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Abstract

Objective—CD6 is emerging as a new target for treating many pathological conditions in which
T cells are integrally involved, but even the latest data from studies of CD6 gene engineered mice
were still contradictory. To address this issue, we studied experimental autoimmune uveitis (EAU),
a model of autoimmune uveitis, in wild-type (WT) and CD6 knockout (KO) mice.

Methods—After EAU induction in WT and CD6 KO mice, we evaluated ocular inflammation
and compared retinal antigen-specific T-cell responses using scanning laser ophthalmoscopy,
spectral-domain optical coherence tomography, histopathology, and T cell recall assays.
Uveitogenic T cells from WT and CD6 KO mice were adoptively transferred into WT naive mice
to confirm the impact of CD6 on T cells. In addition, we immunized CD6 KO mice with
recombinant CD6 protein to develop mouse anti-mouse CD6 monoclonal antibodies (mAbs) in
which functional antibodies exhibiting cross-reactivity with human CD6 were screened and
identified for treatment studies.

Results—In CD6 KO mice with EAU, we found significantly decreased retinal inflammation and
reduced autoreactive T-cell responses, and confirmed the impaired uveitogenic capacity of T cells
from these mice in an adoptive transfer experiment. Notably, one of these cross-reactive mAbs
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significantly ameliorated retinal inflammation in EAU induced by the adoptive transfer of
uveitogenic T cells.

Conclusions—Together, these data strongly suggest that CD6 plays a previously unknown, but
pivotal role in autoimmune uveitis, and may be a promising new treatment target for this blinding
disease. In addition, the newly developed mouse anti-mouse/human CD6 mAbs could be valuable
tools for testing CD6-targeted therapies in other mouse models of human diseases.

Introduction

Approximately 10% of all severe visual disabilities in the United States can be attributed to
uveitic diseases. The most severe of these, autoimmune uveitis, which is commonly seen in
certain rheumatic diseases including ankylosing spondylitis, juvenile rheumatoid arthritis
and Behcet’s disease, is characterized by T cell-mediated retinal destruction [1], and is
estimated to affect more than 150,000 Americans annually [1]. Currently, the etiology of
autoimmune uveitis remains unknown, and no cure has been identified. Much of our
knowledge regarding the immunological mechanisms underlying human autoimmune uveitis
was gleaned from studies of experimental autoimmune uveitis (EAU) [2], which is arguably
the best currently available in vivo model for studying disease pathogenesis and developing
novel therapies. EAU can be induced in C57BL/6 mice by immunization with
interphotoreceptor retinoid-binding protein (IRBP) peptide 1-20 (IRBP1.5g) or IRBPg51-670
[2-4], or in DBA-1 mice [5] by immunization with peptide IRBP141.180 [2, 5]. EAU can also
be induced by the adoptive transfer of activated IRBP-specific T cells into naive mice [2].
Both human and animal studies of autoimmune uveitis have established that autoreactive T
cells (Thl and Th17 cells, with the latter playing the dominant role), rather than
autoantibodies, are important for pathogenesis [6] [7] [8].

Although CD6 was among the first identified T cell antigens [9], its biological function
remains elusive. The conflicting results of previous /n vitro studies using different anti-CD6
monoclonal antibodies (mAbs) suggest that CD6 could either be a positive or negative
regulator of T cell activation and function. Accordingly, the precise role of CD6 in
autoimmune diseases remains poorly understood. No CD6-related clinical trials are currently
ongoing in the US or Europe. However, itolizumab, an anti-human CD6 mAb developed in
Cuba, was found to effectively reduce pathogenic T cell responses in patients with psoriasis
and was recently approved for the treatment of that disease in India [10, 11]. When
combined with methotrexate, itolizumab was also found to reduce T cell numbers and pro-
inflammatory cytokine levels in patients with rheumatoid arthritis (RA) [12]. In addition,
certain polymorphisms of the CD6 gene have been associated with increased risks of
multiple sclerosis (MS) [13-16] and Behget’s disease [17], in which patients develop
autoimmune uveitis.

The findings of previous clinical studies suggest that CD6 may be a valuable target for
autoimmune disease treatment, but recent studies of collagen-induced arthritis (CIA), a
model of RA, in CD6 knockout (KO) mice on the C57BL/6 background showed that the
absence of CD6 led to exacerbated T cell responses to collagen and worsened joint
inflammation [18]. However, our recent work involving experimental autoimmune
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encephalomyelitis (EAE), a model of MS, in CD6 KO mice on the DBA/1 background
demonstrated reduced autoreactive T cell responses and protection from central nervous
system inflammation in these mice[19]. It remains unclear, however, whether these
apparently conflicting results can be attributed to the different genetic backgrounds of the
mice studied and/or to the differential roles of CD6 in various disease models.

