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I CTLA-4 Blockade  Enhances  Clinical  Disease  and 
Cytokine  Production  During  Experimental 
Allergic  Encephalomyelitis'12 

Peter I. Perrin,3* Jairo H. Maldonado,*  Tiffany A. Davis,*  Carl H. lune,* 
and Michael K. Racket 

The 87 family of cell  surface  molecules  expressed  on A K  
provides  accessory  signals  to  T  cells  via  either CD28 or 
CTLA-4. However,  while CD28 transduces  a  costimulatory 
signal  that is required  for  an  optimal  immune  response, 
CTLA-4 transmits  a  negative  signal.  These studies use  an  anti- 
CTLA-4 mAb to directly  address  the  role  of  this  T  cell  surface 
molecule  in  experimental  allergic  encephalomyelitis (EAE). 
CTLA-4 regulation of disease  was assessed during  initial  im- 
mune  cell  interactions  and  during  the  effector  stage  of  the 
encephalitogenic  immune  response.  The  effects of anti- 
CTLA-4 treatment  were  schedule  dependent. CTLA-4 block- 
ade  during  the  onset  of  clinical  symptoms  markedly  exacer- 
bated  disease,  enhancing  mortality. Disease exacerbation 
was  associated with enhanced  production  of  the  encephali- 
togenic  cytokines TNF-a, IFN-.]I  and IL-2. Hence, CTLA-4 
regulates  the  intensity  of  the  autoimmune  response in EAE, 
attenuating  inflammatory  cytokine  production  and  clinical 
disease  manifestations. The loumal of Immunology, 1996, 
157:  1333-1  336. 

E xperimental allergic encephalomyelitis (EAE)4 is a well- 
characterized disorder in which activation of autoreactive 
T  cells directed against myelin constituents results in cen- 

tral nervous system demyelination and subsequent paralysis (1-4). 
EAE is inducible in genetically susceptible animals by immuniza- 
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tion  with whole myelin, constituent proteins of the myelin sheath 
such as myelin basic protein (MBP) and  myelin proteolipid pro- 
tein, and peptides derived from these proteins (2). In addition, 
MBP-specific, MHC class 11-restricted CD4' T cells can adop- 
tively transfer EAE to naive, syngeneic recipients (2,s). Although 
epidemiologic evidence suggests that  viral infection initiates the 
processes leading to multiple sclerosis (MS), these early events 
remain largely undefined (6). However, there is increasing evi- 
dence that the pathology in  MS  may  be mediated by autoimmune 
CD4' T cells and that these T cells represent principal targets for 
the development of therapeutics ( I ) .  Therefore, EAE  is the primary 
animal model for the human disease MS (2-4). 

While TCR ligation provides specificity to the immune re- 
sponse, a number of accessory receptors regulate either adhesion 
or costimulation (7). Although several different T cell-APC inter- 
actions can provide costimulation, the major costimulatory signal 
appears to be through the CD28 receptor on the T cell (8-10). 
Costimulation through CD28 induces specific gene transcription 
and enhances paracrine secretion of cytokines through post-tran- 
scriptional stabilization of a number of cytokine mRNAs, includ- 
ing IL-2, granulocyte-macrophage CSF, and TNF-a (9). In addi- 
tion, CD28 signaling protects cells from apoptotic cell death ( I  I ) .  

CTLA-4, a second accessory receptor on T cells, interacts with 
the same counter-receptors on APC as  CD28 (12-16). Although it 
has been shown that either CD28 or CTLA-4 can bind to both B7- 1 
and B7-2, increasing evidence suggests that B7-1  and B7-2 may 
have distinct costimulatory functions ( 1  6-20). Furthermore, recent 
evidence suggests T cell activation is regulated by the opposing 
effects of CD28 costimulation and CTLA-4 signaling (21, 22). 
However, the mechanism whereby CTLA-4 regulates the immune 
response is still largely enigmatic. While CTLA-4 cross-linking 
can inhibit T cell proliferation, CTLA-4 blockade enhances T cell 
proliferation (23). There is additional evidence that the mechanism 
whereby CTLA-4 signaling exerts its negative regulatory role in- 
volves apoptosis (24). CTLA-4 can mediate apoptosis of previ- 
ously activated cells (24). Furthermore, a mouse genetically defi- 
cient in CTLA-4 has a fatal phenotype secondary to a 
lymphoproliferative disorder (25). Blockade of CTLA-4 has been 
successfully used to augment antitumor responses (26). The role of 

