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Uveitis is a major and common cause of visual disability.
Recent studies have shown that Th17 cells are impli-
cated in the pathogenesis of this serious intraocular
disorder. Activated T cells express an inducible costimula-
tory molecule called 0X40, and OX40 in turn promotes
the activation and proliferation of these lymphocytes. Nev-
ertheless, it is unclear whether OX40 plays a vital role in
enhancing the effector function of Th17 cells as well as the
severity of uveitis. In this study, we demonstrated an in-
crease of OX40 transcription in ovalbumin-induced uve-
itis, whereas anti-OX40L antibody substantially inhibited
the antigen-specific ocular inflammation. Next, results
from flow cytometry showed that activated Th17 cells
expressed OX40, and OX40-activating antibody signifi-
cantly augmented the production of Th17 cytokines in
vitro. To validate the impact of OX40 in vivo , we stimu-
lated ovalbumin-specific T cells with the OX40-activat-
ing antibody. Compared to donor cells without 0X40
activation, adoptive transfer of OX40-stimulated lym-
phocytes elicited more severe ocular inflammation. Fur-
thermore, an interleukin-17-neutralizing antibody at-
tenuated OX40-mediated uveitis. In conclusion, our
findings suggest that activation of 0X40 augments Th17
cell function and thereby contributes to ocular inflam-
mation. This study thus enhances our knowledge of
costimulatory molecule-mediated immunopathological
mechanisms of uveitis and suggests a future therapeutic
strategy to treat uveitis by the targeting of OX40. (4mJ
Patbol 2010, 177:2912-2920; DOI: 10.2353/ajpath.2010.100353)

Uveitis is a common and serious ophthalmologic disor-
der. It is comparable to diabetes as a major cause of
years of visual loss.” Many systemic diseases including
sarcoidosis, ankylosing spondylitis, and juvenile idio-
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pathic arthritis are frequently associated with uveitis. The
histological changes associated with uveitis include infil-
tration of the intraocular space with leukocytes.?>

Although the etiology of uveitis is complex and multi-
factorial, T lymphocytes play an important role in the
development of most forms of uveitis.*® T cell dominant
infiltration is well documented in the ocular tissue and
aqueous humor in many types of uveitis, especially the
ones associated with systemic inflammatory diseases.®
In parallel with the observation in human patients, CD4™
and other lymphocytes mediate many animal models of
uveitis such as experimental autoimmune uveitis (EAU)
and the antigen-specific DO11.10 uveitis model.”®
These models greatly advance our understanding of the
adaptive immune response in ocular inflammation.

Under a proper cytokine milieu, naive T cells differen-
tiate to unique T helper (Th) subsets. Th17 cells are a
recently discovered CD4™ T lymphocyte subpopulation
distinct from Th1 and Th2 cells.’®'2 This unique Th
subset produces a repertoire of signature cytokines in-
cluding interleukin (IL)-17A/F, IL-21, IL-22, and CCL20."3
The importance of Th17 cells is underscored by their
emerging role in various autoimmune diseases (eg, inflam-
matory bowel disease, multiple sclerosis, psoriasis, rheu-
matoid arthritis, and uveitis) as well as host defense against
extracellular microbes.'"® Recent studies show that cer-
tain combinations of cytokines, namely transforming growth
factor-B, IL-6, and/or IL-1p, are essential for the induction of
Th17 cells from naive CD4" lymphocytes.'""? Moreover,
IL-21 and IL-23 receptor (IL-23R) play an important role in
the proliferation and expansion of Th17 cells.’"2

Despite recent progress, the activation mechanism of
Th17 cells has not been fully defined, especially in the
context of uveitis. However, one contributing event is
the engagement of various costimulatory molecules at
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the time that the T cell receptor interacts with antigens
presented by antigen-presenting cells. These costimu-
latory molecules provide a second signal that is crucial
to the amplification and optimization of the T cell
response.?0-21

OX40 (CD134) is a costimulatory molecule that belongs
to the tumor necrosis factor receptor superfamily. It is not
constitutively expressed on resting naive T cells,?>2° and
OX40 expression becomes evident at 24 to 72 hours
following specific T cell activation. Engagement be-
tween OX40 and OX40 ligand (OX40L) on antigen-
presenting cells has a critical role in the maintenance
of an immune response following antigen stimulation
due to its ability to enhance T cell survival and effector
function.®® Although OX40 plays an important role in
the activation of Th1 and Th2 cells,?" it is unclear
whether ligation of OX40 could propagate Th17-medi-
ated effects. According to a recent study, IL-17 does
not induce OX40 expression.?® Nevertheless, activa-
tion of T cells through OX40 ligation enhances IL-17
production.®® This indicates that the expression of
0OX40 by Th17 cells and signaling through OX40 also
contributes to Th17 response. Lastly, it is well docu-
mented that OX40 is implicated in many T cell-medi-
ated diseases.?”3° Nevertheless, little is known of
OX40 during the activation of uveitogenic lymphocytes
and the development of uveitis.

