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Abstract

The activation and differentiation of T cells require both
antigen/MHC recognition and costimulatory signals. The
present studies examined the role of B7-1 (CD80) and B7-
2 (CD86) costimulation in the prototypic autoimmune disor-
der, experimental allergic encephalomyelitis (EAE). In
adoptively transferred EAE, in vitro activation of myelin
basic protein (MBP) -specific lymph node cells was inhibited
by the combination of anti-CD80 plus anti-CD86, but not
individually. However, in actively induced disease, one injec-
tion of anti-CD80 significantly reduced disease, while anti-
CD86 exacerbated disease. Interestingly, one injection of
CTLA-41g suppressed disease, while multiple injections re-
sulted in enhanced disease. Thus, the costimulation provided
by B7-1 molecules appears to be important for the develop-
ment of encephalitogenic T cells. The enhanced disease
caused by multiple injections of CTLA-41g or a single injec-
tion of anti-CD86 suggests an inhibitory function for CD86
interaction with its counterreceptors CD28 and CTLA-4 in
EAE. Alternatively, these results are consistent with an es-
sential timing requirement for the coordinated interaction
of B7 and CD28 family receptors, and that disruption of
this critical timing can have opposing results on the outcome
of an immune response. (J. Clin. Invest. 1995. 96:2195-
2203.) Key words: allergic encephalomyelitis * autoimmune
disease * B7 * T lymphocyte * T cell costimulation

Introduction

For T cell activation to take place, it is necessary for the T cell
to receive two signals from the antigen presenting cell (APC)1
( 1-3 ). One signal determines the antigen-specificity of the re-
sponse and results from antigenic peptide bound to MHCinter-
acting with the T cell receptor. The second signal, termed co-
stimulation, is provided by accessory molecules on the APC
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and appears to be necessary for functional T cell activation (4).
The B7 family of cell surface molecules expressed on APC is
capable of providing this second signal to T cells via two recep-
tors, CD28 and CTLA-4 (5, 6).

Previously, we have examined the role of the B7:CD28/
CTLA-4 interaction in the induction of a prototypic, T cell
mediated, autoimmune disorder experimental allergic encepha-
lomyelitis (EAE) (7). EAEis induced by CD4+, class II MHC-
restricted T cells of the Thl phenotype that predominantly se-
crete the cytokines IL-2 and IFN-y (8-10). In most murine
models of EAE, the response of these encephalitogenic T cells
is directed against either of two myelin antigens, MBPor pro-
teolipid protein (11-12). We demonstrated that by using a
fusion protein ligand for B7, CTLA-4Ig, we were able to inhibit
the proliferation and IL-2 production of MBP-specific LNC
during their activation in vitro, resulting in reduced clinical
disease upon subsequent transfer (7).

It appears that Thl-like T cells are the inducing cells in the
EAEmodel (8- 10). As we and others have shown, costimula-
tion provided through CD28 is very important for the secretion
of cytokines by Thl cells (4, 7, 13). On the other hand, Th2
cells, which predominantly secrete IL-4 and IL-10, are helper
cells important for IgGi and IgE antibody production and ap-
pear to be important regulatory cells in inflammatory, DTH-
like responses, including EAE( 10, 14, 15 ). The ability of CD28
to provide costimulation to Th2 cells is less well-defined, al-
though there appear to be examples where B7 may also play a
role in IL-4 production (16, 17).

At least two members of the B7 family of CD28 ligands
have been defined, B7-I (CD80) and B7-2 (CD86) (18-24).
These molecules, although only having modest homology, are
each able to provide costimulation to T cells for proliferation
and IL-2 production (22, 25, 26). It is probably for this reason,
that a mouse genetically deficient for CD80 (B7-1), was essen-
tially immunocompetent (21). In addition, it is likely that there
may be another member of the B7 family capable of providing
a costimulatory signal to T cells through CD28 and/or CTLA-
4 (27, 28).