-I Ahhreviations used in this  paper: EAE, experimental allergic encephalomyeli- 
tis; MBP, myelin basic protein; MS. multiple sclerosis; PT, pertussis toxin; EU, 
endotoxin units. 
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Table I. Minimal effect of anti-CTLA-4 blockade during Ag priming 

Croup"  Incidence"  Mortality'  Onsetd  Clinical score' 
Mean  Day  Mean  Maximal 

Expt. 1 : CTLA-4 blockade, day 2 
Rat IgG 711 0 3  13.7 3 .O 
Anti-CTLA-4 10/10 5 16.1 4.3' 

Expt. 2:  CTLA-4 blockade, days 0, 2, 4,  6, 8 
Rat IgC 7/8 0 20.1 1.9 
Anti-CTLA-4 6/7 0 14.5 2.7' 

as described in  Materials  and  Methods.  In Expt. 1, animals  received  either 100 
.I Mice were immunized  with  MBP and treated with PT (200  ng per injection) 

p g  of anti-CTLA-4 or  100 pg of rat IgC by  i.p.  injection  on day 2.  Animals  were 

ceived 100 pg of  anti-CTLA-4 or 100 pg of rat IgC by i.p.  Injection  on days 0, 
observed daily  for  clinical signs of disease for 60 days. In Expt. 2, animals  re- 

2, 4, 6, 8. Data shown represent 45 days of  observation. 

of disease. 
'' Proportion ofanimals  in the  experimental  group that exhibited  clinical signs 

dMean day  that clinical disease symptoms were first observed in the indi- 
' Number  of  animals  in  the  experimental  group that died. 

Mean of the  maximal  clinical scores obtained by  the  individual  animals in 

Disease course is significantly more severe than that of the  control  group 

vidual  animals  of  the  experimental  group. 

the  experimental  group. 

(Rat IgC recipients). Mann-Whitney sum of ranks test (29); p < 0.05. 

CTLA-4 in the regulation of cytokine production is still uninves- 
tigdted. Therefore, both inhibition of CD28 signaling and enhance- 
ment of CTLA-4 signaling may be desirable in developing a spe- 
cific therapy for EAE and MS. 

These studies use an anti-CTLA-4 mAb to directly address the 
role of T cell surface molecule CTLA-4 in EAE induced by im- 
munization with whole MBP. A single injection of anti-CTLA-4 
on day 2 post-immunization resulted in enhanced disease. Most 
interestingly, when CTLA-4 blockade was delayed until after the 
onset of clinical symptoms, disease was markedly exacerbated. 
CTLA-4 blockade also increased the production of proinflamma- 
tory cytokines. This increase is clinical disease severity was asso- 
ciated with an increase in the production the encephalitogenic cy- 
tokines IL-2, IFN-y, and TNF-a, after stimulation with MBP in 
vitro. 

Materials and Methods 
Mice 

Female (PL X SJL)F, mice  were obtained from The Jackson Laboratory (Bar 
Harbor, ME) at 6 to 8 wk of age. Al l  mice  were 10 to 12 wk of age  when 
experiments were initiated. The experiments reported  herein  were conducted 
according to the principles  set  forth  in  the  "Guide  for  the Care and  Use  of 
Laboratory Animals," Institute of Laboratory Animals Resources, National 
Research Council, DHHS, Publication No. (NIH) 86-23 (1985). 