In this study, we aimed to examine the impact of OX40
activation on Th17-related effects and the role of OX40 in
uveitis. Here, we demonstrate an up-regulation of OX40
in ovalbumin (OVA)-induced uveitis, and blocking OX40
signaling by anti-OX40L antibody inhibited the ocular
inflammation. In addition, activation of OX40 augmented
the expression of IL-17, IL-21, and IL-23R. Furthermore,
IL-17 neutralizing antibody attenuated OX40-enhanced
uveitis. Collectively, these results indicate that the OX40-
mediated costimulatory signal is an important step in the
activation of Th17 cells as well as the development of
ocular inflammation.

Materials and Methods
Mice

Six- to 8-week-old BALB/c, DO11.10 mice on a BALB/c
background, and B10.RIII mice (Jackson Laboratory, Bar
Harbor, ME) were used for the experiments. The animal
experimental protocols are in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and
Vision Research and have been approved by our institu-
tional animal care and use committee.

BALB/c mice that express transgenic dsRedll under
the control of the CD4 promoter were kindly provided by
Dr. Ulrich H. von Andrian (Harvard University). For OVA-
induced uveitis experiment, these mice were further
crossed to DO11.10 mice for 10 generations such that
the mice express dsRedll on a CD4 promoter but carry
OVA-specific CD4™ T cells.
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Cell Culture, Isolation, and Stimulation

After DO11.10 mice were sacrificed, their spleens were
removed. Single cell suspensions were prepared by
passing the tissue through a 70-um cell strainer (BD
Biosciences, Mountain View, CA). Red blood cells were
lysed with 1X red blood cell lysis buffer (Sigma, St. Louis,
MQO) at room temperature for 5 minutes. The cell suspen-
sion was washed twice with RPMI 1640 and then cultured
in RPMI 1640 with 10% fetal bovine serum in an atmo-
sphere of 95% air and 5% CO, at 37°C.

Sorted naive CD4™ T cells (2 X 10°/200 ul) were cultured
in the presence of OVA5,5 350 Peptide (lle-Ser-Gin-Ala-Val-
His-Ala-Ala-His-Ala-Glu-lle-Asn-Glu-Ala-Gly-Arg) (AnaSpec,
Fremont, CA) with irradiated (3300 rad) BALB/c spleno-
cytes (2 X 10%/200 ul) as antigen-presenting cells. We used
irradiated “feeder” cells from naive nontransgenic BALB/c
mice instead of DO11.10 mice to eliminate the possible
contamination of any radiation-surviving OVA-reactive T
cells.

Some DO11.10 cells were further stimulated with and
without OX40-activating antibody (clone OX86). The an-
tibody was produced in Dr. Weinberg'’s laboratory from
hybridomas and affinity purified over protein G columns.
For adoptive transfer, the lymphocytes were further puri-
fied using Lympholyte-M (Cedar Lane Laboratories, Bur-
lington, NC) according to the manufacturer’s instructions.
After the purification, 85 to 90% of DO11.10 lymphocytes
were CD4* T cells.

Uveitis Models

To generate uveitis in direct response to antigen stimu-
lation, DO11.10 mice were injected with 100 ng of OVA
(Sigma) in 2 ul of PBS or irrelevant antigen bovine serum
albumin into the vitreous chamber of each eye. The in-
jections were performed with ultrathin, pulled borosilicate
glass needles (outer diameter about 50 um) and Hamil-
ton syringes under direct visualization through a surgical
microscope. Some mice also simultaneously received
intravenous (10 ng per mouse) and intravitreal (1 ug per
eye) anti-OX40 ligand (OX40L) antibody (clone 18260,
R&D Systems, Minneapolis, MN) during intravitreal OVA
challenge.

For the adoptive transfer model of uveitis, OVA-activated
DO11.10 lymphocytes with and without OX40-activating an-
tibody priming were injected into naive BALB/c mice (1.5 X
107 cells/animal) via the tail vein. Then, these mice were
challenged intravitreally with 250 ng of Escherichia coli strain
055:B5 lipopolysaccharide (Sigma) plus 100 png of OVA in
PBS. Twenty-four or 48 hours after the OVA challenge,
uveitis was evaluated by intravital microscopy.