In the present study, we immunized wild-type (WT) and CD6 KO mice (both on the DBA/1
background) with IRBP peptides to induce EAU, and compared disease severity using
various ocular imaging techniques, including scanning laser ophthalmoscopy, spectral-
domain optical coherence tomography, and visible light funduscopy. We also analyzed
histopathological features and IRBP-specific T cell responses in these mice. To determine
the feasibility of targeting CD6 for the treatment of EAU and autoimmune uveitis, we
developed and characterized mouse anti-mouse CD6 mAbs with human CD6 cross-
reactivity and tested the ability of one mAb to treat EAU induced by activated uveitogenic T
cells.

WT DBA-1/J and C57BL/6J WT mice were obtained from The Jackson Laboratory (Bar
Harbor, ME, USA). CD6 KO mice were generated on a DBA-1 background as previously
described [19]. Sex- and age-matched (8—12 weeks) mice were used for all experiments.
Mice were maintained under pathogen-free conditions in the animal facilities of the Lerner
Research Institute, Cleveland Clinic. All animal care and experimental procedures were
approved by the Institutional Animal Care and Use Committee of Cleveland Clinic and
performed in accordance with the U.S. Department of Health and Human Services Guide for
the Care and Use of Laboratory Animals.

EAU induced by active immunization

Active immunization for EAU induction was performed as previously described [20]. In
brief, an aqueous solution containing 200 pg IRBP161-180 peptide
(SGIPYIISYLHPGNTILHVD; custom synthesized by GenScript USA Inc., Piscataway, NJ,
USA) was emulsified with an equal volume of complete Freund’s adjuvant (CFA; Difco
Laboratories, Inc., Detroit, MI, USA) containing 2.5 mg/ml Mycobacterium tuberculosis
H37Ra (Difco Laboratories, Inc.) in a final volume of 200 pl. This emulsion was used to
immunize DBA-1 WT and CD6 KO mice at the base of the tail (100 pl) and in each thigh (2
x 50 ul). Two hundred nanograms of pertussis toxin (List Biologic Laboratories, Inc.,
Campbell, CA, USA) were injected intraperitoneally immediately after immunization and on
the following day.

EAU induced by adoptive transfer of uveitogenic T cells

The adoptive transfer of uveitogenic T cells for EAU induction was performed according to
a previously published protocol, with minor modifications [20]. First, each WT and CD6 KO
mouse was immunized with 200 ug IRBP1g1-150 peptide in CFA as described above. After
14 days, identical numbers of splenocytes from immunized WT and CD6 KO mice were
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cultured in the presence of 10 ug/ml IRBP141-180 peptide and 10 ng/ml IL-23 in RPMI 1640
with 10% fetal bovine serum (FBS) for 72 h. Activated (blasting) T cells were isolated by
Ficoll centrifugation and 3x10° of the isolated T cells were injected intraperitoneally into
each of the naive WT recipient DBA/1J mice.

Ocular fundus imaging and image analysis

For ocular imaging, topical endoscopy fundus imaging (TEFI), confocal scanning laser
ophthalmoscopy (cSLO), and spectral-domain optical coherence tomography (SD-OCT)
were performed as previously described [20]. Briefly, TEFI was performed to obtain a color
fundus photo of the retina using a custom-fabricated apparatus containing a 3-mm pediatric
endoscope and Nikon D90s digital SLR camera. cSLO (Heidelberg Retina Angiograph II;
Heidelberg Engineering, Carlsbad, CA, USA) was performed to measure the infrared (IR)
reflectance and autofluorescence (AF) at inner (e.g., vitreoretinal interface) and outer retinal
locations (e.g., retinal pigmented epithelium-choroidal interface). AF was acquired at
excitation and long-pass emission wavelengths of 488 nm and 500-680 nm, respectively.
SD-OCT (840 HR SDOIS; Bioptigen, Inc., Morrisville, NC, USA) imaging was used to
acquire detailed /n vivo morphological information about the posterior pole, including the
posterior lens, vitreous cavity, retina, and choroid. The imaging fields of view for ¢cSLO and
SD-OCT were 55° and 50°, respectively.

Histopathological scoring

Whole eyes were collected, fixed in a 4% formaldehyde/phosphate-buffered saline (PBS)
solution for 24 h, and embedded in paraffin. For histopathological analysis, 5-um sections
were cut through the pupil and optic nerve axis and stained with hematoxylin and eosin
(H&E). The sections were assigned histopathological scores of 0—4 according to previously
published criteria based on the inflammatory infiltration of and structural damage to the
retina [2]. Score 0: No disease, normal retinal architecture. Score 0.5: Mild inflamatory cell
infiltration of the retina with or without photoreceptor damage . Score 1: Mild inflammation
and/or photoreceptor outer segment damage. Score 2: Mild to moderate inflammation and/or
lesion extending to the outer nuclear layer. Score 3: Moderate to marked inflammation
and/or lesion extending to the inner membrane layer . Score 4: Severe inflammation and/or
full-thickness retinal damage.

