CD28-independent induction of experimental
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Experimental autoimmune encephalomyelitis (EAE) is a T cell-mediated disease initiated by antigen-
specific CD4" T cells. Signaling through CD28 is a critical second signal for activation of T cells, and
CD28 knockout (CD28KO) mice have been reported to be resistant to induction of EAE. We now
report that CD28KO mice have no intrinsic defect in mediating disease, because they developed EAE
after passive transfer of primed T cells. After immunization, peripheral T cells from CD28KO mice
were primed and developed memory phenotype, but had decreased antigen-specific IFN-y produc-
tion as compared with cells from wild-type (WT) animals. Reimmunization of CD28KO mice brought
out clinical disease and increased IFN-y production in vitro. Pathologically, there were cellular infil-
trates in the central nervous system, in contrast to single-immunized mice. We show furthermore
that blocking B7-1 or CTLA4, but not B7-2, in CD28KO mice induces disease after a single immu-
nization. Thus, EAE can be induced in animals lacking CD28-dependent costimulation, suggesting
that alternative costimulatory pathways were used. Blocking the OX40-OX40L costimulatory path-
way differentially affected disease induction in CD28KO mice as compared with WT controls. Our
data show that EAE may develop in the absence of CD28 T-cell costimulation. These findings have

implications for therapies aimed at blocking costimulatory signals in autoimmune diseases.

J. Clin. Invest. 107:575-583 (2001).

Introduction

Activation of mature T lymphocytes requires antigen
recognition and costimulatory signals, but the require-
ments for T-cell anergy and apoptosis are more contro-
versial. Earlier reports suggested that antigen recogni-
tion in the absence of second signals induces a state of
unresponsiveness (1, 2). However, recent reports indicate
that secondary signaling through costimulatory mole-
cules may be involved in the induction of T-cell anergy.
CTLA4 (CD152),ahomologue of CD28 that binds with
higher affinity to B7 molecules, functions as a negative
regulator of immune responses (3, 4). CTLA4 ligation
results in inhibition of IL-2 production and a conse-
quent arrest in cell cycle progression from G0/G1, rather
than induction of apoptotic cell death (5, 6). Recent data
also indicate that negative T-cell signaling through
CTLA4 plays an important role in the induction of
peripheral tolerance to nominal antigens in vivo (7-9).
We have shown recently that CTLA4 signaling is
required for the induction of acquired thymic tolerance
(10). B7-CD28 interactions play a pivotal role in the
development and maintenance of T-cell responses (11,
12). Blocking CD28-B7 interactions protects animals
from experimental autoimmune encephalomyelitis

(EAE) (13-15) and other autoimmune diseases (16, 17).
However, the role of B7-1 versus B7-2 blockade remains
controversial. Administration of anti-B7-1 Ab was
reported to protect from EAE, while administration of
anti-B7-2 increased disease severity (18, 19). Anti-B7-1
administration was also associated with prevention of
epitope spread (20). In our study, anti-B7-1 administra-
tion worsens EAE in the Lewis rat (21) and (PL/JXSJL) F;
mice (22), and expression of B7-1 in the central nervous
system (CNS) correlates with episodes of remission (23).
CD28-deficient mice have been reported to be resistant
to EAE (24-26). We wanted to examine the mechanisms
of resistance to disease since priming of T cells was
reported to occur normally in these mice (26). The TNF
family of receptors includes several members that have
been implicated as having costimulatory function,
specifically the CD40-CD154 (27) and the OX40-OX40L
(28) receptor pairs. OX40L has been reported to provide
a potent costimulatory signal to T cells and to synergize
with B7 (29). Cells isolated from the CNS of animals
with EAE express high levels of OX40 (30, 31). Similarly,
CDA40L is expressed in the CNS of EAE mice and multi-
ple sclerosis (MS) patients (32), and blockade of the
CD40-CD154 pathway protects from EAE (22, 32).
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In this report we investigated the conditions leading
to disease development in CD28 knockout (CD28KO)
mice and the alternative costimulatory pathways that
may be used to induce EAE in these mice.

Methods

Mice. Female CD28KO mice on a C57BL/6 background
were obtained from The Jackson Laboratory (Bar Har-
bor, Maine, USA). Wild-type C57BL/6 sex- and age-
matched controls were also obtained from The Jackson
Laboratory. The mice were maintained at our facility
and used at 6-8 weeks of age.