B7-1 (CD80) and B7-2 (CD86) may be expressed differen-
tially on various APCand their kinetics of expression and bind-
ing may also differ (24). B7-2 is constitutively expressed by
monocytes, however B7-1 can be induced on these APCby IFN-
y (20, 29, 30). On B cell populations following an activation
stimulus, B7-2 is expressed within 6 hr while B7-1 expression
occurs significantly after that time (27, 31, 32). Interestingly,
only B7-2 expression is increased on dendritic cells after expo-
sure to IFN-y (33).

Initial studies indicated that CTLA-4 provided a costimula-
tory signal in conjunction with CD28 (34). Recent evidence
suggests that the signaling through the CTLA-4 molecule may
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actually mediate a negative regulatory function. There are sev-
eral lines of evidence to support this notion. First, in CD28-
deficient mice, costimulation provided by B7+ accessory cells
did not appear to transduce a positive signal (35). Other studies
provided direct evidence for the ability of CTLA-4 to deliver
a negative signal (36, 37). Furthermore, constitutive expression
of murine B7-1 (CD80) on mature B cells resulted in depressed
antibody responses to T cell-dependent hapten-protein conju-
gates, suggesting that B7-1 may contribute to feedback inhibi-
tion of T cell-dependent immune responses in vivo (38).

In light of these differences, we examined the separate roles
of the different costimulatory molecules B7-1 (CD80) and B7-
2 (CD86) in a T cell-mediated, organ-specific model of autoim-
munity, EAE. Our results indicate that antigen (MBP)-primed
T lymphocytes are capable of becoming activated and encepha-
litogenic by in vitro stimulation utilizing either B7 ligand, CD80
or CD86. However, there appears to be differential effects of
these ligands on the development of encephalitogenic T cells
in vivo, demonstrated by different clinical outcomes when anti-
B7 reagents are administered in actively induced EAE.

Methods

Mice. Female SJL/J and (PL X SJL)F1 mice were obtained from The
Jackson Laboratory (Bar Harbor, ME) at 6-8 wk of age. Mice were
10-12 wk of age when experiments were initiated. All procedures were
in compliance with guidelines set by the NIH Animal Care and Use
Committee.

Reagents. Whole MBPwas prepared from guinea pig spinal cords
(Rockland, Inc., Gilbertsville, PA) as previously described (39). Hu-
man CTLA-4Ig and a control fusion protein hIgGl were prepared by
utilizing a previously described strategy (40). aCD80 mAb 16-lOAl
(41) was provided by Dr. Hans Reiser (Dana Farber Cancer Institute,
Boston, MA). Anti-murine CD86 mAbGL- 1 (23) was provided by Dr.
Richard Hodes (National Institute of Aging, NIH, Bethesda, MD). mAb
9.3 was used as a control for aCD80 and a rat IgG2a antibody was
used as a control for aCD86. All antibodies were purified from hybrid-
oma culture supernatants and the endotoxin content of the hCTLA-4Ig,
the control fusion protein, and all mAbused in these studies was less
than 0.4 EU/mg. Fab fragments were made from anti-CD80, anti-CD86,
and control antibodies using the ImmunoPure Fab Kit (Pierce, Rockford,
IL) according to the manufacturer's instructions. The Fab fragments
were subsequently run on a 12% SDS-PAGEgel under nonreducing
conditions with molecular weight markers and whole antibody mole-
cules. Gels were stained with Coomasie blue and purity assessed.

Induction of EAE. For adoptively transferred EAE, SJL mice were
immunized with MBP(400 ,ug) in CFA and 10 d later draining lymph
nodes removed. MBP-specific LNC were cultured in RPMI 1640 (Bio
Whittaker, Walkersville, MD) supplemented with 10% FBS, penicillin
G (100 U/ml), glutamine (2 mM), nonessential aminoacids, Hepes
buffer, 2-ME, and MBP(25 ,ug/ml) for 4 d. LNC were then washed
and adjusted to the required concentration in PBS so that each recipient
received 3 x 107 cells in a 0.2 ml suspension via the tail vein. Recipient
mice were examined daily for signs of disease by a blinded examiner
and graded on the following scale: 0, no abnormality; 1, a limp tail; 2,
moderate hind limb weakness; 3, severe hind limb weakness; 4, com-
plete hind limb paralysis; 5, quadriplegia, or premoribund state (10).

