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Long-Term Survival of Xenogeneic Pancreatic Islet
Grafts Induced by CTLA4Ig

Deborah J. Lenschow, Yijun Zeng, J. Richard Thistlethwaite,
Anthony Montag, William Brady, Marylou G. Gibson,
Peter S. Linsley, Jeffrey A. Bluestone*

Antigen-specific T cell activation depends on T cell receptor-ligand interaction and co-
stimulatory signals generated when accessory molecules bind to their ligands, such as
CD28 to the B7 (also called BB1) molecule. A soluble fusion protein of human CTLA-4 (a
protein homologous to CD28) and the immunoglobulin (Ig) G1 Fc region (CTLA4Ig) binds
to human and murine B7 with high avidity and blocks T cell activation in vitro. CTLA4lg
therapy blocked human pancreatic islet rejection in mice by directly affecting T cell rec-
ognition of B7* antigen-presenting cells. In addition, CTLA4lg induced long-term, donor-
specific tolerance, which may have applications to human organ transplantation.

At present, the major therapies to prevent
the rejection of organ transplants rely on
panimmunosuppressive drugs, such as cy-
closporine A or monoclonal antibodies
(MAbs) to CD3. These drugs must fre-
quently be taken for the life of the individ-
ual, depress the immune system, and often
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result in increased infections and cancer.
We attempted to develop a treatment that
affected only the transplant antigen-specific
T cells, thus inducing donor-specific toler-
ance. The binding of CD28 by its ligand,
B7/BB1 (B7), during T cell receptor en-
gagement is critical for proper T cell signal-
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ing in some systems (I—4). When the in-
teraction of CD28 with its ligand is
blocked, antigen-specific T cells are inap-
propriately induced into a state of antigen-
specific T cell anergy (I, 5). Recent studies
have shown that the CTLA-4 molecule, a
CD28 homolog, also binds to B7 (6). These
studies used a soluble chimeric CTLA-4
fusion protein between the variable domain
of the human CTLA-4 gene and the hinge,
CH2, and CH3 domains of the human
IgGl constant region, CTLA4Ilg (6-8).
This soluble receptor molecule binds to
both human and murine B7 (with a 20-fold
greater affinity than CD28), blocks the
binding of CD28 to B7, inhibits T cell
activation, and induces T cell unrespon-
siveness in vitro (5, 6, 9). Using a xenoge-
neic transplant model (10), we found that
CTLAA4lIg prevented rejection of xenoge-
neic pancreatic islet cells and induced do-
nor-specific tolerance.

Initial studies showed that CTLA4lg
bound to both murine and human B7 and
inhibited primary xenogeneic mixed lympho-
cyte reactions in vitro (11). Therefore, we
examined the effects of blocking CD28-B7
interaction in vivo. C57BL/6 (B6) or C57BL/
10 (B10) mice were treated with streptozoto-
cin to eliminate mouse pancreatic islet 8 cell
function. Diabetic animals were grafted under
the kidney capsule, and treatment was started
immediately after surgery. Survival of the islet
grafts was monitored by the analysis of blood
glucose concentrations. Transplanted control
animals, treated with either phosphate-buff-
ered saline (PBS) (n = 14) or L6 (a human
IgG1 chimeric MAb; n = 8), had a mean
graft survival of 5.6 and 6.4 days, respectively
(Fig. 1A). In contrast, islet rejection was
delayed in animals treated with CTLA4Ig (10
pg per day for 14 days), with four out of the
seven animals exhibiting moderately pro-
longed mean graft survival (12.75 days),
whereas the remaining three animals main-
tained normal glucose levels for >80 days
(Fig. 1B). This eventual increase in glucose
concentration may be a result of islet exhaus-
tion because no evidence of active cellular
rejection was observed. In the three mice that
maintained long-term islet grafts, the tran-
sient increase in glucose concentrations
around day 21 after the transplant may have
represented a self-limited rejection episode
[consistent with the pharmacokinetics of
CTLA4Ig clearance after therapy (12)].
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Fig. 1. Survival of human pancreatic islet xe-
nografts. Human pancreatic islets cells were
purified after collagenase digestion as de-
scribed (77). B6 or B10 mice, treated with
streptozotocin (175 mg per kilogram of body
weight) 3 to 5 days before transplant and
exhibiting nonfasting plasma glucose levels of
greater than 280 mg/dl (with the majority over
300 mg/ml), were used as recipients. Each
animal received approximately 800 fresh hu-
man islets of 150 wm in diameter beneath the
left renal capsule (70). Treatment was started
immediately after transplantation. (A) Control
animals were treated with PBS (solid lines) or
L6 (dotted lines) at 50 ug every other day for 14
days immediately after transplantation. Islet
transplants were considered rejected when
glucose levels were greater than 250 mg/d| for
three consecutive days. Animals treated with
PBS (n = 14) and L6 (n = 8) had mean graft
survivals of 5.6 and 6.4 days, respectively. (B)
Animals were treated with 10 ng of CTLA4Ig for
14 consecutive days immediately after trans-
plant (n = 7). Three out of seven animals
maintained their grafts for >80 days. The re-
maining four animals had a mean graft survival
of 12.75 days. (C) Animals were treated with 50
ng of CTLA4Ig every other day for 14 days
immediately after human islet transplantation.
All animals (n = 12) treated with this dose
maintained grafts throughout the analysis. Se-
lected mice were nephrectomized on days 21
and 29 after the transplant to assess the graft's
function.

