response to distinguish differences among the
human islet donors also supports the direct
recognition of the polymorphic MHC prod-
ucts expressed on the human islet cells. The
future of immunosuppressive therapies in
transplantation and autoimmune disease de-
pends on their ability to induce long-term,
antigen-specific unresponsiveness. The capac-
ity of CTLA4Ig to significantly prolong hu-
man islet graft survival in mice in a donor-
specific manner suggests that blocking the
interaction of costimulatory molecules such as
CD?28-B7 may provide an approach to immu-
nosuppression.
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Immunosuppression in Vivo by a Soluble Form of
the CTLA-4 T Cell Activation Molecule

Peter S. Linsley*, Philip M. Wallace, Jennifer Johnson,
Marylou G. Gibson, JoAnne L. Greene, Jeffrey A. Ledbetter,
Cherry Singh, Mark A. Tepper

In vitro, when the B7 molecule on the surface of antigen-presenting cells binds to the T cell
surface molecules CD28 and CTLA-4, a costimulatory signal for T cell activation is gen-
erated. CTLA4Ig is a soluble form of the extracellular domain of CTLA-4 and binds B7 with
high avidity. CTLA4lg treatment in vivo suppressed T cell-dependent antibody responses
to sheep erythrocytes or keyhole limpet hemocyanin. Large doses of CTLA4lg suppressed
responses to a second immunization. Thus, costimulation by B7 is important for humoral
immune responses in vivo, and interference with costimulation may be useful for treatment

of antibody-mediated autoimmune disease.

Costimulatory signals delivered by anti-
gen-presenting cells (APCs) have been pro-
posed to control immune responses to trans-
planted tissues (I1). Antigenic stimulation
of T cells in vitro in the absence of costim-
ulation leads to aborted T cell proliferation
and the development of functional unre-
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sponsiveness or clonal anergy of T cells (2).
Several molecules on APCs augment T cell
proliferation (3, 4) and regulate functional
unresponsiveness in vitro (4). The B7 acti-
vation molecule binds CD28 (5) and deliv-
ers a costimulatory signal for T cell prolif-
eration (6). T cell-dependent B cell differ-
entiation requires the interaction of B7
with CD28 (7). CTLA-4, a T cell molecule
homologous to CD28 (8), also binds the B7
counter-receptor (9). CTLA4lg, a chimeric
immunoglobulin C, fusion of CTLA-4,
binds with high avidity (dissociation con-
stant ~12 nM) to B7 and potently blocks T
cell-dependent immune responses in vitro
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(9). CD28 probably participates in costim-
ulation required to prevent anergy induc-
tion in T cell clones (10), in unresponsive-
ness in human mixed lymphocyte reactions
(11), and in the costimulation of antigen-
specific interleukin-2 production of human
T cells (12). Despite data that indicate the
importance of B7-CD28 interactions in the
costimulation of in vitro T cell responses,
the role of these interactions in regulating
in vivo immune responses is unknown.
Here, we show that CTLA4Ig is a potent
suppressor of antibody responses in vivo.

Human CTLA4Ig [human CTLA-4 and
human immunoglobulin (Ig)] binds to mu-
rine B7 and inhibits murine T cell responses
in vitro (13). These findings led us to test
the effects of human CTLA4lg on murine
immune responses in vivo. CTLA4lg was
purified to homogeneity by protein A chro-
matography from a serum-free culture me-
dium of transfected mammalian cells (14).
The chimeric monoclonal antibody (MAb)
L6, which has a murine region and a human
Fc region; was used as a control.

We first measured serum clearance of
human CTLA4Ig in mice (Fig. 1). A plot
of serum CTLA4lg levels versus time was
biphasic, giving a time of half-clearance
(ty) of ~4 hours and ~30 hours for the
two components. Serum clearance after
multiple injections of CTLA4Ig was more
complex and appeared dose-related. The
t,, for the more slowly clearing component
was increased to ~4 days after six daily
intravenous injections of CTLA4Ig (200 pg
per injection), and functionally active
CTLAA4lg was detected in mouse serum
for up to ~5 weeks after the last treatment
with CTLA4lg. No overt toxicity of
CTLAA4Ig was noted.