Reagents 

MBP was prepared from guinea pig spinal cords (Rockland Inc., Gilberts- 
ville, PA) as previously described (27). Hamster anti-mouse CTLA-4 mAb 
UC10-4F10 (23) was generously provided by the Genetics lnstitute (Cam- 
bridge, MA). Rat IgG was purchased from Rockland. The endotoxin con- 
tent of the UC10-4F10 used in these studies was less than 0.4 EU/mg. 

induction of EA€ 

PLSJLF,/J mice were immunized S.C. with 400 pg of MBP emulsified in 
CFA (Difco Laboratories, Detroit, MI) above the shoulders and flanks (400 
pglmouse) and received 200 ng of PT i.v. on days 0 and 2 (1-3). Mice were 
evaluated daily for signs of disease and graded on the following scale (28): 
0, no abnormality; I ,  flaccid tail; 2, moderate hind limb weakness: 3, severe 
hind limb weakness: 4, complete hind limb paralysis: 5, quadriplegia, mor- 
ibund state: and 6, death. 

Cytokine ELISA 

IL-2, IFN-y, and TNF-(U were assayed with specific Endogen (Cambridge, 
MA) ELISA kits according to the manufacturer's instructions. 

Table II. CTA-4 blockade after the onset of clinical symptoms 
results in increased mortality 

Expt. 1 

Mean  maximal 
CroupJ Incidence"  Mortality'  clinical score" 

Rat IgG si5 0 4.0 
Anti-CTLA-4 5/5 4' 5.6' 

Mice were  immunized  with  MBP  and treated with PT  as described in  MJ- 
terials and Methods. Clinlcal disease symptoms were first observed on day 19. 
O n  days 20, 22, and  24  animals  received 100 pg of  anti-CTLA-4 or  100 pg of rat 
IgG by i.p.  injection. 

of disease. 
'' Proportion  of  animals in the  experimental  group  that  exhibited clinical slgns 

Number  of  animals  in  the  experimental  group  that  died.  The  mortality  fol- 
lowing anti-CTLA-4 injections was significantly greater than  the  control  group 
(Fisher's exact test, p < 0.05).  The  survival  curve  for  this  experiment is shown in 
Figure 1 .  

the  experimental  group. 
dMean  of  the  maximal  clinical scores obtained  by  the  indivldual  animals  in 

cipients). Fischer's exact test, p < 0.05. 
eMortality is significantly  higher  than  that  of  the  control  group (Rat IgG re- 

' Disease course is significantly  more severe than that of  the  control  group 
(Rat IgG recipients). Mann-Whitney sum of ranks test (29); p < 0.05. 

Statistical methods 

The  e8ects of treatment on clinical disease were assessed by the Mann- 
Whitney sum of ranks test (29). Differences in mortality between experi- 
mental groups were analyzed using Fischer's exact test. ELISAs were an- 
alyzed using Student's t test. 

Results 

CTLA-4 blockade during initial immune cell interactions mildly 
enhances the development of EAE. To investigate the potential 
regulatory role of the T cell surface molecule CTLA-4 during ini- 
tial Ag priming leading to the development of  an encephalitogenic 
T cell response, mice were immunized with MBP and treated with 
PT on days 0 and 2. Animals were injected with either 100 p g  
anti-CTLA-4 or rat IgG on day 2 (Table I, Expt. I) .  This schedule 
was attempted because we have previously shown that a single 
dose of CTLA4-Ig or anti-B7-l on day 2 postimmunization re- 
sulted in the development of less severe disease (30). Conversely, 
a single dose of  antikB7-2  on day 2 resulted in the development of 
enhanced disease (30). If anti-B7-2 enhanced disease through 
blocking of B7-2:CTLA-4 interaction, then a single injection of 
anti-CTLA-4 on day 2 should also enhance disease. As shown in 
Table I, a single injection of anti-CTLA-4 on day 2 resulted in a 
mild increase in disease incidence and severity. 

We also assessed whether prolonged CTLA-4 blockade would 
have a more dramatic effect on the development of EAE. In this 
experiment, we injected either 100 pg  anti-CTLA-4 or rat IgG on 
days 0, 2, 4, 6, and 8 (Table I, Expt. 2). Similar to the results 
obtained with the single injection protocol, only a mild enhance- 
ment of disease severity was observed in the experimental group. 

