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Treatment of Murine Lupus with CTLA4lg 
Barbara K. Finck, Peter S. Linsley, David Wofsy* 

The interactionof B7-relatedmoleculeson antigen-presentingcells with CD28 or CTLA-4 
antigens on T cells provides a second signal for T cell activation. Selective inhibition of 
the B7-CD28 or 67-CTIA-4 interactionsproduces antigen-specificT cell unresponsive-
ness in vitro and suppresses immune function in vivo. To determine whether selective 
inhibition of the B7-CD28 or B7-CTLA-4 interactions could suppress spontaneous au-
toimmune disease, a B7-binding protein was generated by genetic fusion of the extra-
cellular domain of murine CTLA-4 to the Fc portion of a mouse immunoglobulin G2a 
monoclonal antibody (muCTLA4lg). In lupus-prone NZBINZW filial generation (F,) mice, 
treatment with muCTLA4lg blocked autoantibody production and prolonged life, even 
when treatment was delayed until the most advanced stage of clinical illness. These 
findings suggest a possible role for human CTIA4lg in the treatment of autoimmune 
diseases in humans. 

Systemic lupus erythematosus (SLE) is a 
life-threatening autoimmune disease that is 
characterized by the production of diverse 
autoantibodies (1). Some of these autoan-
tibodies cause damage directly as a conse-
quence of their specificity (for example, 
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autoimmune hemolytic anemia is caused by 
antibodies to red blood cells), whereas other 
autoantibodies cause damage indirectly as a 
consequence of the formation and deposi-
tion of immune complexes (for example, 
immune complex glomerulonephritis is 
caused by antibodies to nuclear antigens). 
Other studies have shown that, both in 
humans with SLE and in murine models for 
SLE, the production of pathologic autoan-
tibodies by B cells is dependent on stimu-
latory influences from CD4+ T cells (1, 2).  
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NZB/NZW F, (B/W) mice spontaneous-
ly develop an autoimmune disease that 
closely resembles SLE in humans (1, 2). In 
the past, in an effort to suppress T cell help 
for autoantibody production, we treated lu-
pus-prone B/W mice with monoclonal an-
tibodies (mAbs) to CD4 (2). Although this 
strategy is effective in murine lupus, trials in 
individuals with rheumatoid arthritis indi-
cated that even brief therapy with rnAbs to 
CD4 may cause long-lasting depletion of 
CD4+ T cells in humans (3).  A n  alterna-
tive strategy was suggested by studies that 
indicated T cell activation requires at least 
two signals (4-9). The first signal is provid-
ed by the interaction between the T cell 
receptor and antigenic peptides in the con-
text of class I1 major histocompatibi?ity 
complex antigens (MHC 11) (10). This sig-
nal is augmented by the interaction be-
tween CD4 and MHC 11, and it can be 
blocked by mAb to CD4 (11). The second 
signal 1s provided by other receptor-ligand 
pairs on T cells and antigen-presenting cells 
(APCs). In particular, the interactions be-
tween CD28 on T cells and B7 on activated 
B cells and other APCs are capable of pro-
viding this second signal (5-9). We  under-
took this study to determine whether selec-
tive inhibition of this interaction could sup-
press murine lupus in B/W mice. 

Studies have shown that the CD28-B7 
interaction can be inhibited by mAb to 
either CD28 or B7 (12). Under appropriate 
in vitro conditions, this approach can in-
duce antigen-specific T cell anergy (9, 12). 
Attempts to extend this observation to in 
vivo systems have focused on a somewhat 
different strategy that takes advantage of 
the homology between CD28 and CTLA-4 
( 13, 14). Like CD28, CTLA-4 is a member 
of the immunoglobulin (Ig) superfamily 
(13). It is expressed on activated T cells, 
and it binds B7 with higher avidity than 
does CD28 (14). A protein encoded by 
genetic fusion of the extracellular domain 
of human CTLA-4 to an immunoglobulin 
C y l  chain (CTLA4Ig) binds to B7 (12) 
and to a molecule similar to B7 (15-17). 
CTLA4Ig has been used successfully in vivo 
to prolong acceptance of tissue allografts, to 
inhibit B cell differentiation into Ig-secret-
ing cells, and to suppress antibody responses 
to T-dependent antigens (18-20). Despite 
the success of CTLA4Ig in blocking prima-
ry T-dependent immune responses, studies 
have suggested that it would not prevent 
secondary immune responses (20). When 
treatment was delayed for as little as 3 days 
after immunization, immune responses were 
not blocked (20). 