The ability of CTLA4lg to suppress for-
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Fig. 1. Serum clearance of human CTLA4Ig in
mice. BALB/c mice were each given a single
intravenous injection of 50 png of CTLA4Ig pre-
pared from COS cells. At the indicated times,
the mice were bled retro-orbitally. The binding
of functional CTLA4lg from sera to B7+ CHO
cells was measured by flow cytometry (6).
CTLA4Ig concentrations were quantitated by
comparison of the degree of binding with the
binding of known concentrations of CTLA4Ig.
Values represent mean concentrations + SD
from five mice.



mation of plaque-forming cells (PFCs) that
produce antibodies (Abs) to sheep red blood
cells (SRBCs) was examined. CTLA4Ig or
MAD L6 was administered daily by intrave-
nous injection beginning immediately after
administration of the SRBCs and continuing
for 2 days. SRBC-specific PFCs were mea-
sured on day 14 after immunization (Fig. 2).
PFC formation was suppressed in CTLA4Ig-
treated mice in a dose-dependent manner.
CTLAA4Ig suppressed the PFC response by
>50% with as little as 1 g per injection and
completely inhibited the response with 75
pg per injection. Administration of up to
100 pg per injection of chimeric MAb L6
did not significantly affect PFC formation,
which indicates that suppression by
CTLA4Ig was not a result of the Fc portion
of the molecule.

Fig. 2. CTLA4Ig suppresses in vivo induction of
SRBC-specific plaque-forming cells. BDF,
(C57BL/6 x DBA/2)F, mice 6 to 8 weeks of age
were left untreated or immunized by intrave-
nous injection with 5 x 107 SRBCs and then
treated with three daily intravenous injections of
the indicated amounts of CTLA4Ig or 100 pg of
the chimeric MAb L6. After 14 days, spleen
cells were assayed for SRBC-specific PFCs by
indirect assay with the use of the method of
Jerne et al. (23). Values represent mean = SD

We also examined the ability of
CTLAA4lg to suppress Ab responses to a
soluble protein antigen, keyhole limpet
hemocyanin (KLH) (Fig. 3). Administra-
tion of CTLA4lg after immunization sup-
pressed Ab response to KLH. Maximal sup-
pression was observed with a 3-day treat-
ment with CTLA4lg beginning immediately
after immunization and continuing for 2 days
thereafter (days O to 2). Essentially identical
suppression was seen if the start of CTLA4lg
administration was delayed for up to 2 days.
These data indicate that B7 is not required
for up to 2 days after immunization with
KLH. Thus, B7-CD28 interactions are most
likely to maintain or amplify an immune
response rather than initiate it (5). Further
delay in starting CTLA4Ig treatment result-
ed in less effective suppression; when treat-

Untreated

SRBCs

SRBCs + CTLA4Ig (75 pg)
SRBCs + CTLA4Ig (50 pg)
SRBCs + CTLA4Ig (10 pg)
SRBCs + CTLA4Ig (5 pug)
SRBCs + CTLA4Ig (1 pg)
SRBCs + L6 (100 pg)

0 100 200
PFCs per 10° splenocytes

for five mice per group. Similar results were observed when direct PFCs were measured at day 4
after injection. Suppression of PFC formation by CTLA4Ig treatment in vivo was observed in four

independent experiments.