For EAU, B10.RIll mice received subcutaneous immuni-
zation (near the base of the tail) of 50 ug of interphotore-
ceptor retinoid-binding protein (IRBP),5:.150 Peptide
(Ser-Gly-lle-Pro-Tyr-lle-lle-Ser-Tyr-Leu-His-Pro-Gly-Asn-Thr-
lle-Leu-His-Val-Asp) (AnaSpec) in 200 ul of complete
Freund’s adjuvant (Sigma) with Mycobacterium tuberculosis
strain H37RA. Some B10.RIIl mice were also treated with
anti-OX40L antibody (10 wg per mouse) via tail vein injec-
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tion on days 0, 3, 7, and 14 after IRBP immunization. On day
21, the eyes were harvested, and the severity of EAU was
examined by histology and graded on a four-point scale
based on inflammatory cell infiltration, retinal folding, and
destruction.®’

Intravital Microscopy

For DO11.10 mice that did not express fluorescent pro-
tein under the CD4 promoter, 150 ul of rhodamine (0.2%
in PBS) was administered intraperitoneally into the mice
to label intravascular leukocytes right before intravital
microscopy as we have previously described.®?32 Labeled
inflammatory cells in the iris and ciliary/limbal region were
observed by intravital epifluorescence videomicroscopy.
This imaging system comprised of a modified DM-LFS mi-
croscope (Leica, Bannockburn, IL) and a CF 84/NIR B&W
camera from Kappa (Gleichen, Germany), or a color
Optronics DEI-750CE camera (Optronics International,
Chelmsford, MA). This technique has been reported in
detail previously.®?*® Real-time videos were recorded in
NTSC format for 10 seconds each. Both rolling and ad-
herent leukocytes in the iris vessels were identified as a
marker for anterior chamber uveitis.333 These cells were
quantified to assess the severity of the ocular inflamma-
tion.®223 For further histological evaluation, the eyes were
fixed in 3% paraformaldehyde. Then, the tissues were
embedded in paraffin, sectioned, and stained with H&E.
Ocular inflammation was assessed by light microscopy.

Differentiation of Th17 Cells

Naive DO11.10 CD4™ T cells (2 X 10°200 ul) were
co-cultured with the irradiated BALB/c splenocytes (2 X
10%/200 wl) in the presence of 1 ug/ml OVAs,5 530 PEP-
tide. Th17-polarizing conditions were 1 ng/ml transform-
ing growth factor-g8, 30 ng/ml IL-6, 10 ng/ml IL-18, 10
ng/ml tumor necrosis factor-«, 20 ng/ml IL-23, 20 pg/ml
anti-interferon-y and anti-IL-4 antibodies. After 4 days of
incubation, Th17 polarizing media were replaced with
regular RPMI containing 10% fetal bovine serum for 12
hours. This allowed differentiated lymphocytes to rest
before further real-time PCR analysis and intracellular
staining of IL-17.

Flow Cytometry

DO11.10 splenocytes were suspended in PBS containing
2% fetal bovine serum and 0.1% sodium azide. Anti-CD4
(clone RM4-5) and anti-OX40 antibodies conjugated with
different fluorescent colors were used to label these cell
surface markers. For IL-17 staining, the cells were stim-
ulated with phorbol myristate acetate (50 ng/ml) and
ionomycin (1 ug/ml) for 5 hours. Then, brefeldin A (1:
1000) was added for 2 hours. The cells were collected
and stained with fluorescein isothiocyanate-labeled anti-
mouse CD4 antibody for 30 minute. After PBS wash, the
cells were fixed and permeabilized overnight with 1X
fixation/permeabilization solution (eBioscience, San Di-
ego, CA) at 4°C. Then these cells were stained intracel-

lularly with allophycocyanin-conjugated monoclonal
antibody against IL-17 (clone eBio17B7) (eBioscience)
for 1 hour at 4°C. Data acquisition was performed on a
FACSCalibur flow cytometer, and data were analyzed
using CellQuest software.

Enzyme-Linked Immunosorbent Assay

The culture media of DO11.10 splenocytes and naive
CD4" T cells from various experimental groups were
collected for enzyme-linked immunosorbent assay to
measure the IL-17 and IL-21 levels according to the
manufacturer’s protocols (R&D Systems).

Western Blot

DO11.10 lymphocytes treated with or without OX40-acti-
vating antibody were collected in 1X LDS lysis buffer
(Invitrogen) on ice. The lysates were then centrifuged at
12,000 X g for 10 minutes. Thirty microliters of total
protein from each group were separated by electro-
phoresis through a 4 to 12% gradient Tris-glycine SDS
gel and then transferred to nitrocellulose membrane us-
ing an Xcell SureLock Mini Cell (Novex, San Diego, CA).
After milk blocking, the nitrocellulose membrane was in-
cubated with polyclonal antibody against IL-23R (R&D
Systems) or B-actin (Santa Cruz Biotechnology, Santa
Cruz, CA), followed by horseradish peroxidase-conju-
gated secondary antibody. The signals of IL-23R and
B-actin were detected by enhanced chemiluminescence
luminol reagent.