EAE induction with myelin oligodendrocyte glycoprotein.
Myelin oligodendrocyte glycoprotein peptide 35-55
(MOG 35-55) (M-E-V-G-W-Y-R-S-P-F-S-R-O-V-H-L-Y-R-
N-G-K) corresponding to mouse sequence was synthe-
sized by QCB Inc., Division of BioSource International
(Hopkinton, Massachusetts, USA), and purified by
HPLC. Peptide purity was greater than 99% after HPLC.
Mice were immunized subcutaneously in the flanks
with 150-200 pg of MOG peptide in 0.1 ml PBS and 0.1
ml CFA containing 0.4 mg Mycobacterium tuberculosis
(H37Ra; Difco Laboratories, Detroit, Michigan, USA)
and intraperitoneally injected with 200 ng pertussis
toxin (List Biological Laboratories Inc., Campbell, Cali-
fornia, USA) on the day of immunization and 48 hours
later. A second immunization was performed when
indicated, 14 days after the first, consisting of 150 pg of
MOG peptide in CFA and pertussis administration on
the day of injection and 48 hours later. EAE was scored
as described previously (23): 0, no disease; 1, limp tail or
isolated weakness of gait without limp tail; 2, partial
hind leg paralysis; 3, total hind leg or partial hind and
front leg paralysis; 4, total hind leg and partial front leg
paralysis; 5, moribund or dead animal.

Costimulatory blockade of EAE with CTLA41g, anti—B7-1,
anti—B7-2, and anti-CTLA4 Ab’s. Anti-B7-1 (CD80) mAb
1G10 and anti-B7-2 (CD86) mAb 2D 10 were a kind gift
from Roche Research Group (Nutely, New Jersey, USA).
CTLA4IgY100F is a mutant form of CTLA4Ig that binds
and blocks B7-1 (21, 22) (a kind gift of Robert Peach,
Bristol-Myers-Squibb, Hillside, New Jersey, USA). These
Ab’s were administered at a dose of 500 Ug on the day of
immunization and 200 Yg on days 2, 4, 6, and 8. Control
animals received an equal dose of control Ig (clone B7),
which was a kind gift of Robert Peach. Anti-CTLA4 Ab
from ascites of a B-cell hybridoma (clone 4F10; kindly
provided by Jeffrey Bluestone, Diabetes Center, Univer-
sity of California at San Francisco, San Francisco, Cali-
fornia, USA) (3) was administered at 500 pg on days 0, 2,
4,6,8,10,and 12 after immunization. Anti-OX-40L Ab,
clone RM134L, has been characterized previously (33)
and was administered at a dose of 500 pig on day 0 and
250 pg on days 2, 4, and 6 after immunization. Anti-
CDA40L Ab from ascites of MR1 B-cell hybridoma, a kind
gift of Randy Noelle (Department of Microbiology,
Dartmouth Medical School, Lebanon, New Hampshire)
(34), was administered at a dose of 500 Pg on day 0 and
250 pg on days 2,4, and 6.

EAE mean disease grade
P

OO0 0-0-0-0-Q-0-Q.
0 10 20 30 40
Days post-immunization

-O~-0-0-0-0-0-Q-0-0-0-0-0-0-0-0-0-0—

Figure 1

EAE is suppressed in CD28KO mice. A representative experiment
showing disease induction in C57BL/6 WT mice (filled squares)
and CD28KO mice (open circles). Mice were immunized with MOG
p35-55 and graded for disease daily. The mean daily grade for each
group (n = 5 mice per group) is shown. The incidence was five of
five in the WT and one in five in the CD28KO mice; the mean max-
imal grade was 2.7 in WT and 0.1 in CD28KO (P < 0.0001).

Adoptive transfer. C57BL/6 mice were immunized once
with MOG 35-55 peptide as described above, and spleens
were harvested 14 days later. A single-cell suspension was
prepared from the spleens, and 100 X 10¢ splenocytes
were injected intraperitoneally into CD28KO mice. The
recipient CD28KO mice were then immunized with
MOG peptide as described above, 1 day after adoptive
transfer. Pertussis (200 ng) was administered intraperi-
toneally the day of immunization and 48 hours later.

Generation of primed T cells and cell culture. Mice were
immunized in one hind footpad and in both flanks with
an emulsion of 100 pl of CFA and 100 pl PBS contain-
ing 100 pg of MOG p35-55. A single-cell suspension was
prepared from the inguinal and the draining popliteal
lymph nodes or spleens. The cells were cultured in 96-
well plates (Corning-Costar Corp., Cambridge, Massa-
chusetts, USA). Media used for proliferation and
cytokine assays consisted of serum-free DMEM
(BioWhittaker Inc., Walkersville, Maryland, USA) con-
taining 75 mM/ml L-glutamine, 100 U/ml penicillin and
streptomycin, 1 ml/100 ml of a 100x concentrated
nonessential amino acid solution, 0.1 mM HEPES/ml, 1
mM/ml sodium pyruvate (all from BioWhittaker Inc.),
and 0.05 mM/ml 2-mercaptoethanol (Sigma Chemical
Co., St. Louis, Missouri, USA). Cells were incubated at
37°C in humidified air containing 6% CO,.