CTLA-4 blockade exacerbates established clinical disease 

Because CTLA-4 blockade during initial interactions resulted in 
the development of enhanced disease, we next tested the ability of 
this reagent to alter the disease  course after the onset of clinical 
symptoms. In these studies, anti-CTLA-4 was injected on the sec- 
ond day after animals initially exhibited clinical signs of  EAE and 
every other day for the next 6 days.  CTLA-4 blockade during the 
onset of clinical symptoms markedly exacerbated disease (Table 
11, Fig. 1 ) .  In one experiment, four of the five anti-CTLA-4 recip- 
ients died, and the fifth animal in this group developed a maximum 
disease grade of 4. In contrast, none of the five control animals in 
that experiment died, although they all developed severe disease 
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: Control 

0 10 20 30 40 50  60 70 

Day Post-Immunization 

FIGURE 1. CTLA-4 injection at the onset of  clinical disease results in 
disease mortality.  Groups of five (PL X SJL)F, mice  were  immunized 
with MBP/CFA on day 0 and  injected  with PT i.v., as described in 
Materials  andMethods.  Mice  were  examined  daily for clinical signs of 
disease. Disease symptoms were first observed on day 19. O n  days 20, 
22, and 24, animals  received 100 pg of anti-CTLA-4  or  100 pg of rat 
IgG.  The  mortality  following  anti-CTLA-4  injections was significantly 
greater than  the  control  group  mortality (Fisher's exact test, p < 0.05). 

(each developed a maximum disease  grade of 4  during the 60 days 
of observation). 

CTLA-4 exacerbation of disease is associated with enhanced 
secretion of TNF-a, IFN-y, and I L - 2  

Clinical EAE has been associated with the production of various 
Thl cytokines, including IL-2, TNF-a, and IFN-y (31). In addi- 
tion, costimulatory and other accessory receptors, such as CD28, 
may regulate the production of these inflammatory cytokines (8). 
ELISA was used to assess in vitro cytokine secretion by cells  de- 
rived from the draining lymph nodes of mice, which underwent the 
same protocol as in the experiments shown in Figure 1. Cells were 
derived from animals treated with anti-CTLA-4 or control rat IgG 
after the onset of clinical symptoms. Ab was injected on the second 
day after animals initially exhibited clinical signs of EAE and ev- 
ery other  day  for the next 6 days. Animals were killed 2 days after 
the last injection, and cytokine production in response to MBP 
stimulation was assessed. As shown in Figure 2, cells derived from 
animals that received anti-CTLA-4 in vivo produced markedly en- 
hanced levels of IL-2, TNF-a, and IFN-y.  The increase in cytokine 
production following CTLA-4 blockade in response to MBP var- 
ied from 3-fold (IL-2) to 10-fold (TNF-a). IL-IO did not accumu- 
late to levels that permitted meaningful comparisons between these 
cultures  (data not shown). 

Discussion 
Recent  evidence  suggests that T cell activation is regulated by the 
opposing effects of CD28 costimulation and CTLA-4 signaling 
(21). The B7 family of cell surface molecules expressed on APC 
provides accessory signals to T  cells via either CD28 or CTLA-4. 
However, while CD28 transduces a costimulatory signal that is 
required for  an optimal immune response, CTLA-4 transmits a 
negative signal. We have previously demonstrated a central role 
for  the B7 ligands in EAE induced by active immunization with 
MBP (20, 30) and by adoptive transfer of MBP-specific lymph 
node T cells (20,32). Blockade of the B7 receptors (both B7-1 and 
B7-2) with the fusion protein CTLA4-Ig can result in either sup- 
pression or enhancement of clinical disease (20). 