T cell recall assays

T cell recall assays were performed on day 21 after active immunization. Following
erythrocyte lysis, 4x10° splenocytes per mouse were cultured without peptide, with 20
pg/mL of a non-relevant peptide (MOG 79-96), or with 20 ug/mL IRBP151-180 peptide in
100 pl of RPMI 1640 medium supplemented with 10% FBS in a 96-well plate. After 72 h,
the IFN-y and IL-17A concentrations in the cell culture supernatants were determined using
ELISA kits (BioLegend, San Diego, CA, USA).

Development of mouse anti-mouse CD6 mAbs

CD6 KO mice were immunized subcutaneously with an emulsion containing 200 ug of
recombinant mouse CD6 protein (R&D Systems, Minneapolis, MN, USA) and an equal
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volume of CFA (1 mg/ml M. tuberculosis H37Ra). Two additional injections were
administered at biweekly intervals starting 2 weeks after the initial immunization. Two
weeks after the final boost, splenocytes from the immunized mice were fused with myeloma
cells to develop hybridomas according to an established protocol [21].

Characterization of mouse anti-mouse CD6 mAbs and determination of human CD6 cross-

reactivity

A conventional ELISA was performed to screen antigen-specific mAbs in cell culture
supernatants, using purified mouse or human CD6 protein (R&D Systems) as the target
antigen. In brief, 2 ug/ml purified mouse or human CD6 protein was used to coat a plate at
4°C overnight. After blocking with 1% BSA in PBS for 1 h, the plate was incubated with
cell culture supernatants at RT for 2 h. After washing, the plate was incubated with HRP-
lableled anti-mouse IgG at RT for 1h, followed by color development by adding the HRP
substrate TMB and ODy5¢ measurement using a microplate reader (Molecular Devices, San
Jose, CA,USA). Clones with positive ELISA results were subsequently expanded, and the
1gGs were purified and subjected to flow cytometric analyses of binding to CD6 on T cells
from WT and CD6 KO mice and a human T cell line, Molt-4 [22].

Functional assay of mouse anti-mouse CD6 mAbs

The ability to inhibit IFN-y production from activated antigen-specific T cells was used as a
measure of the T cell inhibitory activities of the identified mouse anti-mouse CD6 mAbs.
Briefly, 4x10° splenocytes from ovalbumin (OVA)-specific TCR Tg (OT-11) mice were
cultured in the presence or absence of 5 pg/ml OVA3»3_339 peptide (InvivoGen, San Diego,
CA, USA), as well as 10 pg/ml of the tested mAbs or control mouse 1gG. Three days later,
the IFNy concentrations in the supernatants were measured using an ELISA (BioLegend).

CD6-targeted treatment of EAU induced by the adoptive transfer of uveitogenic WT T cells

C57BL/6J WT mice were actively immunized with 200 pug IRBPgs51-670 peptide
(LAQGAYRTAVDLESLASQLT; custom synthesized by GenScript USA Inc.) emulsified
with CFA (2.5 mg/ml M. tuberculosis H37Ra), followed by a single intraperitoneal injection
of 500 ng pertussis toxin. After 14 days, splenocytes from these mice were cultured for 72 h
in the presence of 10 ug/ml IRBP peptide and 10 ng/ml IL-23 in RPMI 1640 with 10% FBS.
Activated T cells were isolated by Ficoll centrifugation, after which 5x108 cells were
administered intraperitoneally to each naive WT recipient mouse [20]. These adoptively
transferred mice were randomly divided into two groups: one group was injected
intraperitoneally with 200 ug of the 6C1 mAb on days 0, 4, and 7 post-transfer, whereas the
other group received the same amount of mouse IgG at the same time points.

Immunohistochemical staining of T cell infiltrates

Mouse eyes were collected and fixed in 4% PFA, embedded in paraffin, and cut into 5-um
sections through the pupil-optic nerve axis. Subsequently, the sections were deparaffinized,
unmasked, and rehydrated prior to staining using a polyclonal rabbit anti-CD3 (Abcam,
Cambridge, MA, USA) as the primary Ab, followed by staining with a goat anti-rabbit AP-
polymer (Biocare Medical, Pacheco, CA, USA) as the secondary Ab. Sections stained
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without the primary antibody were included as controls. The reactions were visualized using
the Vulcan Fast Red Chromogen Kit 2 (Biocare Medical), and hematoxylin was used as the
counterstain.

Statistical analysis

Results

GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA) was used for data analysis.
Data are expressed as means + standard deviations (SD). All data sets were tested for the
normal distribution. Mann-Whitnney test, Student’s t-test or a one-way analysis of variance
(ANOVA) were selected respectively, according to the normality and the number of data
sets. The EAU clinical scores were analyzed using a two-way (ANOVA). P values of <0.05
were considered significant.