Real-Time PCR

Total RNA from cultured CD4* cells was isolated with
RNAeasy Mini Kit (Qiagen, Valencia, CA). First-strand
cDNA synthesis was accomplished with an oligo(dT)-
primed Omniscript reverse transcriptase kit (Qiagen, Valen-
cia, CA). Gene-specific cDNA was amplified by PCR using
mouse specific primer pairs (IL-17A sense: 5'-GTGGCG
GCTACAGTGAAGGCA-3’" and IL-17A antisense: 5'-
GACAATCGAGGCCACGCAGGT-3'; IL-21 sense: 5'-AC-
CAGACCAAGGCCCTGTC-3" and IL-21 anti-sense: 5'-
TGGGCTCTTGTTGAGTTGAGATT-3'; IL-22 sense:
5'-TCAGACAGGTTCCAGCC-3" and IL-22 antisense: 5'-
TCCAGTTCCCCAATCGCC-3’; RORwyt sense: 5'-AC-
CTCTTTTCACGGGAGGA-3" and RORyt antisense:
5’-TCCCACATCTCCCACATTG-3’; B-actin sense, 5'-
ATGCCAACACAGTGCTGTCT-3’, and B-actin antisense,
5'-AAGCACTTGCGGTGCACGAT-3"). OX40 primers
were commercially purchased from SABiosciences
(Frederick, MD). The real-time PCR was performed using
a RT? Realtime PCR Master Mix (SABiosciences) and
running for 40 cycles at 95°C for 15 seconds and 55°C for
40 seconds. The mRNA levels of Th17-related genes in
each sample was normalized to B-actin mRNA and quan-
tified using a formula: 2 [(Ct/B-actin — Ct/gene of testing
gene)]. The result was expressed as fold difference in the
cells stimulated with both OVA and OX40-activating an-
tibody compared to the group treated with OVA alone.



Statistics

Data are expressed as the average = SEM, and a rep-
resentative experiment is shown for each figure. For EAU
scoring, median difference between control and experi-
mental groups was compared using exact Wilcoxon two-
sample test. Other statistical probabilities were evaluated
by Student’s t-test, with a value of P < 0.05 considered
significant.

Results
Up-Regulation of OX40 in OVA-Induced Uveritis

Recently, we have generated a novel uveitis model by
direct administration of OVA into the vitreous chamber of
DO11.10 mice. These mice develop a rapid onset ante-
rior uveitis due to the specific T cell receptor response to
OVA. The OVA-induced uveitis is CD4™ T cell dependent
and mainly mediated by IL-17.° Since activated T cells
express OX40, we investigated OX40 induction in this T
cell-dependent uveitis model. DO11.10 mice were intra-
vitreally challenged with 100 ug OVA or bovine serum
albumin as a control. Twenty-four hours later, the eyes
were harvested to examine OX40 expression. Real-time
PCR revealed a mean 3.3-fold increase (SD = 0.8) of
OX40 transcripts in the ocular samples after intravitreal
OVA challenge compared to non-antigenic bovine serum
albumin injection.

OX40L Neutralizing Antibody Inhibits
Experimental Uveitis

To further confirm the role of OX40 signaling in uveitis, we
compared the severity of ocular inflammation between
the mice treated with anti-OX40L monoclonal antibody
and rat IgG2a as an isotype control. We first used
DO11.10 mice that express transgenic dsRedll under the
control of the CD4 promoter.3* Anti-OX40L antibody was
administered simultaneously along with OVA on the in-
duction of uveitis. DsRedll-labeled T cell infiltration in the
eye was monitored by intravital microscopy at 48 hours
after the intraocular antigen challenge.