We  attempted to suppress murine lupus 
with injections three times per week of the 
human CTLA4Ig fusion protein. In these 
experiments, mice had an immune response 
to the fusion protein, and there was no  
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beneficial effect on autoimmunity. There-
fore, to circumvent the problem of host 
immunity to therapy, we produced a murine 
CTLA4Ig fusion protein composed of the 
extracellular domain of murine CTLA-4 
linked to a murine Ig Cy2a chain 
(muCTLA4Ig). The purified recombinant 
protein bound murine B7 with high avidity, 
blocked binding of CD28 to B7, and inhib-
ited T cell activation in vitro (21). 

We first treated groups of 15 5-month-
old female B/W mice with either 
muCTLA4Ig [50 kg, intraperitoneally (IP) 
three times per week for 4 months] or L6, a 
control mouse IgG2a mAb against a human 
carcinoma antigen (22). Concentrations of 
muCTLA4Ig in sera were determined by a 
B7+ C H O  cell binding assay (7). This assay 
established that the dosing regimen main-
tained serum concentrations of 210 pg/ml. 
Treatment with muCTLA4Ig retarded the 
progression of murine lupus. Mice treated 
with muCTLA4Ig did not make antibodies 
to double-stranded DNA (dsDNA) at any 
time during the experiment, including the 3 
months of observation after treatment was 
stopped (Flg. 1A). In contrast, control mice 
produced antibodies to dsDNA beginning 
at age 6 months. The geometric mean titers 
of antibodies to dsDNA in the two groups 
differed significantly from age 6 months to 

age 10 months (P < 0.01, by t test). After 
age 10 months, there were too few mice 
remaining in the control group for statisti-
cal comparison (Fig. 1). 

Suppression of autoantibody produc-
tion was accompanied by a significant 
reduction in the severity of lupus nephri-
tis. When therapy was completed at age 9 
months, the frequency of significant renal 
disease, defined as proteinuria 2 1 0 0  mg/ 
dl, was 13% in mice treated with 
muCTLA4Ig, as compared with 87% in 
the control mice (P < 0.01, by X 2  test). 
This improvement coincided with a sig-
nificant improvement in survival (Fig. 
1B). A t  9 months of age, 93% of mice 
treated with muCTLA4Ig were still alive, 
as compared with only 40% of mice treat-
ed with L6 (P < -0.01, by xZ test). The  
benefit of muCTLA4Ig use persisted even 
after treatment was discontinued at age 9 
months. During the ensuing 3 months 
after cessation of therapy, none of the mice 
that had received muCTLA4Ig died, whereas 
all but one of the mice in the control group 
died. Serum concentrations of muCTLA4Ig 
declined to <0.2 Fg/ml within 2 months after 
treatment. Thus, the beneficial effects of 
muCTLA4Ig persisted despite declining se-
rum concentrations. 

To  establish that our findings represented 

Fig. 1. (A)Effect of treat- A B 
ment with muCTLA4lg 
on the titer (geometric 
mean i SEM) of anti-
bodies to 6sDNA. Two 
groups of 15female BNV 
mlce were housed at the 
San Franc~scoVA Medi-
cal Center.The mlcewere 
treated with either 
muCTLA4lg (closed cir-
cles) or L6 (open circles) 

5 6 7 8 9 1 0 1 1 1 2  
Age of mice (months) 

80 Treatmentstopped 

Age of mice (months) 
from age 5 months to 
age 9 months (50 pg, IP three times per week).We analyzed sera from individual mice monthly during 
treatment and for 3 months thereafter, using an enzyme-linked immunosorbent assay (ELISA)as de-
scribed (2).In this assay, the titer of antibodiesto dsDNA in normal mouse serum was <I :50. (B)Effect 
of treatment with muCTLA4lg on survival. Mice treated with muCTLA4lg (closed circles);mice treated 
with L6 (open circles). 