Proliferation assay. Cells were cultured at 2 X 10° cells/ml
and 200 pl/well with antigen. After 48 hours of culture
1 pCi *H-thymidine (NEN Life Science Products Inc.,
Boston, Massachusetts, USA) was added in 20 pl of
media to each well for another 16 hours. Cells were har-
vested on filter mats, dried, and counted.

Cytokine ELISA. For cytokine assays, cells were cul-
tured at 2 X 106 cells/ml in 200 pl media with antigen.
Supernatants for IL-2, IL-10, and IFN-y ELISA were
collected after 48 hours of culture. Quantitative
ELISAs for IL-2, IL-10, and IFN-y were performed
using paired Ab’s and recombinant cytokines from
PharMingen (San Diego, California, USA), according
to manufacturer’s recommendations.
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Figure 2

Adoptive transfer of WT splenocytes into CD28KO mice restores
EAE. Splenocytes from C57BL/6 WT mice or CD28KO mice were
transferred to CD28KO mice. On day -1, 10 x 10¢ WT splenocytes
(open squares), 100 X 106 WT splenocytes (filled triangles), or 100
x 106 CD28KO splenocytes (open circles) were transferred, and all
recipients were immunized with MOG p35-55 on day 0. The mean
daily score for each group (n = 5 mice per group) is shown.

Enzyme-linked immunosorbent spot assay. For 24 hours,
4 x 106 cells per well were incubated with antigen in
U-bottom plates. The cells were then counted, resus-
pended, and serially diluted from a concentration of 4
% 10%/ml down to 3 x 10*/ml, then added to nitrocel-
lulose plates (Millipore Corp., Bedford, Massachusetts,
USA). The plates were coated with 50 pl primary
IFN-y Ab (clone R4-6A2; Endogen Inc., Woburn, Mass-
achusetts, USA) at a concentration of 5 lg/ml. One
hundred microliters of the appropriate concentrations
of antigen or mitogen were added to the nitrocellulose
enzyme-linked immunosorbent spot (ELISPOT)
plates. The cells were incubated for an additional 18
hours at 37°C. After washing three times, 50 pl/well of
biotinylated IFN-y secondary Ab (clone XMG1.2;
Endogen Inc.) was added to the plates at a concentra-
tion of 2 pg/ml diluted in 1% BSA/PBS for S hours at
room temperature. After washing, 50 pl of alkaline
phosphatase (E-2636; Sigma Chemical Co.) was added
to the plates at a dilution of
1:1000 in 0.05% Tween/PBS
for 2 hours at room tempera- CD44 hi

The peptide was coated on a 96-well Nunc-Immuno
Plate (Nalge-Nunc International, Roskilde, Denmark)
at 50 pg/well for 3 hours at 37°C. The plates were
blocked overnight with 2% BSA (wt/vol) in PBS at 4°C.
The serum samples (diluted 150 in PBS) were added,
then serially diluted on the ELISA plate. The plates
were incubated for 3 hours at 37°C, then washed three
times, and horse anti-mouse IgG biotinylated Ab (Vec-
tor Laboratories, Burlingame, California, USA) was
added (concentration 1:1000 in PBS). After 1-hour
incubation at 37°C, streptavidin-horseradish peroxi-
dase (PharMingen) diluted at a concentration of 1:2000
was added for 30 minutes at room temperature, then
washed. Tetramethylbenzidine microwell peroxidase
substrate (Kirkegaard and Perry Laboratories, Gaithers-
burg, Maryland, USA) was used to develop the plates,
and the reaction was stopped with TMB Stop solution
(Kirkegaard & Perry Laboratories), and read at 450 nm.
Serum samples from immunized animals were com-
pared to a naive serum standard.

FACS staining of lymphocytes. Splenocytes from immu-
nized mice were separated and resuspended in PBS to
a concentration of 107 cells/ml. Aliquots (100 pl) were
plated in a 96-well plate. The cells were treated with
Fc Block (PharMingen) at a concentration of 1 pg/10°
cells for 5 minutes on ice. The cells were then stained
with Ab’s to memory markers and counterstained
with Ab’s to CD4. Ab’s used were rat anti-mouse
CD44 IgG2b phycoerythrin (PE), rat anti-mouse
CD62L IgG2a PE, rat anti-mouse CD45RB PE, and rat
anti-mouse CD4 IgG2a CyChrome (all from
PharMingen). Appropriate isotype controls were used.
The cells were incubated on ice for 30 minutes and
then washed twice with 1% FBS in PBS, and resus-
pended for analysis on a FACScan (Becton Dickinson
Immunocytometry Systems, San Jose, California,
USA) equipped with CellQuest software (Becton
Dickinson Immunocytometry Systems).

cbeézal lo CD45RB lo

ture. Plates were washed twice
with wash buffer and then
twice in PBS. Fifty microliters
of BCIP/NBT (FASTR B-5655;
Sigma Chemical Co.) solution
was added for 5-20 minutes
until blue-colored spots devel-
oped. Plates were washed with
distilled water. Spots were 0 1 10
counted using a Zeiss Stemi

100 dissecting microscope.