The roles of the individual B7 molecules, B7-1 and B7-2, during 
the initiation of EAE have been investigated by us (20, 30) and 
others (16, 33). It appears that the effects of anti-B7-1 and anti- 
B7-2 reagents in vitro and in vivo depend upon the model of EAE 
studied. However,  it is clear that anti-B7-1 treatment ameliorates 
subsequent  disease development, while anti-B7-2 treatment tends 

In Vivo Treatment 

Rat lgG a-CTLA-4 

In vivo Treatment 

6000 1 

2000 

0 
Rat IgG a-CTLA-4 

in Vivo Treatment 

FIGURE 2 .  CTLA-4  injection at the onset of clinical disease results in 
enhanced  production of proinflammatory  cytokines. (PL X SJL)F, mice 
were  immunized  with MBP/CFA on day 0 and  injected  with PT i.v., as 
described in Materials and Methods.  Animals  received  100 pg anti- 
CTLA-4  or 100 pg rat IgG every other day starting  on the second day 
that  clinical signs were first observed. Each animal  received  a  total  of 
three  injections ( n  2 3). Three days later, the draining  lymph nodes 
were  obtained  and single cell suspensions were prepared. Cells from 
individual  animals  were  cultured in the presence of medium  (open 
bars) or  25 p d m l  MBP (filled bars). Supernatants were harvested 24  h 
later, and TNF-a ( A ) ,  IL-2 ( E ) ,  and IFN-y (C)  levels were assessed by 
ELISA as described in Materials and Methods.  Data are presented as 
mean i SD of the  individual  mice  within  each  group. 

to exacerbate disease. The mechanism of differential regulation of 
EAE by the B7 molecules involves differential regulation of cy- 
tokines. Kuchroo et al. have attributed the effects of repeated in- 
jections of Ab to differential regulation of Thl/Th2 differentiation 
(16). The effects of a single injection of these Abs may also reg- 
ulate the encephalitogenic cytokine TNF-a (30). Blockade of B7-1 
during ongoing EAE prevents epitope spreading and subsequent 
relapse (33). 

Given the complexity of B7:CD28/CTLA-4 interactions, studies 
with B7-specific reagents do not distinguish between effects upon 
CD28-mediated costimulation from  CTLA-4 regulation. These 
studies directly address the role of CTLA-4 on both the initiation 
and effector stages of the immune response during EAE by block- 
ing CTLA-4:B7 interactions specifically. 

We assessed the effect of CTLA-4 block, de at the time of im 
munization in an active model of EAE. A single InJectlon of ant]- 
CTLA-4 mAb on day 2 mildly exacerbated the development of 

< . .  . . .- 
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EAE. We have previously shown that a single injection of anti- 
B7-2 on day 2 postimmunization resulted in an exacerbated dis- 
ease, while a single injection of anti-B7-l resulted in ameliorated 
disease (30). Therefore, these new findings complement our pre- 
vious findings and suggest that B7-2 blockade may have prevented 
down regulation of the immune response through CTLA-4. 

CTLA-4 primarily regulates the effector phase of established 
EAE. When anti-CTLA-4 was injected after the onset of clinical 
symptoms, disease was markedly exacerbated. These results pre- 
dict that CTLA4-Ig therapy could prevent B7:CTLA-4 interaction 
and result in enhanced disease. Direct manipulation of CD28 sig- 
naling may be a better approach to autoimmune disease with fewer 
confounding factors. 

Disease exacerbation was accompanied by the increased pro- 
duction of proinflammatory cytokines in response to MBP stimu- 
lation in vitro. IL-2, TNF-a, and IFN-y production were all en- 
hanced significantly. Most dramatically, TNF-a production in 
response to  MBP stimulation was increased 10-fold (Fig. 2 A ) .  
Thus,  CTLA-4 regulation of immunity involves the regulation of 
proinflammatory cytokines. 

In summary, the T cell surface CTLA-4 plays a regulatory role 
during both the priming and  the effector stages of EAE.  Thus, 
CTLA-4 represents a potential target for manipulation in the treat- 
ment of autoimmune disorders such as EAE. These results further 
demonstrate that costimulation by the B7 family of molecules par- 
ticipates in events that both amplify and subsequently down-reg- 
date  an immune response. 
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