Fig. 2. (A) Effect of late A 6 
treatment with muCTLA4lg 
on the titer (geometricmean 
i SEM) of antibodies to 
dsDNA. Forty female BARI 
mice were monitored until, g .-
at age 8 months, 40% of 1:200-
the original cohort had died 
from murine lupus and 50% 20 
of the surviving mice had 1:501 . , 

proteinuria >I 00 mg/dl. At 8 9 10 11 12 O819 10 11 12 
that time, two groups of the Age of mice (months) Age of mice (months)
surviving mice (12 per 
group) began treatment with either muCTLA4lg (closedcircles)or L6 (open circles)for 4 months (50 kg, IP 
three times per week).Statisticallysignificant differencesbetween groups are denoted by asterisks. After 10 
months of age,there were too few survivingcontrol mice forfurtherstatisticalcomparison.Serawere analyzed 
as in Fig. 1A.(B)Effect of muCTLA4lg on survival after initiation of treatment at age 8 months. 
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treatmcnt, rather than prevention, of active 
autoimmunity, we tested rnuCTLA4Ig in the 
late stages of clinical illness. A cohort of 40 
female B/W mice was monitored until age 8 
months, by which time 40% of the mice had 
died from murine lupus. Then, at this ad-
vanced stage of disease, we began treating the 
remaining mice with either muCTLA4Ig or 
L6 (50 pg, IP three times per week). At  
initiation of therapy, the mean titer of anti-
bodies to dsDNA was > I :  200 (titer in nor-
mal mouse serum was <1:50)) and 50% of 
the mice had proteinuria >I00 mgldl. De-
spite the severity of the underlying illness, 
treatment blocked further autoantibody pro-
duction (Fig. 2A) and prolonged life (Fig. 
2B). After 4 months of therapy, all of she 
control mice had died, whereas 50% of the 
treated mice were still alive (P < 0.02, by X 2  

test). Thus, muCTLA4Ig can suppress an es-
tablished, pathological immune response. 
This is the latest stage at which any interven-
tion has been shown to be effective in B/W 
mice. 

Because selective inhibition of the B7-
CD28 interaction can cause sustained anti-
gen-specific T cell unresponsiveness in 
vitro (9, 12), it has been postulated that 
CTLA4Ig might cause antigen-specific T 
cell tolerance in vivo. If this were true, it 
might be possible to achieve sustained in-
hibition of autoantigen-driven responses, 
even without specific knowledge of the in-
citing autoantigens. In our first experiment, 
production of antibodies to dsDNA was 
suppressed for 3 months after cessation of 
therapy (Fig. 1A); it is possible, therefore, 
that this suppression is evidence for this 
hypothesis. However, our studies were not 

Lymphocyte subsets 

Fig. 3. Effect of treatment with muCTLA4lg on 
peripheral blood lymphocyte subsets. Absolute 
lymphocyte counts from individual mice (12 mice 
per.group) were obtained by means of an auto-
mated cell counter (Technicon Instruments, Tar-
rytown, New York).Peripheral blood lymphocytes 
subsets were then analyzed as described (2):A 
fluorescein-conjugated mAb to 8220 (hybridoma 
RA3.6B2) detected,B cells, mAb to CD4 (hybrid-
oma GKI .5) detected CD4+ T cells, and mAb to 
CD8 (hybridoma 53-6) detected CD8+ T cells. 
The data shown here indicate the mean cell 
counts (-tSEM) per milliliter of sera in micetreated 
with muCTLA4lg (A) and in control mice treated 
with L6 (6)immediately before therapy at age 5 
months (dark bars)and at the completionof ther-
apy at age 9 months (white bars). 

designed to establish conclusively whether 
in vivo tolerance was in fact achieved. 