CD6 KO mice are protected from retinal injury after EAU induction

Although certain CD6 polymorphisms have been associated with Behcet’s disease [17], the
potential role of CD6 in the pathogenesis of autoimmune uveitis, positive or negative,
remains unknown. To address this issue, we compared the induction of EAU in age- and sex-
matched CD6 KO (n=18) and WT mice (n=17) on a DBA/1 background following
immunization with peptide IRBP161.1g0 in CFA and pertussis toxin according to a published
protocol [5].

We first examined eyes harvested from randomly selected WT and CD6 KO mice 14 days
after immunization, using various /1 vivo ocular imaging techniques commonly used for
evaluation of uveitis severity in patients. On average, we found that WT mice developed
more severe uveitis after EAU induction, compared to CD6 KO mice. Figure 1 shows
representative fundus images obtained using TEFI and cSLO. The TEFI comparison (Fig. 1
A, B) revealed a lack of contrast in the WT eye relative to the CD6 KO eye, as demonstrated
by the ability (CD6 KO) or inability (WT) to visualize the choroidal vasculature and optic
disk. The hazy appearance in the WT eye (Fig. 1A, arrow) can be attributed to inflammation
near the optic nerve, which is absent in CD6 KO mice. Occasionally, dark spots that were
identified as cell aggregations on the posterior or anterior lens surface or surface-adherent
iris fragments were observed in the eyes of WT mice (Fig. 1A, star).

We used ¢SLO (Fig. 1C-J) to further dissect the posterior pole inflammatory responses
observed by TEFI. In the inner retina, IR-cSLO images specifically trained on the
vitreoretinal interface (VRI) revealed changes in the appearance (e.g., caliber) and
reflectivity of the retinal vasculature and nerve fibers, respectively (Fig. 1C, D). Although
AF-cSLO of the VRI indicated AF foci (AFF) indicative of inflammatory cells in both
groups, more of these foci were observed in WT mice relative to CD6 KO mice (Fig. 1E, F).
In the outer retina, more elongated hyper-reflective nodes were observed around the optic
disk in the region nearest the RPE-choroid complex in WT mice, compared to CD6 KO mice
(Fig. 1G-J). This finding was most often observed in animals with more severe posterior
ocular inflammation, as observed using the trifecta of imaging techniques.
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The representative SD-OCT B-scan images of the posterior pole in Figure 2 revealed
inflammation-induced pathology relative to in-depth tissue morphology. Hyper-reflective
nodes located on opposite sides of the optic nerve and within the outer retina can be
observed in both WT and CD6 KO mice (Fig. 1K, M). Hyper-reflective foci in the vitreous
cavity are suggestive of infiltrating cells and/or cellular aggregates. After applying a
threshold to better accentuate these foci (Fig. 1L, N), we found that both the total particle
count (WT, 113.90 + 66.82 vs. CD6 KO, 44.38 + 26.27, p=0.003; Fig. 10) and particle size
(WT, 566.00 + 228.66 vs. CD6 KO, 292.80 + 208.35, p=0.038; Fig. 1P) in the vitreous
cavities were significantly larger in the WT mice than in the CD6 KO mice.

After 21 days, we euthanized the mice and harvested the eyes. The severity of retinal
inflammation was assessed by H&E staining, followed by a histopathological analysis to
assign severity scores. Consistent with the results from live fundus imaging assays, the eyes
of WT mice exhibited prominent outer retinal folds, undulations, and hypertrophy that
occasionally protruded into the inner retina (Fig. 2A). Compared to the mean
histopathological score of 0.625+0.62 in WT mice subjected to EAU, similarly treated CD6
KO mice exhibited significantly less retinal inflammation, with a mean score of 0.125+0.18
(p=0.003; Fig. 2B). All ocular imaging findings and histopathological analyses clearly
demonstrated that CD6 KO mice were protected from retinal injury in EAU.

CD6 KO mice exhibit reduced IRBP-specific T cell responses after EAU induction

In addition to the above comparison of retinal inflammation severity between WT and CD6
KO mice after EAU induction, we also compared IRBP1g1.1g9-Specific Thl and Th17
responses in these mice by measuring the production of IFN+y (Fig. 2C) and IL-17 (Fig. 2D)
from splenocytes collected 21 days after immunization. Through ex vivo recall assays, we
demonstrated that after re-stimulation, IRBP-specific splenic T cells from WT and CD6 KO
mice with EAU produced 21.82+10.41 v.s. 4.85+0.58 ng/ml of IFNy, respectively, and
11.40+6.50 v.s. 2.63+1.35 ng/ml of 1L-17, respectively. In summary, CD6 KO mice with
EAU exhibited markedly decreased IRBP-specific Thl and Th17 responses. These cytokine
findings, which were consistent with the significantly reduced retinal inflammation observed
using histopathological analyses and various ocular imaging techniques, suggest that CD6 is
required for the development of pathogenic T cell responses in EAU.