Fig. 3. CTLA4Ig suppresses primary Ab re-
sponses to KLH. BALB/c mice were left untreat-
ed or immunized on day O by intraperitoneal
injection of 250 ng of KLH without adjuvant. The
mice were then treated by intravenous (tail
vein) injection of chimeric MAb L6 (50 pg per
day) from days 0 to 7 or by three daily injections
on the indicated days with CTLA4lg (50 pg per
injection). Abs to KLH were measured by en-
zyme-linked immunosorbent assay (ELISA)
(24) on day 10. Values are expressed as mean
titers (= SD) from five individual mice. Similar

Untreated
Chimeric L6
CTLA4lg-days 0,1,2
CTLA4lg-days 1,2,3
CTLA4lg-days 2,3,4
CTLAd4Ig-days 3,4,5
CTLAdIg-days 4,5,6
CTLAdIg-days 5,6,7

0.1

1
Titer (x 103)

results were observed in another independent experiment. Suppression of Ab responses to KLH by
CTLAZIg treatment in vivo was observed in four independent experiments.

Fig. 4. Splenocytes from CTLA4Ig-treated mice
show reduced antigen-specific T cell re-
sponses in vitro. BALB/c mice were left untreat-
ed (triangles) or were immunized with SRBCs (1
x 108 intravenously) and then treated for 3
days with CTLA4Ig (circles) or chimeric MAb L6
(squares) (50 ng per animal per day intrave-
nously). Splenocytes were isolated on day 19
and were cultured at 2 x 108 cells/ml in RPMI
with 10% fetal bovine serum that contained the
indicated concentrations of SRBCs. Cellular
proliferation was measured by addition of
[BH]thymidine (1 nCi/well) during the final 18
hours of a 3-day culture. Where indicated, a
F(ab’), fragment of the MAb 145-2C11 (to mu-
rine CD3) (76) was added to a final concentra-
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[3H]Thymidine incorporation (x 103 cpm)
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tion of 5 wg/ml at the beginning of the culture. Similar results were obtained in two stimulation
experiments with a total of five treated and four untreated mice.
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ment was started on day 4 or 5, partial
suppression of Ab production was observed.
This may indicate that B7-CD28 interac-
tions also function at later stages of an
immune response.

The effect of CTLA4lg on secondary Ab
responses was examined. The mice were
immunized with KLH, and on day 20 re-
ceived a secondary immunization with KLH
and treatment with CTLA4Ig or chimeric
L6 (50 pg per mouse for 6 days). Serum
titers of Abs to KLH rose from 2,600 %= 630
(reciprocal dilutions = SD) on day 20 to
93,000 = 29,000 on day 31 in chimeric
L6-treated mice; in CTLA4Ig-treated mice,
titers rose from 2,400 = 100 to 23,000 =+
9,800. Thus, CTLA4lg treatment could
suppress secondary Ab responses to KLH,
although less effectively than it suppressed
primary responses.

Experiments were performed to elucidate
the mechanism of immunosuppression by
CTLAA4Ig. Spleens removed on day 4 from
mice immunized with SRBCs with or with-
out chimeric L6 treatment were markedly
enlarged. In contrast, spleens from mice
immunized with SRBCs and then treated for
3 days with CTLA4lg (> ~50 ng per
injection) were of normal size. Cell yields of
spleens from SRBC-immunized mice, with
or without MADb L6 treatment, were ~1.6
times greater than of spleens from naive and
CTLAA4Ig-treated mice. Thus, splenomegaly
most likely resulted from antigen-induced
lymphoproliferation. The relative numbers
of T cells and total major histocompatibility
complex (MHC) class II antigen-positive
cells (B cells, monocytes, and dendritic
cells) in treated and untreated mice were
examined by flow cytometry (15). Spleno-
cytes from naive mice, mice treated with
SRBCs plus chimeric L6, and mice treated
with SRBCs plus CTLA4lg were 45 = 5%,
43 * 4%, and 43 *= 7% positive for Thy-
1.2, and 34 * 5%, 38 = 6%, and 34 *+ 4%
MHC class II-positive, respectively. Spleno-
cytes isolated from mice treated with SRBCs
and chimeric L6 or CTLA4Ig on day 4 had
similar B7 expression (measured by
CTLAA4lg binding) and also similar induc-
tion of B7 expression as shown by overnight
incubation in vitro with lipopolysaccharide
(5). Spleen B cells from SRBC- and
CTLA4lg-treated animals on day 4 did not
show decreased ability to mobilize Ca* after
surface Ig was cross-linked. Taken together,
these results suggest that CTLA4lg treat-
ment did not result in gross depletions or
changes in responsiveness of spleen B cells.