As shown in Figure 1A, a marked infiltration of red T
cells was observed in the extravascular area of the iris.
No infiltrating T cells were observed in the eyes at 0 hour
before OVA injection or in the control animals that re-
ceived bovine serum albumin (data not shown). Com-
pared to OVA stimulation alone, anti-OX40L monoclonal
antibody significantly inhibited the lymphocyte infiltration
in the iris (Figure 1, A and B). To examine inflammatory
cell migration in the eye, we administered OVA intravit-
really to regular DO11.10 mice. Forty-eight hours later,
the circulating leukocytes in these mice were labeled with
rhodamine by intraperitoneal injection, and uveitis was
monitored by intravital microscopy. The intravitreal chal-
lenge of OVA resulted in a marked ocular influx of leuko-
cytes, whereas anti-OX40L antibody substantially re-
duced rolling and adherent leukocytes in the vasculature
of the iris (Figure 1, C-E).
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Figure 1. Blocking OX40 signaling by anti-OX40L antibody attenuates OVA-
induced uveitis. OVA was administered intravitreally into the DO11.10 mice,
which have transgenic dsRed fluorescent protein under the control of CD4
promoter. In addition, some mice were simultaneously treated with anti-
OX40L antibody during intravitreal OVA challenge. Ocular-infiltrating cells
were assessed by intravital microscopy at 48 hours. Representative image of
a single frame from intravital microscopy videos taken of the iris during the
course of inflammation induced by OVA (7 = 3 mice per group). Of note,
intravitreal OVA challenge elicited a marked infiltration of red fluorescent T
cells in the extravascular area of the iris (A), which was substantially inhibited
by anti-OX40L antibody (B). In addition, intravascular leukocytes of regular
DO11.10 mice were labeled with rhodamine at 48 hours after intravitreal
OVA stimulation, and ocular inflammatory cells were assessed by intravital
microscopy. Of note, compared to OVA challenge alone (C), anti-OX40L
antibody inhibited OVA-induced inflammatory cell infiltration in the eye (D).
E: Quantitation of rolling and adherent cells in the vasculature of the iris
treated with and without anti-OX40L antibody. *P < 0.05.

OVA-induced uveitis is ideal for visualizing the ocular
immune response, and it uniquely mimics human anterior
uveitis. However, this transgenic model is elicited by
non-ocular antigen. To validate the role of OX40 in a
self-antigen-mediated model, we used IRBP-induced
EAU. Compared to the control group, the anti-OX40L
antibody treatment reduced the severity of EAU as evi-
denced by less retinal folding and cellular infiltrates (Fig-
ure 2, A and B). These data suggest that OX40 signaling
plays a key role in the development of antigen-induced
uveitis.

Activation of OX40 Enhances Th17 Cytokine
and IL-23 Receptor Expression

Previously, we and others demonstrated that the OVA-
induced uveitis and EAU are mediated by IL-17.3526 To
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Figure 2. Anti-OX40L antibody ameliorates EAU. EAU was induced in B10.RIIl mice by subcutaneous injection of IRBP,¢; 14, peptide in complete Freund’s
adjuvant with M. tuberculosis. OX40L-blocking antibody (10 ug per mouse) was administered intravenously on days 0, 3, 7, and 14 after IRBP immunization. On
day 21, the mice were euthanized. Eyes were harvested for histology. A: Representative sections of EAU. Of note, OX40L antibody markedly attenuated ocular
leukocyte infiltration (small arrows) and retina folding (large arrows) (n = 5/group). B: EAU scoring of control and anti-OX40L antibody-treated groups.

test if OX40 is implicated in Th17 cell activation during the
ocular inflammatory process, we first isolated naive
CD47 T cells from the DO11.10 splenocytes using Mag-
Cellect Mouse Naive CD4" T Cell Isolation Kit (R&D
Systems). Next, we stimulated the CD4" T cells with
OVA;,3 330 Peptide (2 ng/ml) in the presence of “feeder”
antigen-presenting cells for up to 96 hours. The surface
expression of OX40 on CD4* cells after OVA555 539 PEP-
tide treatment was assessed by flow cytometry. In the
absence of OVA stimulation, very few CD4™ cells co-
expressed OX40 (Figure 3). However, OVA stimulation
caused marked OX40 induction after 24-hour antigen
challenge, and the OX40 expression reached a more
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Figure 3. OVA induces OX40 expression in CD4" T cells from DO11.10
mice. DO11.10 lymphocytes were stimulated with OVA,,5 359 peptide in
vitro for up to 72 hours. Cell surface CD4 and OX40 expression were
analyzed by flow cytometry. Representative plot of OX40 expression in gated
CD4™" lymphocytes from two independent studies.

steady level at 72 hours (Figure 3). Furthermore, as mea-
sured by enzyme-linked immunosorbent assay, OVA
stimulation induced a substantial production of IL-17
(Figure 4A). To further examine the effect of OX40 on
IL-17-producing T cells, we stimulated DO11.10 CD4™"
cells with 5 ug/ml OX40-activating antibody (OX86) in the
presence of OVAg,5 530 Peptide. A recent study showed
that the OX40-activating antibody promotes a T cell re-
sponse in wild-type mice but not in OX40 knockout ani-
mals, suggesting that this agonistic antibody specifically
activates OX40.3” Compared to OVA treatment alone,
activation of OX40 by the agonistic antibody significantly
augmented IL-17 production in response to the antigen
challenge (Figure 4A).