Adoptive transfer of CD6 KO IRBP-specific T cells induces attenuated EAU in naive WT

mice

To demonstrate that CD6 deficiency impairs the induction of uveitogenic T cells, we
performed T cell adoptive transfer of donor cells from WT and CD6 mice immunized with
IRBP161-180 peptide in CFA, as described for the active immunization-induced EAU
experiments. After 14 days, we incubated splenocytes from immunized WT and CD6 KO
mice in the presence of the same IRBP peptide plus IL-23. After 3 days, we enriched the
activated (blasting) T cells and administered the same number of them into each of the naive
WT DBA/1 mice as described in the Methods. We then used indirect funduscopy to monitor
EAU development and recorded the clinical scores daily for 14 days. After the adoptive
transfer, naive WT mice that had received WT uveitogenic T cells developed significantly
more severe EAU, compared to mice that had received CD6 KO uveitogenic T cells (Fig.
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3A). These data, together with the finding described above, that CD6 KO mice developed
significantly less severe retinal inflammation during active immunization-induced EAU,
strongly suggest that CD6 could be a target for the treatment of EAU.

Development of mouse anti-mouse CD6 mAbs

The successful treatment of EAU with anti-CD6 mAbs would validate CD6 as a therapeutic
target in autoimmune uveitis. However, all the currently available anti-mouse CD6 mAbs
were developed in rats. As rat 1gGs are highly immunogenic in mice, we observed that mice
treated with a rat anti-mouse CD6 mAb rapidly developed high titers of anti-rat 1gG
antibodies (data not shown). To overcome this issue in future treatment studies in mice, we
developed function-neutralizing mouse anti-mouse CD6 mAbs using CD6 KO mice. In
brief, we immunized CD6 KO mice with recombinant mouse CD6 protein and subsequently
generated hybridomas following standard protocols. We used ELISA to identify 28 positive
hybridoma clones, and screened all positive clones via flow cytometry using WT and CD6
KO T cells to determine the abilities of these mAbs to bind the extracellular regions of
mouse CD6 under physiological conditions. Finally, we identified seven clones that labeled
WT but not CD6 KO T cells (data not shown).

Identification of functional mouse anti-mouse CD6 antibodies

To select function-blocking mouse anti-mouse CD6 IgGs, we purified 1gGs from five of the
seven clones identified in the above-described flow cytometry assay and tested these in an /n
vitro CD6 function-blocking assay to determine their abilities to inhibit IFN+y production
from activated antigen-specific T cells. In brief, we first cultured splenocytes from OT-11
mice in the presence of OVA and each individual purified mAb (clone 2H10, 3C12, 4B8,
4F8, or 6C1) or the same concentration of control mouse 1gG, as described above. Next, we
compared the abilities of these mAbs to inhibit cytokine production from OVA-specific T
cells by measuring the levels of IFN+y in the culture supernatants. Of the tested clones, 4B8,
4F8, and 6C1 inhibited antigen-specific T cell activity (Fig. 3B).

Identification of mouse anti-mouse CD6 mAbs with human CD6 cross-reactivity

Mouse CD6 shares approximately 80% homology with human CD6. Therefore, we also
screened the identified mouse anti-mouse CD6 mAbs for cross-reactivity with human CD6
in a flow cytometry assay with the human T cell line, Molt-4 [23]. Whereas clones 2H10,
3C12, and 4F8 were specific for mouse CD6 (Fig. 3C), clones 6Cland 4B8 cross-reacted
with human CD6 (Fig. 3D). This highly interesting finding suggests that these mAbs, if
proven to effectively treat EAU in mice, could be directly humanized in the context of a new
therapy for uveitis in humans.

The mouse anti-mouse CD6 mADb effectively treats EAU induced by already activated
uveitogenic T cells

Uveitis patients with clinical disease already harbor activated uveitogenic T cells. Therefore,
EAU induced by the adoptive transfer of pre-activated uveitogenic T cells would provide a
good model in which to test potentially clinically relevant treatment reagents. Using an
established protocol, we again induced EAU in naive WT C57BL/6 mice by adoptively
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transferring uveitogenic IRBPgs1.670-specific T cells prepared /n vitro. Subsequently, half of
the recipients were randomly selected and treated with a mouse anti-mouse CD6 mAb
exhibiting cross-reactivity with human CD6 (clone 6C1) or the same amount of mouse IgG.
We followed the development of EAU in these mice by indirect ophthalmoscopy and
assigned EAU clinical scores each day. We additionally evaluated the severity of uveitis on
day 14 using TEFI, cSLO and SD-OCT.