In vivo immunosuppression by
CTLAA4Ig was associated with altered T cell
responses (Fig. 4). Proliferative responses
were measured for spleen cells from naive
mice and from mice immunized in vivo
with SRBCs and treated with chimeric L6
or CTLA4Ig. Splenocytes from SRBC-im-
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Fig. 5. Immunosuppression by CTLA4Ig is pro-
longed but not permanent. BALB/c mice were
treated with nothing (black circles) or immu-
nized with SRBCs plus L6 (200 pg) (black
squares), CTLA4lg (50 pg) (white circles),
CTLA4Ig (100 ng) (white squares), or CTLA4Ilg
(200 pg) (white triangles). Treatment with L6 or
CTLA4Ig was continued for 6 days. The mice
were bled at the indicated times, and serum
concentrations of Abs to SRBCs were mea-
sured by ELISA (24). All mice received addi-
tional injections of SRBCs on days 21 and 40.
Values represent titers of pooled sera from five
mice at each time point. Values for mice treated
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with SRBCs only were identical to those for mice treated with L6 plus SRBCs and have been omitted.
Arrows indicate times of secondary and tertiary injections of SRBCs.

munized, chimeric L6-treated animals
gave proliferative responses that were
dose-dependent with respect to SRBCs;
proliferation was blocked by F(ab’), frag-
ments of a MAb to the T cell receptor
complex (16). Thus, proliferation was T
cell-dependent. Splenocytes from SRBC-im-
munized, CTLA4Ig-treated animals showed
reduced T cell-dependent responses to
SRBCs. In other experiments, splenocytes
from SRBC-immunized, CTLA4lg-treated
animals showed normal responsiveness to
concanavalin A. CTLA4lIg-treated animals
also responded normally to allostimulation
and to activation by a MAb to CD3 (17).
These findings are consistent with previous
studies (9, 13) showing that CTLA4Ig
blocks APC-induced T cell proliferation
in vitro and suggest that inhibition of
SRBC-specific immune responses in vivo
resulted at least in part from reduced
antigen-specific T cell function.

We determined the duration of the im-
mune suppression that was induced by
CTLAA4Ig treatment after primary immuni-
zation (Fig. 5). In this experiment, treat-
ment with CTLA4Ig or chimeric L6 was
continued for 6 days after immunization.
Treatment with all doses of CTLA4Ig sup-
pressed primary SRBC IgG1 Ab responses
in pooled sera by >95%. Secondary Ab
responses varied according to the dose of
CTLA4Ig. Mice treated with 200 wg of
CTLAA4Ig showed peak Ab responses that
were suppressed ~80% in comparison to
those of mice receiving a primary immuni-
zation and treated with chimeric L6 Mab.
Similar results were obtained when IgM-
and IgG2a-specific second-step conjugates
were used. Mice treated with 100 wg of
CTLAA4Ig did not show suppressed second-
ary responses, and those treated with 50 pg
of CTLA4lg gave accelerated responses.
Identical conclusions were reached when
Ab levels in individual animals on days 25
and 30 were determined. The group treated
with 50 pg of CTLA4Ig showed the great-
est variation; three of five mice gave en-
hanced primary responses, and two mice
gave titers within the primary response
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range. This suggests that some mice from
this group exhibited immunological memo-
ry even though their primary immune re-
sponses were substantially blocked. The
mice were reimmunized on day 40 with
both SRBCs and KLH. SRBC responses for
all groups increased with similar kinetics
(Fig. 5), and KLH responses were identical
(peak titers ~10,000).