In light of above finding, we further examined whether
OX40 up-regulated Th17-related cytokine IL-21. Recent
studies show that IL-21 plays an important role in pro-
moting Th17 lineage in an autocrine fashion. In addition,
it primes CD4™" lymphocytes to become IL-23R-express-
ing Th17 cells.*®4° We measured the IL-21 level in the
culture media of sorted naive DO11.10 CD4™ cells after
3-day stimulation with the OX40-activating antibody. As
shown in Figure 4B, the stimulation of OX40 significantly
enhanced OVA-induced IL-21 secretion. Thus, in addi-
tion to our previous findings, OX40 stimulation also plays
an important role in IL-21 induction, which putatively con-
tributes to the expansion of activated Th17 cells.

Next, we focused on the role of OX40 in the expression
of IL-23R for the following reasons. It is well documented
that IL-23R is expressed predominantly in differentiated
Th17 cells, leading to further commitment to effector Th17
lineage.*'~*3 Thus, we asked whether activation of OX40
is also associated with IL-23R induction. For this experi-
ment, DO11.10 lymphocytes were divided into four
groups: control; OVA stimulation alone; OX40-activating
antibody treatment alone; and costimulation with OVA
and OX40-activating antibody. [L-23R expression in
CD4™" cells was analyzed by Western blot. IL-23R was
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Figure 4. Activation of OX40 enhances OVA-
induced IL-17 and IL-21 production in naive
DO11.10 CD4™" T cells. The CD4* lymphocytes
(2 X 10°/200 ub co-cultured with irradiated an-
tigen-presenting cells (2 X 10°/200 ul) were
cultured with OVA;,3 536 (5 ug/mb in the pres-
ence or absence of OX40-activating antibody (4
pg/mb) for 72 hours. The cell culture media of
the naive CD4" T cells were collected for en-
zyme-linked immunosorbent assay of IL-17 (A)
and IL-21 (B). The data represent the mean of
triplicates of two independent experiments.
*P < 0.05.

Control OVA OVA + OX40Ab Control

not evident in control or OVA,,5 55 Peptide-treated cells
(Figure 5A). However, OX40 agonistic antibody induced
IL-23R expression in OVA-activated DO11.10 T cells in a
dose-dependent manner (Figure 5, A and B).

Activated Th17 Cells Express OX40 and
Stimulation of OX40 Enhanced Th17 Gene
Expression

Since we showed that activation of OX40 up-regulated
Th17 cytokine and receptor in activated CD4™ lympho-
cytes, we then assessed whether Th17 cells can directly
express OX40. DO11.10 lymphocytes were cultured with
2 pg/ml OVA5,5. 350 Peptide in vitro under ThO or Th17
condition for 4 days. After overnight resting in regular
culture medium, these cells were stimulated with phorbol
myristate acetate and ionomycin for 5 hours. IL-17 was
detected by intracellular staining to correlate OX40 ex-
pression with Th17 cells. Compared to ThO culture, the
proportion of CD4"IL-17" cells was markedly elevated
under Th17-differentiating condition (Figure 6A). More-
over, the majority of activated Th17 cells expressed sur-
face OX40 (Figure 6A).

To further characterize the effect of OX40 activation on
Th17 cells, OVA-activated CD4™ T cells under Th17 po-
larizing condition were stimulated with OX40-activating
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Figure 5. Activation of OX40 augments OVA-induced IL-23R expression in
CD4" lymphocytes. DO11.10 lymphocytes were treated with OVA,5 539
peptide (5 ug/ml) and OX40-activating antibody (4 ug/mb for 72 hours. The
expression of IL-23R in CD4 ™" cells was analyzed by Western blot analysis. A:
OX40 induced IL-23R in response to OVA stimulation. B: Dose-response
effect of OX40-activating antibody on IL-23R expression. Representative plot
of IL-23R from three independent studies.

OVA OVA + OX40Ab

antibody (4 ug/ml) for 4 days. Then, real-time PCR was
performed to probe the transcriptional changes of Th17-
related genes. Compared to the cells treated with OVA
alone, OX40-activating antibody augmented the expres-
sion of transcripts for IL-17A, IL-21, IL-22, and RORwt
(Figure 6B). Thus, this result implicates OX40 in the ac-
tivation of Th17 cells.

