assess the activation state of T cells, but levels of
incorporated 3H-thymidine in the T cells are combined outcomes
of T-cell activation, proliferation, and survival. In the current ex-
periments, using CD6 KO or WT T cells, we first measured the
initial up-regulation of T-cell activation markers such as CD69 and
CD25 at an early time point after T-cell stimulation, and then
evaluated the proliferation of the activated T cells by BrdU in-
corporation at later time points. We also assessed the survival of

the activated WT and CD6 KO T cells by checking percentages
of apoptotic cells and by quantitating the final IFN-γ– or IL-17–
producing T cells. We found that CD6 KO T cells expressed higher
levels of early T-cell activation markers following stimulation
compared with WT T cells. Taken together, this result suggests that
CD6 is a negative regulator of T-cell activation. Surprisingly, we
also found that after activation, CD6 KO T cells proliferated to a
lesser extent than WT T cells despite higher surface expression of
activation markers. Moreover, CD6 KO T cells were more prone to
apoptosis. This data are consistent with our prior observation that
high CD6 expression on thymocytes was associated with reduced
rates of apoptosis (15). Consequently, the cumulative effects of
CD6 on T-cell activation, proliferation, and apoptosis together
result in CD6 KO T cells differentiating into far fewer IFN-
γ–producing Th1 or IL-17–producing Th17 cells compared with
WT T cells. The observation that recall responses to MOG peptide
ex vivo showed reduced IFN-γ and IL-17 secretion in CD6 KO
splenocytes compared with WT splenocytes support that absence
of CD6 reduces production of proinflammatory cytokines during
memory responses. These data begin to clarify the complex-
ity of the roles of CD6 in regulation of T-cell activation and
differentiation.
The finding that CD6 is a negative regulator of T-cell activation

and, at the same time, a positive regulator of T-cell proliferation
and survival indicates that CD6 has a similar effect in regulating
T cells as does CD5 (16), another member of the SRCR protein

Fig. 6. Mouse anti-human CD6 mAb (UMCD6) treats EAE in CD6 humanized
mice. (A and B) CD6 humanized mice do not express mouse CD6 (A) but
express human CD6 (B) on their lymphocytes. (C) EAE clinical scores of CD6
humanized mice treated with UMCD6 and control mouse IgGs. CD6 hu-
manized mice were immunized to induce EAE. After mice showed mild
clinical symptoms, they were randomly divided into two groups with one
group receiving ∼0.4 mg per mouse anti-human CD6 IgG (UMCD6) (circles)
and the other receiving 0.4 mg purified mouse IgGs (squares). Clinical scores
were recorded daily. n = 14 in each group, *P < 0.05. (D and E) Th1 (D) and
Th17 (E) recall assays in CD6 humanized mice treated with UMCD6 or control
IgG. At the end of treatment experiments (day 14), splenocytes from the mice
were collected and incubated without peptide (light gray bars), with 10 μg/mL
of a nonrelevant peptide (IRBP1–20, dark gray bars) or with 10 μg/mL MOG79–96

peptide (black bars) for 72 h. IFN-γ and IL-17a levels in the culture super-
natants were measured by ELISA. n = 7 in each group, *P < 0.05. (F and G)
Representative images of spinal cord sections showing significantly reduced
cell infiltration (F) and demyelination (G) in the UMCD6-treated mice com-
pared with the controls. (Magnification: 4×.)

Fig. 5. Absence of CD6 reduces T-cell migration through BMEC monolayers.
WT DBA-1 mouse BMECs were first isolated by following an established
protocol (A) and were ∼90% pure based on CD34 staining (B). The isolated
BMECs were grown on culture inserts until monolayers were formed, then
0.6 × 106 of CFSE-labeled and anti-CD3/CD28 mAb-activated T cells from
naïve WT and CD6 KO mice were added into the culture inserts with 20 ng/mL
CCL2 in the bottom chambers to facilitate cell migration. After overnight
culture, cells that remained in the culture inserts and those that migrated
into the lower chambers were quantitated (C). n = 4 in each group, data are
mean ± SEM, *P < 0.05.
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family (17). The CD6 and CD5 genes are immediately adjacent to
each other, and CD6 and CD5 proteins are distributed in a similar
pattern, e.g., both are primarily expressed on T cells and on some B
cells such as B1a cells. Interestingly, CD5 has also been identified
as a negative regulator of T-cell activation (18). CD5 KO mice
likewise showed reduced disease severity in EAE after MOG
peptide immunization, potentially due to the augmented apoptosis
of the activated T cells lacking CD5 (16). The extent to which CD6
shares similar signaling pathways with CD5 in regulating T-cell
activation, proliferation, and survival warrants further investigation.
Although certain CD6 polymorphisms have been associated with