For actively induced EAE, (PL x SJL)F1 mice were immunized
subcutaneously with MBP/CFA (400 ,ug MBP/mouse) twice separated
by one week. Animals were observed daily for signs of disease as above.

Lymphocyte proliferation. Proliferative responses were measured on
MBP-specific LNCby incubating LNC (2 X 105 cells/well) with MBP
(25 tg/ml) or medium alone in the presence or absence of the various
concentrations of anti-B7 reagents as indicated. For MBP-specific T cell
lines, T cells ( 1 x 105 cells/well) were cultured with irradiated (3000

rad), syngeneic splenocytes as APC(2 x 105 cells/well). T cell lines
were generated as previously described (42). Cultures were maintained
in 96-well, flat-bottom microtiter plates (Costar, Cambridge, MA) for
96 h at 370C in humidified 5% CO2 air. The wells were pulsed with 1
,uCi/well of [3H]methyl-thymidine (New England Nuclear, Boston,
MA) for the final 16 h of culture. Cells were harvested on glass fibers
and incorporated [3H ] methyl-thymidine was measured with a Betaplate
counter (Wallac, Gaithersburg, MD). Results were determined as arith-
metic means from quadruplicate cultures and SEMshown.

Measurement of lymphokine production. An IL-2-dependent cell
line, CTLL.EV (43), was generously provided by Dr. W. Paul (National
Institute of Allergy and Infectious Diseases, NIH, Bethesda, MD). 50
pl of supernatants from experimental cell cultures were assayed in qua-
druplicate. Results were compared with proliferation of the cell line to
known amounts of IL-2 as standards. Standard deviation of replicate
cultures was < 10% of the mean.

Statistical methods. Treatment effects were assessed by the Mann-
Whitney Sum of Ranks test.

Results

Effects of anti-B7 reagents on MBP-specific T cell proliferation
and IL-2 production. Previously, we demonstrated that the pres-
ence of CTLA-41g during the in vitro activation stage of adop-
tively transferred EAE resulted in a decreased proliferative re-
sponse by MBP-specific LNC, reduced IL-2 production, and a
diminution of clinical disease on subsequent transfer (7). With
antibodies that specifically recognize two members of the B7
family, CD80 (B7-l ) and CD86 (B7-2), we were able to exam-
ine the ability of these molecules to provide costimulation to
MBP-primed LNC. As shown in Fig. 1, neither the presence of
aCD80 nor aCD86 alone substantially inhibited the prolifera-
tive response of MBP-specific LNC to MBP. However, the
addition of both aCD80 plus aCD86 resulted in dramatic inhibi-
tion of T cell proliferation (81% inhibition at the concentration
of 0.625 jig/ml of both antibodies). As we had shown pre-
viously, addition of CTLA-4Ig inhibited T cell proliferation in
a dose-dependent manner (Fig. 1). Of note, while increasing
the concentration of CTLA-4Ig resulted in decreased prolifera-
tion, the combination of aCD80 and aCD86 was most efficient
at inhibiting T cell proliferation at the lowest concentration
examined. This unexpected dose-response suggested the possi-
bility that signal transduction through the B7 receptor is induced
by the antibodies at lower concentrations, followed by effects
consequent to receptor blockade at higher concentrations. To
test this possibility, Fab fragments of the aB7 antibodies were
used to examine their effect on T cell proliferation. Similar to
CTLA-41g, use of Fab fragments resulted in a dose-dependent
inhibition of T cell proliferation (Fig. 1 C).

In addition to T cell proliferation, we also examined the
secretion of IL-2 into the tissue culture supernatants (Fig. 2).
Since a low concentration of aCD80 plus aCD86 was most
effective in inhibiting T cell proliferation, we used these re-
agents at an optimal concentration of 1 jig/ml when examining
IL-2 production. For comparison, CTLA4-Ig was used at a con-
centration of 5 ,csg/ml. Both the combination of aCD80 plus
aCD86 or CTLA4-Ig alone inhibited the production of 11L-2 by
MBP-specific LNC. It is important to note that in our previous
study, the dose response for the effect of CTLA-41g on 11L-2
production by MBP-specific LNC reached a plateau at 5 jug/
ml, such that IL-2 production was inhibited to a similar degree
by CTLA-4Ig when used at a concentration of 30 nog/ml (7).