Anti-MOG Ab assay. Serum Figure 3

samples were obtained from
blood samples of immunized
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Similar expression of memory cell markers on CD4* cells from CD28KO and WT mice. Quanti-
tation of memory cell markers on CD4* cells from C57BL/6 WT mice (open bars) and CD28KO
mice (filled bars). Splenocytes were harvested on day 14 after immunization with MOG p35-55

or naive mice and stored. At and cultured for 72 hours in the presence of MOG p35-55 (1, 10, or 100 pg/ml). Cells were
-20°C. MOG 35-55 peptide  grained and analyzed by FACS for expression of CD44, CD62 ligand, and CD45RB. All cells were
was dissolved at 1 Hg/ml in  counterstained for the CD4 marker, and the number of cells expressing the given memory mark-
NaHCOj; buffer 0.1 M, pH 9.6.  er per number of CD4 cells is shown as a percentage value.
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Figure 4

Decreased IFN-y production by MOG-reactive splenocytes in CD28KO
mice. (a) IFN-y production was measured by ELISA in the supernatants
of splenocytes harvested on day 14 from C57BL/6 (open bars) or
CD28KO mice (filled bars), after 48 hours of culture with MOG p35-55
at concentrations of 1, 10, or 100 Pg/ml. IFN-y production was signifi-
cantly greater in the cultures from WT mice at all concentrations of
MOG p35-55 (P < 0.005). (b) MOG p35-55-specific IFN-y-producing
cells were measured by ELISPOT in cultures of splenocytes from C57BL/6
WT (open bars) or CD28KO mice (filled bars). The y axis represents the
number of positive cells per 2 x 10 cells plated. The frequency of IFN-
y-producing cells was significantly higher in WT cultures at the 100
Hg/ml antigen dose (AP = 0.006).

Immunobistology and histopathology. Spinal cords and
brains were collected on day 17-21 after immuniza-
tion from two to four mice in each experimental
group. Spinal cord tissues were embedded in OCT,
quick-frozen in liquid nitrogen, and kept at -70°C
until sectioning. Cryostat sections (10 pm) of spinal
cords were fixed with acetone or 4% paraformaldehyde.
The sections were stained using the avidin-biotin tech-
nique (VectaStain Elite kit; Vector Laboratories), visu-
alized with diamino-benzidine (Vector Laboratories),
and counterstained in hematoxylin. Isotype-matched
Ig and omission of the primary Ab served as negative
controls. Each specimen was evaluated at three differ-
ent levels of sectioning at least. The whole tissue sec-
tion (a longitudinal spinal cord section) was evaluated
for a given cellular marker at magnification X40.

Results

CD28KO mice are resistant to the induction of EAE but have
normally primed T cells. We tested the ability of CD28KO
animals to develop actively induced EAE by immu-
nization with MOG 35-55 peptide. As seen in Figure 1,
CD28KO mice immunized with MOG 35-55 peptide
are resistant to EAE, unlike wild-type (WT) CS7BL/6
mice. Only 4 of 23 animals developed disease in the
CD28KO group, compared with 23 of 23 in the WT
controls (P < 0.0001 by Fisher exact test). The CD28KO
animals that developed EAE had a very mild disease
that remained significantly less severe than the WT
mice (Figure 1). Increasing the dose of peptide from
200 pg to 600 pg/immunization did not change the
disease resistance (not shown). This natural resistance
of CD28KO to actively induced EAE is consistent with
published data from other investigators (24-26).

In vitro proliferative responses of splenocytes from
WT and CD28KO mice showed a comparable degree
(P value NS) of in vitro proliferation to MOG 35-55
peptide (stimulation index = 3 for CD28KO mice vs.
4.3 for WT, with a background proliferation of
5346 £ 452), indicating that T cells from CD28KO
animals can be primed in vivo.

CD28KO mice develop EAE after adoptive transfer with
splenocytes from WT immunized mice. We tested the ability
of CD28KO to develop passive disease. Primed spleno-
cytes from immunized WT mice were adoptively trans-
ferred to CD28KO mice that were then immunized with
MOG peptide (Figure 2). CD28KO mice developed EAE
after transfer of WT splenocytes. The disease severity
correlated with the number of transferred splenocytes.
Adoptive transfer of splenocytes from CD28KO mice
did not transfer disease. These data confirm that the
natural resistance of CD28KO mice to EAE is due to a
defect in the function of primed T cells.