Therefore, in subsequent experiments,
the dose of CTLA4lg was increased to 50
wg per animal every other day for 14 days.
This treatment resulted in 100% of the
animals maintaining normal islet function
throughout the experiment with no signs of
a rejection crisis (Fig. 1C). In order to
confirm that insulin production originated
from the transplanted islets and not from
the native mouse pancreas, we nephrecto-
mized selected animals at days 21 and 29 to
remove the islet grafts (Fig. 1C). In these
animals, glucose concentrations increased
to above 350 mg/dl within 24 hours, which
indicated that the islet xenograft was re-
sponsible for maintaining normal glucose
levels. Thus, it appears that the blocking of
the CD28-B7 interaction inhibits xenoge-
neic islet graft rejection. The effects of
treatment with the soluble receptor were
not a result of Fc binding (L6 did not affect
graft rejection) or general effects on T cell
or B cell function in vivo (13). The func-
tion of CTLA-4 on T cell surfaces as a
potential costimulatory molecule is un-
known. Therefore, the effects we observed
might also reflect the importance of CTLA-
4-B7 interactions or other, as yet uniden-
tified B7 or CTLA-4 ligands.

Histological analyses of islet xenografts
from control (PBS-treated) and CTLA4Ig-
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treated mice were done (Fig. 2). The islet
tissue from the control animal demonstrated
evidence of immune rejection, with a
marked lymphocytic infiltrate into the graft
and few remaining islets (Fig. 2A). Immu-
nohistochemical staining showed that insu-
lin-positive cells were present only rarely,
and no somatostatin-positive cells (13) were
present at all (Fig. 2B). In contrast, trans-
plant tissue from the CTLA4Ig-treated mice
was devoid of any lymphocytic infiltrate
(Fig. 2C). The grafts were intact, with many
islets visible. In addition, the B cells ob-
served in the human islet tissue produced
human insulin (Fig. 2D) and somatostatin
(13).

Because the human CTLA4lg used in
this study reacts with both murine and
human B7, the individual role of murine
B7* and human B7* cells could not be
distinguished (6). However, one advantage
of the xenogeneic transplant model is the
availability of a MAb to human B7 that
does not react with mouse B7 (14). Thus,
the role of human B7-bearing antigen-pre-
senting cells (APCs) could be directly ex-
amined. The mice were transplanted as
described and then treated with 50 wg of
MADb to human B7 every other day for 14
days after transplant. This treatment pro-
longed graft survival in treated mice (9 to



Fig. 2. Histological anal-
ysis of human islets
transplanted under the
kidney capsule of B10
mice. Histology was
performed on kidneys
transplanted with human
islet cells. The slides
were analyzed blindly.
(A) Hematoxylin and
eosin staining of a con-
trol human islet grafted
mouse 29 days after
transplantation showed
a massive lymphocyte
infittration. (B) The same
tissue, stained for insu-
lin, showed no detect-
able insulin production.
(C) Histological exami-
nation of tissue from a
CTLAMdIg-tfreated mouse
21 days after transplant
showed intact islets un-
der the kidney capsule
with very few lympho-
cytes infitrating the
transplanted tissue. The
tissue was stained with
hematoxylin and eosin.
(D) The same tissue from
the  CTLAdIg-treated
mouse, stained for insu-
lin, showed the produc-
tion of insulin by the

grafted islets. Similar results were observed in graft tissue examined at latter time points (73). The upper,
middle, and lower arrowheads identify the kidney capsule, islet transplant, and kidney parenchyma,
respectively. All tissues were fixed in 10% buffered formalin and processed, and 5-um sections were
stained either with hematoxylin and eosin or for insulin with the avidin-biotin-peroxidase method (18).