Because of the decreased proliferative response and reduced
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Figure 1. aCD80 and aCD86 together, but not individually, suppress
proliferation of MBP-primed LNC. SJL/J mice were immunized with
MBP/CFA, draining lymph nodes removed 10 d later, and stimulated in
culture medium with MBP(25 jsg/ml) as described in Methods. (A)

,%~ v, s~ss ' _ '"'i Varying concentrations (Mg/ml) of aCD80, aCD86, or appropriate con-
trol antibodies were included in culture medium. (B) CTLA-41g, chimeric
IgGl, or combination of aCD80 and aCD86 or control antibodies were
included in the culture medium. (C) Fab fragments of aCD80 and aCD86
or control Fabs were included in the culture medium. Baseline prolifera-
tion of LNC cultured in the absence of MBPwas 1.2±0.2 x 104 cpm

10 5 2.5 1.25 0.625 and proliferation of LNC with MBPand no antibodies was 17.8±1.2
X 104 cpm; results are expressed as the mean of quadruplicate cultures

[Fab] with SEMshown.

IL-2 production, the proliferative response of the above T cell
lines upon restimulation with MBPwas examined. Mice were

immunized with MBPin the absence of costimulatory blockade,
and the draining LNC cultured in the presence of CTLA-41g or

anti-CD80 plus anti-CD86. Despite reduced IL-2 production in
the presence of CTLA-41g or aCD80 plus aCD86 during the
initial stimulation in vitro (Fig. 2), all cell lines responded to
MBPrestimulation and produced significant amounts of IL-2
(Fig. 3). Addition of CTLA-4Ig during the second stimulation
of these lines resulted in no or only modest inhibition (< 25%)
of the proliferation of cells previously activated in the presence
of the chimeric IgGI or CTLA-41g (Fig. 3 A). The addition
of aCD80 plus aCD86 during the second stimulation did not
significantly inhibit T cell proliferation (Fig. 3 B). This suggests
that the lack of B7 costimulation did not tolerize the entire
population of MBP-specific T cells. Alternatively, because these

reagents only block B7 interactions with CD28 and CTLA-4,
other costimulatory pathways were still intact and able to medi-
ate the induction of MBP-specific T cells (44, 45). The B7
blocking reagents were present during the entire 10-d period of
culture following the initial antigenic stimulation, in order to
prevent costimulation in trans from APC present during this
period. It should also be noted that our previous study showed
that when CTLA-41g was present during both in vivo prim-
ing and in vitro culture that subsequent MBP-induced LNC
proliferation and IL-2 secretion were essentially completely
blocked (7).

The ability of either CTLA-41g or aCD80 plus aCD86 to
inhibit the proliferative response of long-term MBP-specific T
cell lines was also examined. Unlike the marked inhibition seen
with MBP-specific LNC, the proliferative response of the T cell
lines was only minimally inhibited (< 15% inhibition, data not
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Figure 2. aCD80 and aCD86 to-
gether suppress IL-2 secretion in
cultures of MBP-specific LNC.
MBP-specific LNC were obtained
as described in Methods and cul-
tured with MBP(25 ,ug/ml) in the
presence of CTLA-41g (5 ,4g/ml),
chimeric IgGI (5 ,g/ml), aCD80
and aCD86 (1 jig/ml each), or
the appropriate control antibodies.
Cells were also cultured in the ab-
sence of additional MBP. Super-
natants were harvested after 20 h.
IL-2 levels were determined using
the IL-2-dependent cell line,

5///////// CTLL.EV. Results are representa-
tive of several independent experi-
ments. Carry over of antigen from
the in vivo priming accounts for

anti-CD80+CD86 the IL-2 secretion in the no Ag
cultures, as LNC from unprimed
mice did not secrete IL-2.