Compared to mice treated with mouse IgG (controls), which developed severe EAU (clinical
scores up to 2.5), mice treated with the 6C1 mADb clone developed very mild retinal
inflammation (approximate clinical scores of 0.5; Fig. 4A). TEFI imaging also identified
numerous affected regions in control mice that were also observed in IR- and AF-cSLO
analyses of the RPE-choroid complex in the outer retina (Fig. 4B, C). Specifically, IR-cSLO
(Fig. 4D-K) showed a hyper-reflective outer retinal region that matched a region observed in
the TEFI image, while AF-cSLO indicated retinal folds similar to, but more pronounced
than, those previously observed in WT DBA-1 mice. In the inner retina, AF-cSLO revealed
many AFF at the VRI, some of which were adjacent to retinal vessels. The folds and
undulations, which were more clearly observed at the outer retinal focus position, had
caused increases in the background of the inner retina at the VRI AF-cSLO focus position.
By contrast, these imaging findings were overwhelmingly absent in anti-CD6 mAb -treated
mice, as demonstrated by the quantitative SD-OCT results (Fig. 5). Specifically, both the
total particle count (control, 185.30 + 88.35 vs. treated, 19.69 + 8.38, p=0.0286; Fig. 5E)
and particle size (control, 3049.00 + 1025.68 vs. treated, 198.60 + 86.80, p=0.0286; Fig. 5F)
differed significantly between control and mouse anti-mouse CD6 1gG-treated EAU mice.

In addition to the above-described live-imaging analyses, we euthanized the mice 18 days
after EAU induction and subjected the eyes to histopathological scoring and
immunohistochemical staining to quantitate the numbers of ocular-infiltrating T cells.
Notably, anti-CD6 mAb-treated mice had significantly lower histopathological scores than
did control mice (0.14 = 0.19 vs. 0.89 + 0.45, p=0.002; Fig. 6A, B). Additionally, the eyes of
control mice contained a mean of 35.63 + 20.89 infiltrating CD3+ T cells, compared to only
7.625+£11.34 CD3+ T cells in the anti-CD6 mAb-treated mice, p=0.003 (Fig. 6C, D). Taken
together, these findings demonstrate that our developed mouse anti-mouse CD6 mAb (clone
6C1) could effectively treat EAU induced by already-activated uveitogenic T cells.

Discussion

In this work, we observed significantly reduced retinal inflammation, as well as impaired
antigen-specific Th1/Th17 responses, in CD6 KO mice following active immunization to
induce EAU. Our findings suggest a pivotal role for CD6 both in the development of EAU
and as an effective target in the treatment of this disease. Indeed, we additionally developed
and identified mouse anti-mouse CD6 mAbs that cross-react with human CD6 by
immunizing CD6 KO mice with recombinant mouse CD6 protein. At least one of these
mAbs could effectively treat EAU induced by the adoptive transfer of pre-activated
uveitogenic T cells, which further supports the concept of CD6 as a novel and valid target
for the treatment of autoimmune uveitis.
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Although CD6 has long been speculated a potential therapeutic target in autoimmune
diseases, previous /n vitro studies have yielded conflicting results, and CD6 gene-engineered
animals for /n vivo studies were previously unavailable. As noted earlier, however, the
observed effectiveness of the humanized anti-CD6 mAb itolizumab led to its approval for
the treatment of psoriasis in India [24]. Furthermore, itolizumab was found to induce fewer
side effects (e.g., opportunistic infections) in patients with psoriasis, compared to many
other similar biologicals such as infliximab, an anti-TNFa mAb [11, 25, 26]. Itolizumab was
also found to attenuate joint inflammation in patients with RA when used together with
methotrexate in a clinical trial [12, 27]. In addition to these positive clinical results, which
strongly support the validity of CD6 as target for autoimmune disease treatment, several
groups have recently identified the CD6 gene as associated with the risk of MS through
genome-wide association studies [13-16]. It is perhaps notable in this context that MS can
also be associated with uveitis. Optic neuritis is often the first manifestation of MS, and a
proportion of MS patients have an associated uveitis [28, 29]. Furthermore, in another
genetic study directly related to this report, certain CD6 gene polymorphisms associated
with MS have also been associated with Behcet’s disease [17], a condition in which patients
develop autoimmune uveitis, thus suggesting that CD6 plays an important role in the
pathogenesis of autoimmune uveitis.

In contrast to clinical and genetic studies suggesting that a lack of CD6 function would
reduce T cell responses /in vivo and ameliorate autoimmune disease severity, a recent study
found that CD6 KO mice on a C57BL/6 background developed augmented autoreactive T
cell responses and exacerbated joint inflammation associated with collagen-induced
arthritis[18]. These results differ from our study of EAE in CD6 KO mice on a DBA/1
background [19], in which we found that CD6-deficient T cells similarly exhibited
augmented activation but also suffered impaired proliferation and survival, leading to an
overall dampening of autoreactive T cell responses and amelioration of central nervous
system inflammation after immunization with the MOG peptide. In addition, compared to
WT T cells, CD6 KO T cells exhibited a deficient ability to migrate through a brain
microvascular endothelial cell monolayer [19], suggesting that CD®6 is also important for T
cell migration through the blood-brain barrier during EAE development. Because EAU and
EAE are pathogenically very similar, we believe that the mechanisms discovered in studies
of EAE in CD6 KO mice[19] would also apply to the studies of EAU described herein.

