
ORIGINAL ARTICLE

Michael S. Sabel Æ Stephen D. Hess Æ Nejat K. Egilmez

Thomas F. Conway Jr Æ Fang-An Chen

Richard B. Bankert

CTLA-4 blockade augments human T lymphocyte-mediated
suppression of lung tumor xenografts in SCID mice

Received: 18 November 2004 / Accepted: 29 December 2004 / Published online: 22 April 2005
� Springer-Verlag 2005

Abstract Previous studies by others using transplantable
murine tumor models have demonstrated that the
administration of antibodies that block CTLA-4 inter-
action with B7 can provoke the elimination of estab-
lished tumors, and that the tumor suppression is
mediated by T-cells and/or cells expressing NK1.1.
Studies from our lab have established in a human/severe
combined immunodeficient (SCID) mouse chimeric
model that autologous peripheral blood leukocytes
(PBL) can suppress the growth of tumor xenografts in a
PBL dose-dependent fashion, and that this suppression
is dependent upon the patient’s T and NK cells. Using
this human/mouse chimeric model, we sought to deter-
mine whether an antibody blockade of CTLA-4 would
enhance the anti-tumor response of a patient’s PBL. It
was first important to determine whether the tumor
suppression observed in the SCID model was dependent
upon CD28/B7 co-stimulation. Blockade of B7 with a
human CTLA-4-Ig fusion protein completely abrogated
the lymphocyte-mediated tumor suppression, confirming
in this model that tumor suppression is dependent upon
a CD28/B7 co-stimulation. Using two different CTLA-4

specific monoclonal antibodies, we observed that
CTLA-4 blockade significantly enhanced the human
lymphocyte-mediated tumor suppression in mice co-en-
grafted with PBL and tumor cells. This enhancement
was observed in both an allogeneic setting (in which the
PBL were allogeneic with respect to the tumor) and an
autologous setting (in which the PBL and tumor were
from the same patient). These results sustain the notion
that human anti-tumor immune response can be aug-
mented (in vivo) by blocking the interaction between
CTLA-4 and B7.
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Introduction

Tumors (both in mice and humans) express antigens that
when processed and presented to T cells by antigen
presenting cells may provoke a CD4+ and/or CD8+
effector T-cell mediated anti-tumor response [1–3].
However, whether prompted naturally or by active
immunization with the tumor-associated antigens, these
responses are often unable to control tumor progression
and metastasis. While many different reasons have been
suggested for the failure of host T cells to eradicate tu-
mors (including several possible tumor escape mecha-
nisms [4] and the development of tolerance to tumor
antigens [5]), it remains unclear why tumors are able to
progress in the face of the host’s anti-tumor immune
response. Most likely, tumor control depends upon both
the magnitude of the initial immune response, and the
ability to sustain the response for a prolonged period.
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This hypothesis is well-supported by studies in which the
degree of tumor growth suppression was found to be
directly related to the level of the anti-tumor response
generated [6]. A logical extension of this hypothesis is
that if one were able to enhance and prolong the anti-
tumor response, it should be possible to better control
tumor growth.

Several important discoveries relating to T-cell acti-
vation and regulation have provided valuable insights
with respect to the development of novel approaches
that are designed to enhance and prolong T-cell immune
responses. Recognition that T cells require a second co-
stimulatory signal for activation (in addition to the one
transduced by the antigen receptor), represents a most
important insight that has laid the foundation for
manipulation of both the strength and duration of
lymphocyte responses [7, 8]. The major co-stimulatory
molecule on both CD4+ and CD8+ T cells was
determined to be CD28, and its engagement by either
B7-1 or B7-2 on antigen presenting cells provides the
requisite second T cell activation signal [8, 9]. The dis-
covery that CTLA-4, a close homolog of CD28, is up-
regulated on activated T cells, and binds B7-1 and B7-2
with considerably greater avidity than CD28 led to the
prediction that CTLA-4 may also play a role in T cell
activation [10–13]. The use of function-blocking CTLA-
4 specific antibodies in studies conducted both in vitro
and in vivo suggests that ligation of CTLA-4 on T cells
results in the transduction of an inhibitory signal [14,
15]. The inhibitory role of CTLA-4 was confirmed by the
discovery that knockout mice lacking CTLA-4 develop
uncontrolled lymphocyte activation and proliferation
resulting in massive enlargement of lymph nodes and
spleen [16, 17].