Figure 3. Antigenic restimulation of MBP-specific LNC
initially stimulated in the presence of anti-B7 reagents.
Mice were primed with MBPin the absence of costimu-
latory receptor blockade, and draining LN harvested on
day 10. MBP-specific LNCwere then stimulated in vitro
in the presence of aCD80 and aCD86 or CTLA-41g as
described in Fig. 2. Following the initial stimulation, T
cell lines were cultured with syngeneic, irradiated splen-
ocytes as previously described (42). Cells were cultured
with the same concentration of either aCD80 and
aCD86 (1 pg/ml) or CTLA-41g (5 tzg/ml) for 10 d.
Cell lines were then restimulated with MBP(25 pg!
ml) and various concentrations of anti-B7 reagents. In
A, MBP-specific LNC initially stimulated in the pres-
ence of chimeric IgG1 or CTLA-41g were restimulated
in the presence of MBPand various concentrations of
CTLA-41g as indicated. In B, MBP-specific LNC ini-
tially stimulated in the presence of aCD80 and aCD86
or control antibodies were restimulated in the presence
of MBPand various concentrations of aCD80 and
aCD86 as indicated. In A and B, baseline proliferation
of cell lines in the absence of MBPwas under 5 X 103
in all cases. In (C), MBP-specific LNC were initially
stimulated with MBPin the presence of the following
reagents: CTLA-41g (5 ug/ml), chimeric IgGl (5 jig!
ml), aCD80 and aCD86 (1 jig/ml), or control antibod-
ies. Upon restimulation with MBP, after 20 h, superna-
tants were harvested and IL-2 levels determined using
the CTLL.EV cell line. IL-2 production by cells initially
stimulated with MBPin the presence of chimeric IgG1,
but not receiving antigenic restimulation is also shown.

2198 Racke et al.

No Ag 1st Stim. Chim. Cont. Control IgG CTLA-41g anti-CD80+CD86 No Ag 2nd Stim.

In Vitro Treatment During First Stimulation



5

4

3

2

0

5 -

40

20 30
DAYS POST TRANSFER

shown). This is consistent with the results above and prior
reports suggesting that B7 costimulation is most important for
naive T cells (46, 47). Furthermore, these results are consistent
with those of others which suggest that the priming of Th2 cells
is more dependent upon B7 costimulation than Thl cells
(16, 48).

Adoptively transferred EAE with T cells that have been
activated in vitro in the presence of aCD80 and/or aCD86.
Although either aCD80 or aCD86 alone did not inhibit MBP-
specific T cell proliferation in vitro, the possibility existed that
one of these ligands specifically provided an important costimu-
latory signal necessary to determine encephalitogenicity. As
shown in Fig. 4, the presence of either aCD80 or aCD86 alone
(10 jtg/ml) during the activation of MBP-specific LNC in vitro
did not result in a reduction in the severity of transferred EAE
during the first episode .of disease. Interestingly, while the re-
lapse was quite similar in groups that received anti-CD80 and
control antibody (Fig. 4 A), the relapse (days 25-35 posttrans-
fer) was much less severe in mice that received MBP-specific
LNC activated in the presence of anti-CD86 (Fig. 4 B). How-
ever, consistent with the observations in vitro, the presence of

Figure 4. Distinct effects of addition of anti-B7 reagents
during in vitro activation of MBP-specific LNC. LNC
obtained 10 d after immunization with MBP/CFAwere
activated in vitro with MBP(25 gg/ml) and anti-B7
antibodies. LNCwere activated in the presence of anti-
CD80 or mouse IgG2a control mAb (5 ,g/ml) (A),
anti-CD86 or rat IgG2a control antibody (5 Ag/ml) (B),
or anti-CD80 plus anti-CD86 or control antibodies (1
Ag/ml each) (C). 30 million cells were injected i.v.
into naive recipients on day 0. Mice were examined
daily and a mean clinical score was assigned for each
group of five mice. In A, there was no difference in
disease course between the two groups of mice (P
> 0.05). Significant differences between groups were
noted in B for days 21-40 (P < 0.01) and in C for
days 1-40 (P < 0.01). The incidence of clinical disease

50 during the observation period is indicated next to the

corresponding clinical course.

both aCD80 and aCD86 resulted in a delay in the onset and
reduction in the severity of clinical disease (Fig. 4 C). The
near complete abrogation of adoptively transferred EAEin mice
receiving cells activated in the presence of anti-CD80 plus anti-
CD86 is consistent with our previous results observed with
CTLA-4Ig (7).