Stimulation of OX40 Augments OVA-Induced
Uveitis and IL-17 Mediates OX40-Enhanced
Ocular Inflammation

Next, we examined the in vivo effect of OX40 activation on
effector lymphocyte function using an adoptive transfer uve-
itis model developed in our laboratory.3" The OVAg.s 59
peptide specific T cells were harvested from the spleen
of DO11.10 transgenic mice, and stimulated in vitro with 5
wg/ml OVA in the presence or absence of 4 ug/ml OX40-
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Figure 6. Activated Th 17 cells express OX40. DO11.10 CD4" splenocytes
were cultured under ThO or Thi17-polarizing conditions with OVA,,5 559
peptide (1 pg/ml. A: CD4"IL-17" cells were determined by flow cytometry.
Then, gated Th17 cells were further analyzed for the expression of OX40. Of note,
the majority of activated TL-17" cells expressed OX40. Arrow indicates determined
OX40 expression in gated Th17 cells. B: Expression of IL-17A, IL-21, IL-22, and
RORt transcripts in OVA peptide-treated CD4™ cells after 4 days of Th17 differen-
tiation in the presence of OX40-activating antibody (average of two independent
studies). The level of Th17-related mRNA was normalized to B-actin, and the relative
quantity was further compared with Th17 cells only stimulated with OVA.
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Figure 7. Activation of OX40 enhances OVA-induced ocular inflammation in
OVA-induced uveitis. OVA-activated DO11.10 cells were primed with and
without OX40-activating antibody in vitro for 3 days. Then, these cells were
transferred to BALB/c mice through tail vein injection, followed by intravit-
real administration of 100 pg of OVA and 250 ng of lipopolysaccharide into
the eyes of recipient mice (7 = 3). In addition, some recipient mice received
intravenous injection of 100 ug of anti-mouse IL-17 antibody. Twenty-four
hours later, ocular inflammatory cells were assessed by intravital microscopy.
Quantification of adherent cells in the vasculature of the iris with and without
further OX40 activation. Of note, OX40-activating antibody priming aug-
mented OVA-induced inflammatory cell infiltration in the eye, whereas
anti-IL-17 antibody inhibited OX40-enhanced uveitis. *P < 0.05.

activating antibody for 72 hours. Then, these cells were
further purified using Lympholyte-M (Cedar Lane Labo-
ratories). The activated DO11.10 lymphocytes (1.5 x 107
per mouse) were adoptively transferred to syngeneic
BALB/c host mice. Uveitis was induced by intravitreal
injection of 100 ug of OVA and 250 ng of lipopolysac-
charide to increase the permeability of ocular vascula-
ture. Although lipopolysaccharide alone can rapidly elicit
a transient uveitis with a peak inflammation at 6 hours,
this acute inflammatory response is not mediated by T
cells. Indeed, we are unable to detect IL-17 transcription
and protein expression in the eyes treated with lipopoly-
saccharide alone (data not shown). Twenty-four hours
after the induction of uveitis in the recipient animals, the
mice received intraperitoneal injection of rhodamine to
label circulating leukocytes, and uveitis was assessed as
the infiltration of fluorescent leukocytes within the anterior
uvea.®' As shown in Figure 7, intravitreal administration of
OVA resulted in an influx of leukocytes in the eyes of
BALB/c mice that received activated DO11.10 lympho-
cytes. However, adoptive transfer of OX40-activating an-
tibody-primed DO11.10 T cells significantly increased the
number of adhering leukocytes in the iris vasculature in
response to OVA stimulation (Figure 7). To further confirm
that IL-17 mediates OX40-enhanced uveitis, we intrave-
nously treated the recipient mice with 100 pg of anti-
mouse IL-17 polyclonal antibody (R&D Systems) on the
induction of uveitis. Compared to isotype control (goat
IgG), the IL-17 neutralizing antibody significantly re-
duced adherent leukocytes in the vasculature of the eyes
(Figure 7). These findings suggest that OX40 activation
potentiates the effector function of Th17 cells, thereby
exaggerating uveitis.

Discussion

In the present study, we have demonstrated that up-
regulation of OX40 enhanced effector function of Th17

lymphocytes, and adoptive transfer of OX40-activated T
cells significantly augmented OVA-induced ocular in-
flammation. Th17 cells are a unique effector lymphocyte
subset involved in the pathogenesis of many autoimmune
and inflammatory diseases. However, the mechanism of
Th17 cell activation remains to be fully elucidated. T cell
activation and differentiation requires a dual signaling
process. The first signal is mediated by the T cell recep-
tor interacting with an antigen fragment presented by the
major histocompatibility complex on the antigen-present-
ing cell. Subsequently, an array of costimulatory mole-
cules provides a second signal that is crucial to the
amplification and optimization of the T cell response.
Without further ligation of costimulatory molecules with
their corresponding partners, stimulation of the T cell
receptor alone leads to T cell anergy. It has been shown
that the costimulatory molecules CD28 and ICOS partic-
ipate in the induction of Th17 differentiation.***> Al-
though OX40 has been implicated in Th17-mediated dis-
eases such as EAE and multiple sclerosis,?®304647 Jittle
is known about OX40 during the differentiation of Th17
cells. In the current study, we have shown that the acti-
vation of Th17 cells is influenced by the expression and
subsequent ligation of OX40.