susceptibility to MS (2–5), the pathogenic role of CD6 in MS is still
unclear. Surprisingly, in in vitro assays, activated T cells from pa-
tients carrying a CD6 risk allele have impaired proliferation com-
paring to T cells from donors carrying the nonrisk allele (19). By
studying WT and CD6 KO mice in EAE, we found that the ab-
sence of CD6 protected mice from CNS injury in EAE, indicating
that CD6 is required for the development of EAE, and potentially,
MS. Our in vitro T-cell activation, proliferation, and survival
studies provided insights into the mechanisms underlying the ob-
served reduced MOG-specific Th1 and Th17 responses in the CD6
KO mice in EAE. It appears that after EAE induction in the CD6
KO mice, although MOG-specific T cells were initially activated
more robustly, their differentiation into IFN-γ–secreting Th1 and
IL-17–secreting Th17 cells was less efficient and they died faster
than did T cells in WT mice, leading to reduced MOG-specific
Th1/Th17 responses, and, eventually, attenuated EAE.
Our H&E studies also showed that there was significantly re-

duced cell infiltration in the CNS of CD6 KO mice after EAE
induction. To distinguish whether CD6 expression also affected
the ability of T cells to infiltrate to the CNS, we performed in vitro
T-cell migration assays comparing the capacity of CD6 KO T cells
and WT T cells to migrate through a monolayer of BMEC. The
data showed that CD6 is also required for T cells to infiltrate with
optimal efficiency through the BMEC monolayer. This result
implies that CD6 is important for migration of T cells through the
BBB into the CNS, which is known to be a critical step in devel-
opment and/or progression of both EAE and MS. The modest
impact of CD6 on the in vitro assay that we used, compared with
the more robust changes seen in vivo may indicate limitations of
the in vitro assay. More likely, the decrease in the leukocyte in-
filtrates in the CNS of CD6 KO mice is due to a combination of
impaired differentiation/survival of pathogenic autoreactive T cells
and impaired T-cell migration into the target organ.
CD6 is known to interact with CD166 (20), also known as ac-

tivated leukocyte cell adhesion molecule, which is abundant on
endothelial cells (21). Consistent with these results, it has been
reported that blocking CD166 by using a mAb attenuates EAE in
WT mice by reducing T-cell infiltration into the CNS (22). Taken
together, these data suggest that in addition to tuning T-cell acti-
vation, proliferation, and survival, CD6 is also important for T-cell
infiltration through the BBB into the CNS, which is likely another
mechanism by which deficiency of CD6 leads to attenuated EAE in
the CD6 KO mice. In contrast to the multiple roles for CD6 on
T cells in the pathogenesis of EAE and as a target for treatment,
our data indicate that the expression of CD6 on a small B-cell
population in mice is likely not critical to either the pathogenesis or
treatment of EAE.
Speculation that CD6 is a good target for treating autoimmune

diseases including MS has existed for decades (10), but, the first
and only clinical study conducted more than 30 y ago using a
T-cell–depleting mouse anti-human CD6 IgM for treating MS pa-
tients was inconclusive (23). Data that CD6 deficiency leads to
reduced Th1 and Th17 polarization in vitro and that CD6 KO mice
are protected from CNS injury in EAE in vivo strongly argue that
CD6-targeted reagents, useful for treating EAE, merit reevaluation
as a potential approach to MS. Because all of the available anti-
human CD6 mAbs were developed in mice, and previous studies

suggest that CD6 binds to its ligand without species restrictions (7),
we developed a CD6 humanized mouse in which human CD6 re-
places mouse CD6 on T cells. These animals can be used to screen
mouse anti-human CD6 mAbs for future development without
confounding immunogenicity issues in mice. Our results that CD6
KO mice are resistant to EAE induction and that the restoration
of human CD6 in the CD6 KO mice (CD6 humanized mice)
is associated with severe EAE after immunization provide clear
evidence that human and mouse CD6 function interchangeably
in mice as predicted (7). Thus, these CD6 humanized mice are
invaluable to identify effective human CD6-targeted reagents, in-
cluding human CD6-targeted mAbs in the EAE model of human
MS and, potentially, in other models of human autoimmune
diseases.
Although there is no current CD6-related clinical trial in the