In our recently published work [19], we also demonstrated that treatment with a mouse-anti-
human CD6 mAb could very effectively reduce pathogenic T cell responses in CD6
humanized mice and attenuate the severity of EAE without T cell depletion. The results
from our present study of EAU in CD6 KO mice, as well as the successful development and
application of mouse anti-mouse CD6 mAbs for the treatment of EAU, confirm the CD6 KO
mouse phenotype discovered in our previous EAE studies and suggest that the previously
identified pathogenic role of CD6 is not unique to EAE. These new EAU-related data,
together with data from related clinical studies, enforce the idea that CD6 could be targeted
to treat these autoimmune diseases. The apparent differences between genetically distinct
mouse strains (C57BL/6 vs. DBA/1) in terms of the role of CD6 in autoimmune disease
development suggests a potentially heterogeneous role of CD6 in various human
autoimmune conditions. However, additional studies are required to validate this hypothesis.
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Most available mAbs against mouse antigens were generated in rats and hamsters, and many
pre-clinical treatment studies involved the direct injection of these rat or hamster 1gGs into
mice for efficacy evaluations. However, these foreign 1gGs are highly immunogenic and
elicit the production of anti-mAb antibodies in mice, resulting in impaired function or even
false negative results. Similarly, we found that mice injected with a rat anti-mouse CD6 1gG
rapidly produced high titers of anti-rat IgG antibodies (data not shown). Accordingly, we
developed mouse anti-mouse CD6 mAbs to minimize these complications in long-term and
repetitive treatment studies. To avoid immune tolerance issues during hybridoma
development, we immunized CD6 KO mice, which never “see” CD®6; accordingly,
immunization with recombinant mouse CD6 protein provoked strong and specific immune
responses in these mice and yielded many good anti-CD6 hybridoma clones. Using ELISA
and flow cytometric analyses, we first identified mouse anti-mouse CD6 mADbs reactive to
surface CD6 epitopes, and subsequently selected functional mAbs using the T cell inhibitory
assay. Additionally, the high homology between mouse and human CD6 allowed us to
identify several functional mouse anti-mouse CD6 mAbs with cross-reactivity to human
CD6. These latter mAbs will be clinically valuable in the future, not only because they are
non-immunogenic in mice and can therefore be administered repetitively and over long
periods during proof-of-concept studies, but also because they are cross-reactive to human
CD6 and can therefore be directly humanized for further clinical development.

In summary, we found reduced autoreactive T cell responses and significantly attenuated
retinal inflammation in a CD6 KO mouse model of EAU. Additionally, we developed
functional mouse anti-mouse CD6 mAbs with cross-reactivity to human CD6 and
demonstrated the efficacy of one of these mAbs in the treatment of EAU induced by pre-
activated uveitogenic T cells. These findings demonstrate a previously unknown but pivotal
role of CDG6 in the pathogenesis of EAU and suggest that anti-CD6 mAbs could be
developed as novel therapeutic agents for autoimmune uveitis, a leading cause of blindness
for which a cure remains elusive.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

CD6 is required for the development of experimental autoimmune uveitis
(EAV)

CD6 KO mice developed attenuated autoreactive T cell responses in EAU

Uveitogenic T cells from CD6 KO mice have impaired capacity in inducing
EAU

Mouse anti-mouse CD6 monoclonal antibodies (mAbs) are generated using
the CD6 KO mice

Treating mice adoptively transferred with uveitogenic T cells with one of the
mouse anti-mouse CD6 mAbs is effective in reducing retinal inflammation
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Figure 1.

Representative images from topical endoscopy fundus imaging (TEFI), confocal scanning
laser ophthalmoscopy (cSLO) analyses, spectral-domain optical coherence tomography (SD-
OCT) imaging and analyses of wild-type (WT) and CD6 knockout (KO) mice on a DBA-1
background on day 14 after the induction of experimental autoimmune uveitis (EAU). A and
B: TEFI revealed less severe EAU in CD6 KO mice than in WT mice. The hazy area (arrow)
in the WT mouse fundus was caused by cellular infiltration of the vitreous chamber, as well
as a retinal lesion and edema. The dark spots (star) were identified as cell aggregations or
iris fragments adherent to the lens surface. TEFI of CD6 KO mice showed clear choroidal
vessels through the retina. C—F: cSLO images of the inner layer of the retina revealed more
hyper-reflective features in WT mice, compared to CD6 KO mice. In the former, more
numerous foci (arrows) suggestive of infiltrating cells were observed around the optical
nerve and adjacent to the retinal vessels. G-J: In the outer layer of the retina, hyper-
reflective nodes (arrow) indicative of retinal edema or folds encircled the optical nerve in
WT mice. K and M: SD-OCT images revealed more reflective foci (star) and retinal folds
(arrows) in WT mice relative to CD6 KO mice. PL: posterior lens margin, VVC: vitreous
cavity, R: retina. L and N: Analysis of vitreous particles on SD-OCT images processed using
ImageJ. O and P: Reductions in the total particle count and size were observed in the
vitreous cavities of CD6 KO mice relative to WT mice. Each dot represents one mouse. Data
are shown as means + standard deviations. N=8 per group. *p <0.05, Mann-Whitney test.
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Figure 2.