In vivo administration of CTLA-4Ig, aCD80and/or aCD86
in actively induced EAE. Although both CD80and CD86appear
to be able to provide costimulation to encephalitogenic T cells
in vitro, because these molecules are differentially regulated on
various APCpopulations, we examined the effect of CTLA-41g,
aCD80 and/or aCD86 on actively induced EAE. For disease
induction, a model was chosen where (PL X SJL)F1 mice were
immunized twice with MBP/CFAseparated by one week. This
regimen was chosen to avoid the confounding effects of pertus-
sis toxin administration on disease induction (49, 50).

In our initial experiment, CTLA-41g or chimeric control
IgGl was administered every other day for 10 injections (100
I.g each injection i.p.), beginning the day before the first immu-
nization. As shown in Fig. 5, not only was clinical disease not
suppressed, there was a substantial increase in disease from

B7 Role in Initiation of Autoimmune Encephalomyelitis 2199

w

0

-j

0

0

z
wj



MULTIPLE DOSE CTLA-41g
Administered Day -1 to Day 17

LU

0

u

U)
-j
4c

-i
C.)
z
4C
LU
E

2

7/10

a Chimeric Control

---- CTLA-41g

MBP
14 DAYS POST IMMUNIZATION

days 30-45 postimmunization in the CTLA-41g-treated group
(P < 0.01).

We next examined the effect of one injection of CTLA-
4Ig, aCD80 and/or aCD86 administered 48 hr after the initial
immunization. As shown in Fig. 6 A, a single injection of
CTLA-41g (100 ,pg) suppressed the first episode of clinical
disease, but not the subsequent relapse. On the other hand, one
injection of aCD80 (100 pug) 48 h after the primary immuniza-
tion resulted in almost complete suppression of clinical disease.
Conversely, one injection of aCD86 did not suppress disease,
but rather resulted in modest disease exacerbation (Fig. 6 B).
Finally, administration of both aCD80 plus aCD86 resulted in
a delay in disease onset and reduced disease severity (Fig. 6
C), although disease suppression was not as complete as with
aCD80 alone.

Discussion

In this study, we examined the role of the members of the B7
family, CD80 and CD86, in the prototypic, T cell-mediated,
autoimmune disorder, EAE. There were several unexpected ob-
servations, the most notable being the unusual dose response
of anti-CD80 plus anti-CD86 mAbs for inhibition of MBP-
induced costimulation, and the observation that CTLA-41g itself
can either exacerbate or inhibit disease, depending on the sched-
ule of administration.

First, following in vivo priming of mice with MBP, we
asked whether either CD80 (B7-1) or CD86 (B7-2) was pre-
dominantly responsible for providing the costimulation for
MBP-specific LNC. Neither aCD80 or aCD86 alone signifi-
cantly inhibited the in vitro proliferative response to MBP(Fig.
1 A). Although it has been suggested that CD86 may be the
predominant costimulatory molecule in the B7 family (6, 51,
52), blocking of either CD80 or CD86 alone had little effect

Figure 5. Multiple injections of
CTLA-41g enhances actively in-
duced EAE. Groups of 10 (PL
x SJL)F1 mice were immunized
on day 0 and day 7 with MBP/
CFA (indicated by arrows). Be-
ginning on day -1, mice received
either CTLA-41g or chimeric
IgGI (100 Mg) every other day for
a total of 10 injections. Mice were
examined daily and a mean clini-
cal score assigned. Comparing the
two groups of mice for the entire
course of disease, there was no
significant difference [days 1-45,
(P > 0.05)], however disease
was significantly augmented for
days 25-45 (P < 0.01). The inci-
dence of clinical disease during
the observation period is indicated
next to the corresponding clinical
course.

on the proliferative response in vitro. In addition, unlike the
dose-dependent inhibition seen with CTLA-41g, the combina-
tion of aCD80 plus aCD86 resulted in the greatest inhibition
of proliferation when present at the lowest dose tested. To test
whether this observation might be due to signal transduction
through the B7 molecules themselves, we repeated the experi-
ment using Fab fragments (Fig. 1 C). Similar to CTLA-41g,
using the Fab fragments, a dose-dependent inhibition of T cell
proliferation was observed, suggesting that the antibodies may
be signalling through the B7 receptors. Future experiments will
attempt to further define the possibility of signalling through
B7 molecules.