United States and Europe, Itolizumab, an anti-human CD6 mAb
developed in Cuba, has been effective in reducing pathogenic
T-cell responses in psoriasis patients and was recently approved
for treating psoriasis in India (24, 25). Itolizumab combined with
methotrexate has also been reported to reduce T-cell numbers
and proinflammatory cytokine levels in patients with rheumatoid
arthritis, although the clinical outcomes still need to be defined
(26). Surprisingly, Itolizumab binds to domain 1 of CD6 (27),
and it does not block the interaction between CD6 and its cur-
rently known ligand, CD166, which binds to domain 3 of CD6
(28). Interestingly, the anti-human CD6 mAb (UMCD6) that we
used to treat EAE in CD6 humanized mice also binds to domain
1 of CD6 and does not block CD6–CD166 interaction (8, 29).
Thus, both in vitro and in vivo studies using anti-CD6 mAbs
suggest that the CD6–CD166 interaction might not be critical for
CD6 function in disease, at least not in psoriasis or MS. Instead,
a new ligand that interacts with domain 1 of CD6 could be a
more important CD6 partner than CD166. We reported that an
antigen recognized by mAb 3A11 is a novel ligand of CD6 (30),
and studies using blocking mAbs suggest that this new CD6 li-
gand binds to domain 1 of CD6 (29, 31), the site where both the
Itolizumab and UMCD6 bind. Additional experiments to clarify
the identity of this second CD6 ligand should be an important
focus for future experiments.
In our treatment studies, UMCD6 did not appear to work by

depleting T cells, as the previous mAb (T12) did (23), because
UMCD6-treated mice had comparable CD4+ and CD8+ T cells
compared with the control mice. Similar to our observations using
UMCD6 in treatment of EAE in CD6 humanized mice, clinical
studies in patients also showed that Itolizumab does not deplete
T cells in vivo (32).
Our latest studies of B cells in CD6 KOmice showed that, unlike

in humans, CD6 is not expressed on any of the B2 cells (specifically
marginal and follicular B cells) in mice, neither constitutively nor
after activation (33). Instead, mouse CD6 is selectively expressed
on a small subset of B1a cells found in the spleen, liver, and pe-
ripheral blood, but not in the bone marrow or peritoneal cavity. In
addition, we found that human CD6 is only present on B1a cells
(besides T cells) in the CD6 humanized mice (Fig. S3), and that
there was no difference between the control and treated CD6
humanized mice in terms of the serum levels of total IgM, total
IgG, or MOG79–96-specific IgG (Fig. S4), suggesting that B cells,
including the CD6+ B1a cells, might not be affected during treat-
ment, and that the anti-CD6 mAb treatment does not ameliorate
EAE by altering either Ig levels or autoantibody titers.
During the preparation of this manuscript, a report has used

CD6−/− mice to assess the role of CD6 in T-cell development and
activation (12). This study found subtle aberrations in single-pos-
itive thymocyte and mature T-cell subsets in CD6−/− TCR trans-
genic mice. The severity of collagen-induced arthritis (CIA) was
enhanced in CD6−/− mice, in apparent contrast to our current
results in the EAE model. It is worth noting that the CIA studies
were conducted in C57BL/6 mice, a strain in which the incidence
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and severity of CIA is substantially less compared with the DBA-1
strain (the strain that we used for our EAE studies). Additional
studies will be required to unravel the reasons that underlie the
apparent differences between distinct autoimmune models and
genetically distinct mouse strains in the role of CD6 in the de-
velopment of autoimmune disease, and whether such differences
are paralleled by heterogeneity in the roles of CD6 in various
human autoimmune conditions. Nevertheless, the results in CIA
and our current data both highlight an emerging appreciation of
the potentially pivotal role of CD6 in control of T-cell driven
autoimmunity. In view of evidence that human natural T-regula-
tory cells express little or no CD6 (34), the roles of Tregs in
altered courses and outcomes of autoimmune syndromes in CD6-
manipulated animals also warrant further analysis.
In summary, using WT and CD6 KO mice, we demonstrated

that CD6 is required for the development of EAE. CD6 is a
negative regulator of T-cell activation, but a positive regulator of
T-cell proliferation and survival. Therefore, lack of CD6 leads to
reduced T-cell responses in EAE. In addition, CD6 on T cells is
also required for T-cell infiltration through the BBB into the CNS.
By developing a CD6 humanized mice, we showed that human

CD6 functions in mice, and identified UMCD6, a mouse anti-
human CD6 mAb, as a potent inhibitor of EAE. These results
encourage exploration of the potential of a humanized variant of an
anti-CD6 antibody such as UMCD6 to become a new therapeutic
for treating MS and possibly other diseases.

Materials and Methods
All procedures involvingmicewere approved by the Institutional Animal Care
and Use Committee of Cleveland Clinic, and all were done in accordance with
the US Department of Health and Human Services Guide for the Care and Use
of Laboratory Animals and institutional guidelines. The development of CD6
KO mice, CD6 humanized mice, details of the induction and assessment of
disease severity of EAE, as well as ex vivo MOG-specific Th1/Th17 recall assay,
in vitro Th1/Th17 polarization, activation, proliferation and survival assays,
and statistical analyses are described in SI Materials and Methods.
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