Thus, treatment with large doses (200
ng) of CTLA4Ig led to prolonged immuno-
suppression but not permanent tolerance of
SRBCs. This was also the case with mice
whose primary Ab responses to KLH were
inhibited by CTLA4Ig (50 pg for 3 days)
(Fig. 3). We measured the amount of func-
tional CTLA4lg in sera from BALB/c mice
(Fig. 5) by binding B7* to Chinese hamster
ovary (CHO) cells. Animals treated with
50-, 100-, and 200-pg doses of CTLA4Ig
had serum CTLA4Ig concentrations on day
21 of 1, 5, and 10 pg/ml, respectively. By
the time the mice were reimmunized on day
40, serum CTLA4Ig levels in all groups had
dropped to <2 pg/ml. These data suggest
that prolonged immunosuppression was as-
sociated with the continued presence of
CTLAA4lg in serum.

Recently, much attention (10-12) has
been given to how CD28-B7 interactions
provide the second or costimulatory signal
required to maintain T cell responsiveness (2)
in vitro. Support for the involvement of these
interactions in regulation of in vivo tolerance
is given by the findings of Lenschow et al.
(18), who show that CTLA4lg treatment
induces long-term survival of pancreatic islet
cell xenografts. There are several possible
explanations why we did not induce tolerance
in our studies. SRBCs and KLH are extremely
potent immunogens, and inducing tolerance
to them may require greater blocking of B7 or
additional blocking of other costimulatory
molecules (19). It is also possible that certain
T cell populations vary in their dependence
on B7 costimulation for maintained respon-
siveness. CTLA4Ig treatment may favor the
development of interleukin-4—producing Th2
cells, which are refractory to tolerization (20).
Finally, our results may indicate that the
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binding of human CTLA4lg to murine B7 is
suboptimal for induction of tolerance. Despite
these possibilities, our data suggest that virtu-
ally complete suppression (>95%) of in vivo
immune responses by CTLA4lg does not nec-
essarily lead to tolerance.

We demonstrated that CTLA4Ig is a
potent immunosuppressive agent in vivo, in
agreement with previous in vitro results (9,
13). Our data suggest that CTLA4Ig has
attractive features for an immunosuppres-
sive drug (that is, in vivo stability, low
toxicity, and high specificity) . Immune reg-
ulation and tolerance induction have been
achieved by administration of MAbs to T
cell molecules involved in signal transduc-
tion (21) or combinations of MAbs that
block intercellular adhesion of lymphocytes
(22). Immunosuppression by CTLA4Ig has
shown promise as an approach to manipu-
late immunity to transplants (18). Our
results showing that CTLA4lIg also sup-
pressed humoral responses suggest potential
uses of CTLA4Ig in the treatment of Ab-
mediated autoimmune diseases.
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Activation-Induced Ubiquitination of the
T Cell Antigen Receptor
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The { subunit of the T cell antigen receptor (TCR) exists primarily as a disulfide-linked
homodimer. This receptor subunit is important in TCR-mediated signal transduction and
is a substrate for a TCR-activated protein tyrosine kinase. The { chain was found to undergo
ubiquitination in response to receptor engagement. This posttranslational modification
occurred in normal T cells and tumor lines. Both nonphosphorylated and phosphorylated
{ molecules were modified, and at least one other TCR subunit, CD3 3, was also ubig-
uitinated after activation of the receptor. These findings suggest an expanded role for
ubiquitination in transmembrane receptor function.

dimensional nonreducing-reducing SDS-
PAGE (diagonal gels), and immunoblotted
with antibodies directed to {. In unactivated
cells (Fig. 1A), the { homodimer appeared as
a prominent 16-kD species that migrated at 32
kD before reduction. After activation (Fig.
1B), the 21-kD form of phosphorylated { was
seen directly above { as described (4, 5).
Unexpectedly, a number of additional immu-
noreactive species of 24, 32, and 40 kD were
also observed in a variety of disulfide-linked
combinations. Less prominent forms with ap-
parent molecular sizes of approximately 27 kD
under reducing conditions were also observed.