Wenext examined whether there was a difference in the
ability of anti-B7 reagents to inhibit the proliferative response
of MBP-specific LNCversus T cell lines. Prior studies regarding
the activation requirements of naive and memory T cells in
vitro have produced conflicting results. One study demonstrated
that naive T cells required a second signal to produce IL-2, while
previously primed T cells needed only peptide-MHC complex
stimulation to produce IL-2 (46). Another study reported some-
what similar findings in that memory cells were less dependent
than naive cells on accessory cell costimulation (47). In con-
trast, it has been suggested that dependence on costimulation
is related more to the lymphokine secretion profile and less to
the T cell's activation state ( 13 ). Our results are in agreement
with the former observations. Following in vitro stimulation of
MBP-primed LNC, restimulation of the MBP-specific T cells
was not significantly inhibited (< 25%) by CTLA-4Ig or the
combination of aCD80 plus aCD86 (Fig. 2, A and B). Despite
the fact that these encephalitogenic, MBP-specific T cells are
of the Thl phenotype, it appeared that these cells became less
dependent on B7 costimulation, presumably due to their prior
stimulation in vitro and/or in vivo. Similar observations have
been made on the requirement of encephalitogenic T cells for
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Figure 6. Administration of anti-B7 reagents in actively
induced EAE. Groups of ten (PL x SJL)Fl mice were

immunized with MBP/CFAon day 0 and re-immunized
7 d later (indicated by thick arrows labeled MBP). Two

C days after the initial immunization (indicated by thin
arrow), mice received an i.p. injection of 100 Mg of
either CTLA-41g, anti-CD80 or mouse IgG2a (A), anti-
CD-86 or rat IgG2a (B), or both anti-CD80 and anti-
CD86 or control antibodies (C). Mice were examined
daily for clinical signs of disease and a mean clinical
score assigned. In A, significant treatment differences
were noted between control IgG and CTLA-4Ig (P
< 0.05) and between control IgG and anti-CD80 (P
< 0.01). Significant differences were also observed in
B (P < 0.05) and in C (P < 0.01). The incidence of

70 clinical disease during the observation period is indi-
cated next to the corresponding clinical course.

costimulation through the CD4 molecule (53). Lymph node
cells sensitized to MBPwere much more sensitive to the inhibi-
tory effects of anti-CD4 on their proliferative response than
MBP-specific T cell lines, suggesting that T cell lines were less
dependent on an interaction through the CD4 molecule. As we

had previously demonstrated for CTLA-41g (7), the combina-
tion of aCD80 plus aCD86 during antigenic stimulation in vitro
did not result in tolerance induction at the dose used, as upon

subsequent antigenic stimulation with MBPthese T cells pro-

duced IL-2 (Fig. 3 C).
The addition of anti-B7 reagents during the activation of

MBP-specific LNCin vitro and in vivo did have differing effects
on their encephalitogenicity (Figs. 4 and 6). The presence of
aCD80 during in vitro activation had no effect on subsequent
encephalitogenicity. aCD86 presence during in vitro activation
of MBP-specific LNCdid not inhibit the initial episode of clini-
cal disease, but animals that received these cells did not develop
the severe relapse suffered by animals that had received cells
activated in the presence of control antibody. It is possible that a

specific population of T cells or APCmay be depleted following
administration of anti-B7 antibodies. This observation could

also be consistent with a model whereby unopposed CD80 co-

stimulation results in a negative signal, and therefore, dimin-
ished disease severity. Alternatively, such cells may become
insensitive to CD86 costimulation, relying on other pathways,
so that subsequent CD86costimulation does not reactivate these
cells. This would be a particularly intriguing possibility in the
EAEmodel, where the extracellular domain of CNSmolecules
such as myelin-associated glycoprotein and the axonal glyco-
protein TAG-1 display homology with the extracellular domain
of B7-2 (6). Thus, EAE-inducing cells localized to the CNS
might utilize molecules homologous to B7-2. Such a possibility
might also suggest that aCD86 might be effective in preventing
disease relapses, if such costimulation played a role in reactivat-
ing encephalitogenic T cells.