OX40, a member of tumor necrosis factor receptor
superfamily, is mainly expressed by activated effector T
cells.?22% OX40 signals through TRAF adaptor molecules
and phosphatidyl inositol 3 kinase, which further trigger
the nuclear factor kB pathway.*®*° Activation of nuclear
factor kB by OX40 provides a crucial costimulatory signal
for T cell activation, proliferation, and survival.®* Unlike
constitutively expressed CD28 that is responsible for ini-
tial T cell activation, OX40 is preferentially up-regulated in
activated CD4™ T cells. This suggests that OX40 contrib-
utes to the enhancement of the T cell function and ex-
pansion instead of initiation of T cell activation. This is
consistent with our observation that the marked effect of
OX40 agonistic antibody mainly occurs after antigen
stimulation.

OX40 activation requires the interaction with OX40L.
OX40L is expressed in antigen-presenting cells such as
dendritic cells.®*" Initial engagement of these two spe-
cial binding partners establishes a reciprocal communi-
cation between T cells and antigen-presenting cells.
Such interaction allows antigen-presenting cells to further
optimize the T cell response by providing a second wave
of stimulatory signals such as IL-18, IL-6, and transform-
ing growth factor-B. It is well characterized that the com-
bination of transforming growth factor-g, IL-6, and/or
IL-18 primes Th17 differentiation. Our previous study
showed that OVA stimulation up-regulated IL-18 and IL-6
transcription in the DO11.10 mice.® This may explain how
OVA challenge alone can induce IL-17 production in
DO11.10 lymphocytes as observed in the current study.

In this study, we found that antigen activation specifi-
cally induced the expression of OX40 in the CD4™ cells.
When additional stimulation was provided by the OX40
agonistic antibody, increased expression of IL-23R was
noted within the cell populations also stimulated with
antigen. This finding strongly indicates a role for OX40
ligation in the activation and further development of Th17



cells. Recent studies showed that Th17 cells character-
istically produce IL-21, and IL-21 in turn promotes the
expansion of the Th17 lineage.®® This is further supported
by the report that IL-21 knockout mice display a defi-
ciency of memory Th17 cells.® Thus, analogous to the
role of interferon-y and IL-4 in the differentiation of Th1
and Th2 cells, respectively, IL-21 plays an essential role
in the commitment and amplification of the Th17 popula-
tion. In the present study, we found that the production of
IL-17 was enhanced by OX40-activating antibody. More
interestingly, activation of OX40 augmented antigen-in-
duced IL-21 and IL-23R expression. These findings sug-
gest that OX40 and its subsequent ligation play an im-
portant role in the expansion and maintenance of the
Th17 subset. In light of the fact that OX40 is pivotal to T
cell survival and proliferation, it is conceivable that OX40
is implicated in the proliferation of Th17 cells by up-
regulating IL-21 and subsequently IL-23R.

Recently, several lines of evidence support the premise
that OX40 amplifies Th17 activity. In EAE, a central nervous
system demyelinating disease model that is mainly medi-
ated by Th17 cells, OX40 and OX40L are found to be critical
for the induction and priming of antigen specific CD4" T
cells.’®3 Furthermore, neutralization of OX40L by mono-
clonal antibody ameliorates the development of EAE.?”
Lastly, Nakae and colleagues® showed Th17 cells express
OX40. All these data highlight the need to further study the
role of OX40 in Th17 cell activation in clinically related
settings.

Although OX40 has been implicated in many T cell-
mediated systemic diseases which are often associated
with uveitis, little is known of the effect of OX40 in the
process of ocular inflammation. Studying the role of OX40
and other costimulatory molecules is important for under-
standing the mechanism of lymphocyte activation during
uveitis. Using the adoptive transfer model, we clearly
demonstrate that neutralization of IL-17 by the blocking
antibody attenuated OX40-mediated uveitis.

In summary, we have demonstrated that up-regulation of
OX40 exerts a greater inflammatory response in antigen-
induced uveitis, whereas inhibition of OX40L reduced ocu-
lar inflammation. Moreover, we have presented strong data
here that activation of Th17 cells entails the participation of
OX40. Thus, further validation of the role of OX40 in Th17
cell activation and uveitis development has an important
implication for understanding lymphocyte biology as well as
developing immunotherapy for uveitis.
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