The precise molecular mechanisms by which T cells
integrate TCR stimulation with the co-stimulatory sig-
nal of CD28 and the inhibitory signals of CTLA-4 re-
main unclear. However, since CD28 is expressed
constitutively on naı̈ve T cells, it may be used to initiate
immune responses, whereas CTLA-4 is only expressed
following T cell activation and thus, may function to
terminate the response [14, 18, 19]. This led investigators
to speculate that by blocking the CTLA-4 mediated
termination signal (with function blocking antibodies), it
would be possible to prolong anti-tumor immune re-
sponses, resulting in enhanced suppression (or eradica-
tion) of tumors. Initial experiments with two different
murine transplantable tumors established that the anti-
body blockade of CTLA-4 enhanced the weak immune
response elicited by these tumors to a level sufficient for
tumor rejection [20]. In subsequent experiments, it was
established that the CTLA-4 blockade, when used in
conjunction with other therapies (such as vaccination
with irradiated tumor cells transfected with GM-CSF),
results in a substantial synergistic enhancement of the
anti-tumor response [21].

Much of the published data supporting the ability of
CTLA-4 blockade to enhance anti-tumor responses have
been generated using murine tumor models. To deter-

mine whether a CTLA-4 blockade would have a similar
effect upon human lymphocytes, and their response to
human tumors, a human/SCID mouse chimeric model
has been designed and tested. In this ‘‘SCID-Winn’’
model, human peripheral blood leukocytes (PBL) are
mixed with a suspension of a patient’s tumor cells and
following injection into SCID mice, the anti-tumor im-
mune response of the engrafted human PBL is moni-
tored in vivo. Previous studies using the SCID-Winn
model have established that: (1) PBL (both allogeneic
and autologous with respect to the tumor) suppress tu-
mor growth in a dose-dependent fashion, (2) tumor
suppression is mediated by T cells and NK cells, and (3)
tumor suppression requires the presence of both human
IL-12 and IFN-c (secreted in situ by the engrafted hu-
man leukocytes) [22–24]. In this report, we establish that
the human lymphocyte-mediated tumor suppression
observed in the SCID-Winn model, is dependent upon
the co-stimulation provided by B7 interaction with
CD28. Furthermore, we provide direct evidence that
CTLA-4 blockade enhances human lymphocyte-medi-
ated tumor suppression in vivo.

Materials and methods

Animals, reagents and cell lines

CB.17 scid/scid mice were obtained from our breeding
colony. All mice were maintained in microisolation ca-
ges (Lab Products, Inc., Maywood, NJ, USA) under
pathogen-free conditions in the animal maintenance
facilities of Roswell Park Cancer Institute. The human
lung carcinoma cell line RPCI-2E9 is a human squa-
mous cell carcinoma cell line that was originally estab-
lished in our laboratory from a resected patient tumor
[24]. The human lung carcinoma cell line RPCI-9530 is
an adenocarcinoma cell line that was established in a
similar manner [23]. Cells were maintained in DMEM/
Nutrient mixture F-12 media (Life Technologies, Inc.,
Grand Island, NY, USA), supplemented with 10% heat
inactivated FCS. The cells were incubated at 37�C in 5%
CO2. They were allowed to grow to 80% confluence and
were harvested with 0.25% trypsin/1 mM EDTA in
HBSS.

Human PBL’s were obtained under an IRB approved
protocol by leukophoresis of peripheral blood donated
by a healthy donor or patient #9530, from whom the cell
line RPCI-9530 was established. RBC’s were lysed with
freshly prepared 0.83% NH4Cl solution, and the Hu-
PBL’s were washed twice with DMEM (as previously
described) [24].