CD28KO mice generate memory cells after immunization.
Some reports suggest that naive T cells are more
dependent on costimulation than memory cells,
although naive T cells may be primed by increasing the
strength of signal 1 (35). To investigate whether devel-
opment of memory markers (36) was impaired in
CD28KO mice, we harvested splenocytes from WT or
CD28KO mice on day 14 after immunization. Figure
3 shows that the expression of CD44hi, CD62Llo, and
CD45RBlo was comparable between splenocytes of
WT and CD28KO mice across various antigen con-
centrations. These data establish that T cells from
primed CD28KO mice can develop normal memory
phenotype in vivo.
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Figure 5

Increased IFN-y production by MOG-reactive splenocytes in dou-
ble-immunized CD28KO mice. (a) IFN-y production was measured
by ELISA in the supernatants of splenocytes harvested on day 14
from single-immunized C57BL/6 (open bars) or harvested on day
28 from double-immunized CD28KO mice (filled bars), after 48
hours’ culture with MOG p35-55 at concentrations of 1, 10, or 100
pg/ml. IFN-y production was similar in both groups with no signif-
icant differences. (b) MOG p35-55-specific IFN-y-producing cells
were measured by ELISPOT in cultures of splenocytes from single-
immunized C57BL/6 WT (open bars) or double-immunized
CD28KO mice (filled bars). The frequency of IFN-y-producing cells
was significantly greater in cultures from double-immunized
CD28KO (AP = 0.0009, BP = 0.009).
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Table 1
Disease characteristics in WT and CD28KO mice
after double immunization

Incidence Mean max grade Onset

+SE +SE
WT 10/10 2.70£0.1 13.5+1.3
CD28KO 10/10 2.35+£0.34 29.0 +1.88

AP is not significant compared with WT. BP = 0.0004 compared with WT.

CD28KO mice generate an anti-MOG 35-S5 peptide Ab

response with a slightly delayed peak titer compared with WT

mice. Previous studies had shown a critical role of anti-
MOG Ab’s in augmentation of demyelination and wors-
ening of EAE (37). In addition, CD28 signaling func-
tions to augment T cell-dependent B-cell growth and
immunoglobulin secretion (38). We therefore investi-
gated whether anti-MOG Ab production was impaired
in the CD28KO mice. The relative Ab titers from immu-

nized CD28KO mice sera were similar to those from WT

mice on day 24 and 45 after immunization, but were sig-
nificantly lower on day 20 (WT mean titer = 1/1828,
CD28KO mean titer 1/168; P = 0.0003). This finding
suggests that the production of Ab in the CD28KO mice
was slightly delayed compared with WT mice.

Cells from CD28KO mice have decreased production of
MOG-induced IEN-Y in vitro and a decreased frequency of
MOG-specific IFN-y-producing cells. In vitro culture of

primed splenocytes from CD28KO and WT mice with

MOG 35-55 peptide revealed decreased production of

IFN-y in the supernatants of cultures from CD28KO
mice (Figure 4a). Furthermore, we found a significant-
ly reduced number of MOG 35-55 peptide-specific
IFN-y-positive cells as measured by ELISPOT in the

splenocytes of CD28KO mice (Figure 4b). These data

establish the specific defect in CD28KO lymphocytes
in response to antigen.

CD28KO mice develop EAE after a booster immunization.
Immunization followed by a second round of immu-

nization on day 14 induced disease in CD28KO mice that
was indistinguishable from the disease in WT mice except

for the day of onset, which was delayed to day 29 from the
initial immunization or 15 days after the second immu-
nization (Table 1). A booster injection of pertussis alone
or CFA alone failed to induce EAE in CD28KO mice after
single immunization with MOG peptide (not shown),
indicating the necessity for re-exposure to the antigen.
Double immunization and restoration of disease sus-
ceptibility were associated with increased IFN-y produc-

tion in vitro to the level seen in cells from WT mice and

an increase in the frequency of MOG-specific IFN-y-pro-

ducing cells (Figure 5, a and b). More importantly, using

immunohistology cellular infiltrates are observed invad-

ing the parenchyma after double immunization similar

to WT mice, whereas in CD28KO mice immunized once

the infiltrates are restricted to the meninges and within

blood vessels (Figure 6). This may be the first report indi-
cating that T cells lacking CD28 can induce autoimmune
disease in CD28KO mice.