Magnification is x122.

>50 days) in comparison to that for control
mice (Fig. 3). These results suggest that the
immune response to the human islets in-
volves direct presentation of human major
histocompatibility complex (MHC)-re-
stricted islet antigens by human APCs.
This possibility contrasts with conclusions
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Flg. 3. Prolongationof islet graft survival with
MADb to human B7. Streptozotocin-treated ani-
mals were transplanted as described (Fig. 1).
The mice were treated either with PBS (dotted
lines) or with MAb to human B7 (solid lines) at a
dose of 50 pg every other day for 14 days.
Control animals (treated with PBS) (n = 3) had
a mean graft survival of 3.5 days, whereas
anti-B7-treated animals (n = 5) maintained
grafts from 9 to >50 days.

drawn in previous studies in which the
predominant pathway for xenogeneic anti-
gen presentation appeared to involve the
processing and presentation of shed foreign

Fig. 4. Induction of donor-specific
unresponsiveness to islet graft
antigens by CTLA4Ig. Normal gly-
cemic, CTLAd4Ig-treated, trans-
planted mice (dotted lines) were
nephrectomized on day 44 after
transplant and immediately re-
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[=]
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proteins by syngeneic mouse APCs (15).
However, other studies have noted the
importance of carrier donor leukocytes in
transplant rejection (16). The inability of
the anti-B7 MAb to block rejection as
effectively as CTLA4Ig may indicate that
murine B7* APCs may also be involved in
xenograft rejection. It is also possible that
an inadequate dose of the anti-B7 MAb was
used because it has a lower binding affinity
to B7 than to CTLA4Ig (6). Further studies
are needed to determine how the syngeneic
and xenogeneic APCs interact to regulate
graft rejection.

Although the CTLA4lg therapy resulted
in graft acceptance in the majority of mice,
the animals may not be tolerant. Transient
immunosuppression can lead to permanent
islet graft acceptance because of graft adap-
tation (the loss of immunogenicity as a result
of the loss of APC function) (16). In order
to differentiate between these possibilities,
we nephrectomized selected xenografted,
CTLAA4Ig-treated mice (day 40) and retrans-
planted them under the remaining kidney
capsule with either the original donor islets
(first party) or unrelated second party human
islets (Fig. 4). Streptozotocin-treated con-
trol animals, having never received an islet
graft, were also transplanted with either first
or second party islets. No treatment after the
transplant was given. Control animals re-
jected the first and second party islets by day
4. The CTLA4Ig-treated animals that had
received the second party islets rejected
these islets by day 5, whereas animals receiv-
ing first party donor islets maintained the
grafts for >80 days (Fig. 4).

These results suggest that the CTLA4lg
treatment resulted in prolonged donor-spe-
cific unresponsiveness to the xenogeneic
islets. The ability of the murine immune

transplanted with either 1000 first
party donor islets (dotted lines,
solid circles) or 1000 second par-
ty islets (dotted lines, open cir-
cles) beneath the remaining kid-
ney capsule. These islets, frozen
at the time of the first transplant,
were thawed and cultured for 3 0

Glucose (mg/dl)

Nephrectomized

Retransplanted

days before transplant to ensure - 013

islet function. B10 mice that had
been treated with streptozotocin

RUMBBNR5 57 6 & 2
Days after initial transplant

and exhibited nonfasting glucose levels of greater than 280 mg/dl were used as controls (solid
lines). No treatment was given after transplantation. Control animals rejected both the first party
(solid lines, closed circles) and the second party (solid lines, open circles) islet grafts by day 4 after
transplant. The CTLA4Ig-treated mice retransplanted with second party islets had a mean graft
survival of 4.5 days, whereas animals retransplanted with first party donor islets maintained grafts

for as long as analyzed (>80 days).
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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-

P. S. Linsley, P. M. Wallace, J. Johnson, M. G. Gibson,
J. L. Greene, J. A. Ledbetter, Bristol-Myers Squibb
Pharmaceutical Research Institute, Seattle, WA
98121.

C. Singh and M. A. Tepper, Bristol-Myers Squibb
Pharmaceutical Research Institute, Wallingford, CT
06492.

*To whom correspondence should be addressed.

792

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 CTLA4Ilg 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 CTLA4Ig to suppress for-
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Fig. 1. Serum clearance of human CTLA4lg in
mice. BALB/c mice were each given a single
intravenous injection of 50 ng of CTLA4Ig pre-
pared from COS cells. At the indicated times,
the mice were bled retro-orbitally. The binding
of functional CTLA4Ig 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.