Because addition of both aCD80 plus aCD86 at the doses
used did not completely inhibit T cell encephalitogenicity (Fig.
4 C), it was possible that the inability to completely inhibit
activation was due to costimulation provided by another co-

stimulatory pathway. Alternatively, because of the in vivo prim-
ing, these cells were, in fact, no longer naive and required less
costimulation. To examine whether in vivo administration of

B7 Role in Initiation of Autoimmune Encephalomyelitis 2201

2-

4

3-

2-

70

LA
CK
0

z-L

LL



CTLA-41g could inhibit the in vivo priming of naive lympho-
cytes, we gave CTLA-4Ig every other day for 10 injections,
starting one day before the first immunization in an active model
of EAE. Paradoxically, animals that received CTLA-4Ig actu-
ally developed more severe disease while consistent with our
previous results, a single injection of CTLA-4Ig resulted in
substantial clinical protection. Interestingly, transgenic mice
that expressed a soluble form of murine CTLA-4 demonstrated
enhanced expansion of antigen-specific CD4+ T cells (54). In
that report, animals that received two immunizations separated
by one week developed the most dramatic expansion of antigen-
reactive cells, which is very similar to our model used. This
suggested that frequent administration of CTLA-4Ig, or expres-
sion of such a transgene, resulted in the use of other costimula-
tory pathways. Alternatively, the constant presence of CTLA-
41g may prevent the delivery of a subsequent negative signal
via B7 ligands (36-38, 55).

To differentiate these possibilities, we performed a series
of experiments where we gave only one injection of CTLA4-
Ig or aCD80 and/or aCD86 48 h. after the initial immunization
with MBP. This time point was chosen because this would be
when B7-1 expression would be upregulated, but significantly
after the peak expression of B7-2. In addition, this time was
previously found to be optimal for the induction of allograft
tolerance (56). Interestingly, one injection of CTLA-4Ig re-
sulted in inhibition of the first episode of disease, yet subsequent
relapses were unaffected (Fig. 6 A). aCD80, administered at the
time this ligand would be expected to be upregulated, resulted in
dramatic inhibition of clinical disease. In contrast, one dose
of aCD86 mildly exacerbated clinical disease. This result is
consistent with the recent observation that aB7-1 administered
over several days reduces the incidence of EAE, while aB7-2
increased disease severity (57).

These results suggest several possibilities. One is that inhibi-
tion of CD80's initial costimulation blocked an important factor
related to the development of encephalitogenicity. This could
include the development of an MBP-specific T cell of the Thl
phenotype, which appears to be necessary to transfer EAE (8,
9). Such a possibility has recently been suggested for results in
the EAEmodel (57), however in another model of autoimmune
disease, the nonobese diabetic mouse model, aB7-2 treatment
was protective while aB7-1 accelerated disease (58). This
would suggest that the concept that B7-1 costimulation prefer-
entially results in development of Thl cells, while B7-2 results
in the development of Th2 cells may be overly simplistic. Alter-
natively, allowing certain APCpopulations to give initial CD86
costimulation, which should be expressed as early as 6 hr. after
the antigenic stimulus, may activate encephalitogenic precursors
through CD28, but then subsequent inhibitory signals which
might be delivered through CTLA-4 may have been blocked
by the administration of aCD86 at 48 hr. after the initial immu-
nization. Finally, our results suggest that the B7 receptors them-
selves may transduce signals, given the unusual dose response
observed for the inhibition of MBP-induced T cell stimulation.
Our results demonstrate that complex costimulatory interactions
occur in immunopathologic states such as EAE.
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