Histopathological and immunological analyses of wild-type (WT) and CD6 knockout (KO)
mice with experimental autoimmune uveitis (EAU). A and B: Representative
histopathological images and scores for WT and CD6 KO on day 21 after immunization to
induce EAU. The WT samples exhibited prominent retinal folds and occasional protrusions,
whereas CD6 KO mice exhibited significantly fewer histopathological changes and lower
scores. Data are shown as means * standard deviations (SD). N=17 and 18 in the WT and
CD6 KO groups, respectively. * p <0.05, Student’s t-test. C and D: CD6 KO mice exhibited
decreased IRBP-specific T cell responses after immunization. Data are shown as means +
SD. N=8, one-way ANOVA.
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Figure 3.
A: CD6 knockout (KO) T cells have an impaired capacity to induce experimental

autoimmune uveitis (EAU). Uveitogenic T cells from wild-type (WT) and CD6 KO mice
were amplified /n vitro and adoptively transferred into naive WT DBA/1 mice to induce
EAU. Mice that received WT uveitogenic T cells developed more severe disease than did
those that received CD6 KO uveitogenic T cells. Data are shown as means + standard
deviations . N=5 per group. *p <0.05, two-way ANOVA. B-D: Development of functional
mouse anti-mouse CD6 antibodies with human CD6 cross-reactivity. B: Different clones of
the resultant mouse anti-mouse CD6 mAbs were tested in a CD6 function blocking assay /n
vitro. Of the five clones tested, three (4B8, 4F8, and 6C1) inhibited IFN-y production from
activated antigen-specific T cells. Data are shown as means * standard deviations . One-way
ANOVA. C: A flow cytometry analysis using wild-type and CD6 KO mouse T cells showed
that all five purified 1gGs selectively bound to mouse CD6. D: A flow cytometry analysis
using the human T cell line Molt-4 revealed that clones 4B8 and 6C1 cross-reacted with
human CD6.
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Treatment studies using a newly developed mouse anti-mouse CD6 mAb. A: Mice with
experimental autoimmune uveitis (EAU) induced by the adoptive transfer of uveitogenic T
cells exhibited reduced clinical scores when treated with the mouse anti-mouse CD6 mAb
clone 6C1. Briefly, 200 pg of 6C1 or mouse 1gG were administered on days 0, 4 and 7
(arrows). Data are shown as means + standard deviations . N=7 per group. * p <0.05, two-
way ANOVA. B-K: Representative images from topical endoscopy fundus imaging (TEFI)
and confocal scanning laser ophthalmoscopy (cSLO) of control and CD6 mAb-treated mice
on Day 8 after adoptive transfer. B and C: TEFI images revealed reduced retinal damage
caused by uveitogenic T cells after treatment with the anti-mouse CD6 1gG. Multiple retinal
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lesions (arrow) were observed in mice treated with 1gG (control), whereas many fewer
lesions were observed in CD6 mAb-treated mice. D-K: Hyper-reflective foci (arrows) and
large retinal lesions (marked area) were observed in cSLO images from the control group,
but were rarely observed in images from the CD6 mAb-treated group.
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Figure 5.
Representative spectral-domain optical coherence tomography (SD-OCT) images and

analysis in control and CD6 mAb-treated mice on Day 8 after transfer. A and B: SD-OCT
images revealed more reflective foci (star) and retinal folds (arrows) in mouse 1gG-treated
mice, compared to CD6 mAb-treated mice. PL: posterior lens margin, VC: vitreous cavity,
R: retina. C and D: Particles in the vitreous were assessed in SD-OCT images processed
using ImageJ. E and F: Fewer total particles and reduced particle sizes were observed in the
vitreous cavities of CD6 mAb-treated mice vs. control mice. Each dot represents one mouse.
Data are shown as means + standard deviations. N=4. * p <0.05, Mann-Whitney test.
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Figure 6.
A and B: Representative histopathological images and scores for control and CD6 mAb-

treated mice with experimental autoimmune uveitis (EAU) on day 18 after the adoptive
transfer of uveitogenic T cells. Mouse 1gG-treated mice exhibited significant retinal folds,
whereas the histopathological changes and scores were mitigated in CD6 mAb-treated mice.
Data are shown as means + standard deviations (SD). N=7. * p<0.05, Mann-Whitney test. C
and D: CD6 mAb-treated mice exhibited decreases in CD3+ T cell infiltration of both the
central and peripheral retina. Data are shown as means = SD. Each dot represents the result
from one eye. * p<0.05, Mann-Whitney test.
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