These larger immunoreactive species were
further characterized on two-dimensional gels
in which nonequilibrium pH gradient electro-
phoresis (NEPHGE) under reducing condi-
tions was followed by SDS-PAGE in the
second dimension (NEPHGE-PAGE) (Fig. 1,
C and D). This demonstrated the activation-
specific appearance of a ladder-like group of
species above {, which corresponded to the
24-, 32-, and 40-kD forms seen on the diag-
onal gels. At each of these molecular sizes, the
proteins were homogeneous with regard to
isoelectric point (pl). The 21-kD phosphoryl-
ated form of { migrated with a more acidic pl.
A 27-kD activation-specific acidic form was
also seen migrating above the 21-kD form of
phosphorylated {. On longer exposures of the
autoradiograms (10), other spots were seen
above the 27-kD species, which gave the
appearance of a second, less intense ladder-
like set of species that converged with the
more prominent forms toward a neutral pH.

This suggested the modification of { and, to a

The TCRis a multicomponent transmem-
brane receptor that consists of clonally de-
rived heterodimeric antigen recognition el-
ements and a set of invariant subunits.
These invariant subunits include the mem-
bers of the CD3 complex (3, €, and y) and
the { subunit (1). The { subunit exists
primarily as a disulfide-linked homodimer
consisting of two 16-kD monomers (2, 3).
A subset of { chains undergoes multiple
tyrosine phosphorylations upon receptor
stimulation such that the predominant form
migrates with an apparent molecular size of
21 kD in SDS—polyacrylamide gel electro-
phoresis (SDS-PAGE) (4-7).

To evaluate activation-dependent changes
in the migration of {, we incubated the T cell
hybridoma 2B4 (8) in the presence or absence

C. Cenciarelli, D. Hou, K.-C. Hsu, B. L. Rellahan, D. L.
Wiest, A. M. Weissman, Experimental Immunology
Branch Division of Cancer Biology, Diagnosis, and
Centers/National Cancer Institute, National Institutes
of Health, Bethesda, MD 20892.

H.T. Smith and V. A. Fried, Department of Cell Biology
and Anatomy, New York Medical College, Valhalla, NY
10595.

*To whom correspondence should be addressed.

lesser extent, phosphorylated { with multi-
mers of a neutral 8-kD protein.

Normal murine splenocytes were next an-
alyzed. Freshly isolated splenocytes (Fig. 2A)
and cells that had been incubated at 37°C for

of an activating monoclonal antibody to the
CD3 € subunit of the TCR, 2C11 (9). TCRs

were immunoprecipitated, resolved on two-

Fig. 1. Activation-induced modifications of { in
2B4 hybridoma cells. The 2B4 cells (10® cells
per condition) and LK cells (an Fc receptor—
bearing B cell hybridoma) (20) were incubated
at 37°C for 45 min in the absence (A and C) or
presence (B and D) of 2C11 as described (7).
Cells were chilled to 4°C with phosphate-buff-
ered saline and phosphatase inhibitors (27).
Cell pellets were tysed in lysis buffer that con-
tained Triton X-100, protease and phosphatase
inhibitors (21), and postnuclear supernatants
immunoprecipitated with a monoclonal anti-
body directed against the a subunit on 2B4
cells, A2B4-2 (2, 22). Immunoprecipitates were
separated under nonreducing conditions in
SDS-PAGE tube gels (10.5%) (A and B) or run m %
in NEPHGE tubes (2) with a pH range from 3 to TR

10 (C and D). After equilibration, all tubes were run on SDS-PAGE 12.5% gels. After transfer to
nitrocellulose membranes, proteins were immunoblotted with affinity-purified anti-¢ antibodies (551)
and detected by '25I-labeled protein A (ICN) (23). The 21-kD form of phosphorylated ¢ is indicated
by arrows (B and D). The spot directly above the arrow in (D) is a hyperphosphorylated form of {.
Antiserum 551 was raised to a peptide that corresponded to amino acids 151 to 164 of murine ¢ (23)
and does not recognize the v alternative splice of {. The diagonal gels (A and B) and the NEPHGE
gels (C and D) are from separate experiments. NR, nonreducing; R, reducing. Molecular size
markers are indicated to the right in kilodaltons.
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