There are several mechanisms through 
which muCTLA4Ig might suppress murine 
lupus. It may exert its beneficial effects by 
binding to B7-related molecules on activat-
ed B cells and other APCs, preventing their 
interaction with CD28 and thus inhibiting 
the second signal for T cell activation. Al-
ternatively, muCTLA4Ig may inhibit the 
function of activated T cells by blocking 
the interaction between CTLA-4 on acti-
vated T cells and B7 or a related ligand, 
B7-2 (15-17). 

Beyond its effects, on T cell function, 
muCTLA4Ig may suppress autoimmunity 
through direct effects on B cells. In partic-
ular, because murine IgG2a binds comple-
ment, muCTLA4Ig may effectively inhibit 
autoantibody production by depleting acti-
vated B cells. T o  assess this possibility, we 
monitored peripheral blood lymphocyte 
subsets (Fig. 3). These studies demonstrated 
that treatment with muCTLA4Ig did not sig-
nificantly alter the absolute number of circu-
lating B cells, suggesting that muCTLA4Ig 
did not suppress autoimmunity simply by the 
depletion of B cells. These findings are sup-
ported by studies in mice transgenic for 
CTLA4Ig that also imply that CTLA4Ig may 
not inhibit immune function by directly ef-
fecting B cells or by blocking the induction of 
T cell responses, but rather by blocking T cell 
effector functions, such as T cell help for B 
cells (23, 24). 

Treatment with muCTLA4Ig not only 
spared B cells, but it also prevented the 
progressive T cell lymphopenia that accom-
panies murine lupus in B/W mice (2). In 
control mice, there was an age-dependent 
decline in the absolute number of circulat-
ing T cells, which did not occur in mice 
treated with muCTLA4Ig (Fig. 3). This 
preservation of a stable lymphocyte profile 
throughout therapy most likely reflects 
amelioration of the underlying disease. 

Attempts to suppress autoimmunity 
with biological agents have encountered 
two principal obstacles. First, treatment 
may have long-lasting adverse effects on  
the immune system, as has been seen in 
trials of antibodies t o  CD4 that caused 
prolonged'depletion of CD4+ T cells in 
peopke with rheumatoid arthritis (3).  This 
observation raised questions about the 
long-term immune competence of treated 
individuals, as well as the feasibility of 
repeated courses of therapy. Our findings 
suggest that CTLA4Ig may circumvent 
this problem. Because muCTLA4Ig does 
not deplete lymphocytes, the effects of 
therapy on overall immune competence 
may be limited to the duration of therapy. 
Although this remains to be proven in 
B/W mice, studies in other strains indi-
cate that, within a short time after cessa-

tion of therapy with muCTLAdrIg, the 
immune system is competent to  mount 
normal immune responses (20). This may 
be particularly important in SLE because 
SLE is a disease with spontaneous remis-
sions and relapses. Therefore, it is desir-
able to develop therapeutic strategies that 
might be used during periods of relapse 
without causing adverse effects that ex-
tend into periods of relative remission. 

The second major obstacle to the use of 
biologic agents for chronic autoimmune dis-
eases stems from the fact that many of these 
agents, such as mAbs or toxin conjugates, 
elicit a host immune response that can in-
terfere with efficacy or cause toxiclty (25). 
The use of CTLA4Ig may limit this prob-
lem. As a fusion product of two autologous 
proteins, CTLA4Ig appears to be poorly 
immunogenic. In B/W mice, for example, 
muCTLA4Ig elicited only a weak immune 
response that occurred after cessation of 
therapy, whereas human CTLA4Ig elicited 
an immediate and potent immune response 
(26). Consistent with these findings, hu-
man CTLA4Ig was cleared quickly from 
B/W mice and was ineffective against mu-
rine lupus, whereas muCTLA4Ig main-
tained high serum concentrations and suc-
ceeded in suppressing autoimmune disease. 
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