Blocking the CTLA4-B7-1 pathway is permissive for EAE
induction. Several recent reports suggest that negative sig-
naling through CTLA4 (CD152) is an important mech-
anism in physiologic termination of immune responses
(4,39) and in tolerance induction (7-10). Indeed, in EAE
CTLAA4 signal blockade can worsen disease (40). Thus,
we treated CD28KO mice with either anti-B7-1 or
anti-B7-2 mAb at the time of immunization. Since these
mice lack CD28, anti-B7 Ab’s should block a negative
signal delivered through CTLA4. As seen in Table 2,
administration of anti-B7-1, but not anti-B7-2, mAb
reversed the disease resistance in CD28KO mice. Treat-
ment with CTLA4IgY100F, a mutant form of CTLA4Ig
that selectively binds B7-1 (21, 22, 41, 42), also reversed

Single-Immunized WT

r ]

b
B I S CITSACINERZ RN S & |
Double-Immunized _CD_2BKO#’_. RO gD A Pan

» L

Figure 6

The reduction of CNS parenchymal inflammatory infiltration in sin-

gle-immunized CD28KO mice is reversed in double-immunized
CD28KO mice. Microphotograph (x40) of representative spinal
cord section from (a) single-immunized WT mice day 17; (b) single-
immunized CD28KO mice day 17; (¢) double-immunized CD28KO
mice day 35. Sections are immunohistochemically stained for CD4*
cells, which display a brown color. Cellular infiltrates are seen invad-
ing the brain parenchyma in WT (a) and double-immunized (c)
mice, while the cells remain within blood vessels in the single-immu-
nized CD28KO mice (b).
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Figure 7

Increased IFN-y production by MOG-reactive splenocytes in anti-B7-1-treated and anti-CTLA4-treated CD28KO mice. (a) IFN-y produc-
tion was measured by ELISA in the supernatants of splenocytes harvested on day 35 from C57BL/6 (open bars), CD28KO mice (gray bars),
CD28KO mice treated with anti-B7-1 Ab (black bars), and CD28KO mice treated with anti-CTLA4 Ab (hatched bars). Cells were incubat-
ed with MOG p35-55 at concentrations of 1, 10, or 100 pg/ml. IFN-y production was significantly increased in the anti-B7-1-treated
CD28KO group (AP = 0.00006) and the anti-CTLA4-treated CD28KO group (P < 0.00009) compared with control Ig-treated CD28KO at
the highest concentration of MOG. (b) MOG p35-55-specific IFN-y-producing cells were measured by ELISPOT in cultures of splenocytes
from C57BL/6 WT (open bars), or CD28KO mice (gray bars), or CD28KO mice treated with anti-B7-1 Ab (black bars), or CD28KO mice
treated with anti-CTLA4 Ab (hatched bars), and harvested on day 35. The frequency of IFN-y-producing cells was significantly greater in
cultures from CD28KO mice treated with anti-B7-1 Ab (AP = 0.0007, BP = 0.0005, “P = 0.0011) and those treated with anti-CTLA4 than
control CD28KO mice (P < 0.00001 at all concentrations of MOG peptide).

the disease resistance. Consistent with the restoration of
disease susceptibility in anti-B7-1 mAb-treated mice,
IFN-y production and the frequency of IFN-y-produc-
ing cells were increased in vitro (Figure 7), and immuno-
histology of the CNS shows infiltration of cells in the
parenchyma (Figure 8a). These data suggest that natural
resistance to EAE in CD28KO is at least in part due to a
negative regulatory signal provided by B7-1 through
CTLA4. However, it is possible, although unlikely, that
anti-B7-1 therapy may have resulted in signaling of
B7-1 on antigen-presenting cells (APCs), leading to T-cell
activation. To differentiate these two possibilities, we
treated CD28KO mice with a blocking anti-CTLA4 mAb
(5, 10). As shown in Table 2, anti-CTLA4-treated mice
developed significant disease as compared with
CD28KO mice. In addition, similar to our findings with
anti-B7-1 Ab, IFN-y production was increased as meas-
ured by ELISA and ELISPOT in the anti-CTLA4-treated
mice compared with control CD28KO mice. Further-
more, there were significant infiltrates into the CNS
parenchyma of the treated mice (Figure 8b).

Figure 8

Increased inflammatory infiltration in the CNS of anti-B7-1-treated
and anti-CTLA4-treated CD28KO mice. Microphotograph (x40) of
representative spinal cord section from (a) CD28KO mice treated
with anti-B7-1 Ab, or (b) CD28KO mice treated with anti-CTLA4, at
the peak of disease day 35. The section is immunohistochemically
stained for CD4"* cells, which display a brown color. Cellular infil-
trates are seen invading the brain parenchyma.

The OX40-OX40L pathway is an alternative activation path-
way in CD28KO mice. The TNF-TNF receptor superfam-
ily of molecules has been reported to have functional
costimulatory capacity. The best characterized are the
CD40-CD154 (34) and, more recently, the OX40-OX40L
(43) pathways. Both of these pathways have been report-
ed to synergize with the CD28-mediated costimulation,
but at the same time to mediate costimulatory signals
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Table 2
Effects of B7 blockade on disease in CD28KO mice

Incidence  Mean max grade Onset?
+SE +SE

WT 23/23 2.98+0.2 14.4+0.4
CD28KO 4/238 0.32+0.28 22.2+6.6
CD28KO + anti-B7-1 11/11¢ 1.36 £ 0.2P 28.0+2.2
CD28KO + Y100F 14/14¢ 0.96 £ 0.2° 23.8+1.9
CD28KO + anti-B7-2 1/88 0.19+0.18 13
CD28KO + anti-CTLA4 3/3 1.67 +0.768 22+ 38

AOnset is calculated only for the animals that did get EAE. BP < 0.0001
compared with WT. ¢P < 0.0001 compared with CD28KO. PP < 0.0004
compared with CD28KO.

Figure 9

Anti-OX40L reverses EAE induced in
double-immunized CD28KO mice but
not in WT mice. Disease course of dou-
ble-immunized CD28KO mice treated
with anti-OX40L (a) or anti-CD40L (b).
Mice were immunized with MOG p35-
55 and graded for disease daily. The
mean daily grade for each group
(n=3-10 mice per group) is shown. (a)
A representative experiment showing
the disease course in C57BL/6 WT mice
(filled squares) or in WT mice treated
with anti-OX40L Ab (filled triangles)
compared with double-immunized
CD28KO mice (open squares) and dou-

independent of CD28 (29, 33, 44). Therefore, we investi-
gated whether these pathways play a role in mediating
CD28-independent EAE in double-immunized animals.
We treated WT and CD28KO double-immunized mice
with anti-CD154 or anti-OX40L mAb. We found that
while anti-CD154 protected WT as well as CD28KO
double-immunized mice, anti-OX40L protected only the
CD28KO mice from developing disease (Figure 9). These
data suggest that the OX40-OX40L pathway may be a
unique alternative costimulatory pathway for mediating
autoimmune responses in CD28KO mice.

Discussion

Signaling through CD28 provides the T cell with an
important second signal for activation. Blockade of
the CD28-B7 pathway has been shown to inhibit T-cell
activation in vitro (2, 45) and prevent autoimmune
diseases in vivo (13-17). Furthermore, in EAE the pres-
ence of an intact CD28 signaling pathway was report-
ed to be essential for disease induction (24-26, 46). In
this report, we found that EAE can be induced in a
CD28-independent manner.

Y]

Our data show that CD28KO mice have no intrinsic
defect in developing EAE, because they develop clinical
disease after adoptive transfer of WT T cells. Priming of
T cells in the CD28KO mice is not impaired, as evi-
denced by normal in vitro proliferation to the priming
antigen. The requirement for CD28 signaling to activate
naive T cells remains controversial. Some studies have
shown that CD28 signaling is required for naive T-cell
activation (47-49), while other studies suggest that this
requirement can be bypassed by increased antigen sig-
nal strength (35, 50) or through interaction with other
costimulatory molecules such as ICAM-1 (51). In the
CD28KO mice we were unable to induce disease by
increasing antigen dose. Furthermore, the development
of memory phenotype was unaffected by the absence of
CD28 signaling. Since the appearance of a “mature”
phenotype is dependent on progression of the cells
through cell division (52-54), our finding of memory
phenotype is consistent with the normal proliferative
response to MOG peptide in vitro. The absence of cos-
timulatory signals blocks clonal expansion of antigen-
specific cells in vivo (55, 56). In the absence of CD28 sig-
naling, IL-2 production, as well as IFN-y production, is
impaired (55). A high T-cell receptor signal strength can
increase the number of cells going into cell cycle and
improve IL-2 secretion, but in the absence of costimu-
lation, IFN-y remains impaired (56). In the CD28KO
mice we found decreased secretion of IFN-yin vitro and
decreased precursor frequency of IFN-y-producing cells
consistent with this paradigm.

Double immunization reverses the resistance to
EAE and increases the precursor frequency of MOG-
specific IFN-y-producing cells. This is probably medi-
ated by recruiting naive CD4* T cells into the effector
pool, thus reaching a threshold frequency of MOG-

b

Mean disease grade

3

Mean disease grade

ble-immunized CD28KO mice treated
with anti-OX40L Ab (open triangles).
The mean maximal disease grade in WT mice was 2.7 + 0.1; in WT treated with anti-OX40L Ab it was 2.75 + 0.3. The mean maximal grade in
double-immunized CD28KO mice was 2.35 + 0.3, and in those treated with anti-OX40L Ab it was 0.83 + 0.6 (P = 0.001 compared with untreat-
ed double-immunized CD28KO). (b) A representative experiment showing the disease course in C57BL/6 WT mice (filled squares) or in WT
mice treated with anti-CD40L Ab (filled triangles) compared with double-immunized CD28KO mice (open squares) and double-immunized
CD28KO mice treated with anti-CD40L Ab (open triangles). The mean maximal disease grade in untreated WT mice was 2.7 + 0.1, whereas in
WT treated with anti-CD40L it was 1.08 + 1.1 (P = 0.03). The mean maximal grade in double-immunized CD28KO mice was 2.35 + 0.3 com-
pared with those treated with anti-CD40L (0.67 + 1.15; P = 0.0008 compared with untreated double-immunized CD28KO mice).
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specific IFN-y-secreting cells that is permissive for
disease induction. Therefore, a second immunization
may result in upregulation of alternative costimula-
tory signaling pathways, such as OX40-OX40L (57).
Indeed, OX40 and OX40L are expressed in the CNS
during EAE, and administration of OX40Ig during
the first relapse blocked the induction of EAE in SJL/J
mice (31). Our data show that OX40-OX40L blockade
ameliorated disease in double-immunized CD28KO
mice, but not in single-immunized C57BL/6 WT
mice, suggesting that the OX40-OX40L may serve as
an alternative costimulatory pathway in mediating
CD28-independent autoimmune responses. This does
not exclude other costimulatory pathways from play-
ing an important role in CD28-independent immune
responses. Indeed, recent data by Gaglia et al. show
that ICAM-1 may costimulate T cells in the absence of
CD28 (51). Our data with CD40-CD154 blockade,
which was protective in both WT and CD28KO ani-
mals, suggest that this pathway may also contribute
to CD28-independent costimulation. Our findings
with OX40-OX40L blockade, however, support a
unique role for this pathway in CD28-independent
costimulation in EAE.

An interesting aspect of EAE induction in CD28KO
mice is the accumulation of cells in the meninges and
within blood vessels, as we show here and as was previ-
ously described (58). In addition, delayed-type hyper-
sensitivity responses to the immunizing antigen were
impaired in these mice (26), suggesting a problem with
trafficking of antigen-specific cells. Production of C-C
chemokines is enhanced by CD28-B7 ligation (59), and
one can hypothesize that IFN-y-dependent chemokines
such as IP-10 may be decreased in the CD28KO mice,
thus contributing to the disease resistance. CD28 may
play a direct role in the penetration of vessels through
interaction of CD28 on the T cell and B7 molecules on
the endothelial vessels, as has been demonstrated in a
vascular coculture model (60). Alternatively, CD28 may
indirectly induce the expression of adhesion molecules
and chemokines important in cell adhesion and pene-
tration. We are currently investigating these possibilities.

A critical and novel finding in our studies is the rever-
sal of disease resistance by B7-1, but not by B7-2, block-
ade. B7-1 has a higher tendency to dimerize than B7-2;
therefore the avidity of B7-1 to CTLA4 is higher than
that of B7-2 (61), which favors the formation of very
stable inhibitory signaling complexes. In addition, pre-
vious studies using B7-1 transgenic mice suggest that
B7-1 may contribute to the downregulation of T-cell
immune response (62). Our findings are consistent
with previous reports showing that transplant rejection
was accelerated by blocking CTLA4 in CD28KO mice
(63). Our data that disease sensitivity was restored by
CTLA4-B7-1 blockade supports the hypothesis that the
T-cell response is complex and is dependent on the
integration of positive and negative signals delivered
through CD28 and CTLA4, respectively, such that in
the absence of CD28 signaling CTLA4 predominates.

Another interesting observation is that B7-2 blockade
was ineffective in reversing disease resistance, confirm-
ing previous observations that B7-1 may be the domi-
nant ligand for CTLA4 (21, 64, 65).

In summary, this is the first report indicating that
autoimmune responses can occur in the absence of
CD28 costimulation. Novel T-cell costimulatory
pathways of the TNF-TNF receptor superfamily of
molecules, such as the OX40-OX40L pathway, may
play an important role in mediating CD28-inde-
pendent costimulation and autoimmune disease in
vivo. Furthermore, our data support the notion that
in the absence of CD28 costimulation, a negative reg-
ulatory signal provided by interaction of B7-1 with
CTLA4 predominates. Since strategies to block
CD28-B7 T-cell costimulation are being tested cur-
rently in a variety of autoimmune diseases in humans
(66), one needs to be aware of the conditions and
mechanisms whereby an autoimmune response may
occur even in the absence of CD28 costimulation.
Therefore, our results have relevant clinical implica-
tions for treatment of autoimmune diseases with
agents that block costimulatory signals.
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