Antibodies and Fusion Proteins

Human CTLA-4*Ig, a fusion protein and a human fu-
sion protein L-6, an Ig control, were gifts from Bristol-
Myers Squibb (Princeton, NJ, USA) and were generated
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as reported previously [11]. The human CTLA-4*Ig is a
soluble genetic fusion molecule comprising the extra-
cellular domain of CTLA-4 joined to an Ig Cc1 domain.
The binding properties and the functional effects of this
molecule on T and B lymphocyte responses have been
previously reported [11]. 10A8, an IgG1 murine anti-
human CTLA-4 monoclonal antibody, was obtained
from Bristol Myers Squibb and was originally produced
by P. Linsley [25]. The 10A8 antibody binds strongly to
CTLA-4 transfected COS cells or immobilized CLTA-4
and inhibits the binding of CTLA-4 to B7+ CHO cells
[25]. 2C3 is an IgG1 anti-hapten antibody developed in
our laboratory and used as an isotype control antibody.
P2 is an IgG2 humanized monoclonal antibody directed
against human CTLA-4. P2 and control IgG2 were gifts
from Pfizer Global Research and Development (Groton,
CT, USA). The P2 antibody was shown to inhibit the
binding of soluble B7.1 and B7.2 to CTLA-4 immobi-
lized on plastic plates as is described next.

Competition ELISA

In order to confirm the ability of the humanized anti-
human monocolonal antibody to bind to CTLA-4, a
competition ELISA was performed. Briefly, a microtiter
96-well plate was coated with human CTLA-4-Ig fusion
protein at 1 mg/ml. An amount of 250 ll of quench
solution (500 ml BBS +2.5 ml normal rabbit serum
+5 gm BSA) was added to each well for 1 h at room
temperature. P2 was added at varying concentrations to
each well, with 0.5 lg/ml of B7.1 (CD80) or B7.2
(CD86). After 1 h., the wells were washed three times
and rabbit anti-human IgHRP was added. After 1 h.,
the wells were washed again. O-phenylenediamine
(OPD) was added for 15 min., the reaction was stopped
by adding 6N HCl to each well and the plates were
analyzed on an ELISA reader at a single wavelength of
490. Complete blockade of anti-CTLA-4 binding to
CTLA-4 with either B7.1 or B7.2 was seen at 0.1 lg/ml
or less of P2 antibody (data not shown).

Dendritic cell-mixed lymphocyte reaction

The in vitro effects of CTLA4*Ig and anti-hCTLA-
4 mAb on human lymphocyte proliferation were
assessed through the use of a dendritic cell mixed lym-
phocyte reaction (DC*MLR). Human PBL were stim-
ulated with allogenic dendritic cells, in the presence of
either hCTLA-4*Ig or anti- hCTLA-4 mAb or their
respective controls. Dendritic cells were cultured using
the following technique: HuPBL were cultured for 1 h.
at 37�C after which the non-adherent cells were removed
and the adherent cells were cultured at 37�C overnight.
The non-adherent cells were collected and replated in
100 ng IL-4 and 50 ng of GM-CSF for 7 days. The
dendritic cells were then matured by the addition of
monocyte condition medium, as previously described

[26]. HuPBL’s were obtained by leukophoresis of a
second healthy donor and cultured in RPMI 1,640 plus
10% heat-inactivated FCS at a concentration of
5·106 cells/ml. The dendritic cells from the first leuko-
phoresis were irradiated with 5,000 rad and then intro-
duced into the new HuPBL culture at a ratio of 10:1. For
the CTLA-4*Ig experiments, either L-6 or CTLA-4*Ig
was added at a dose of 50 lg/ml. In a parallel series of
experiments, either 10A8, (a murine anti-human
CTLA4 mAb) or 2C3, (an isotype control), was added
at a dose of 1 lg per 1·104 HuPBL. Additional groups
of HuPBL without irradiated dendritic cells, and with or
without anti-hCTLA4 mAb, were also cultured in a
similar manner. The cells were then incubated at 37�C in
5%CO2. In the anti-CTLA4 mAb experiments, 100 ll
of culture media was drawn on days 0, 2, 4 and 7 for
determination of human IFN-c concentration.

The concentration of human IFN-c in the culture
media or sera of the engrafted mice was determined by
an ELISA developed in our laboratory as described
previously [24]. Briefly, 96-well microtiter plates were
coated with a mouse antihuman IFN-c monoclonal
antibody (M-700A; Endogen, Cambridge, MA, USA)
overnight at 4�C. Standards and unknowns were added
to the wells and incubated with biotin-labeled antihu-
man-IFN-c monoclonal antibody M-701 (Endogen).
Bound antibody was detected by the addition of avidin-
horseradish peroxidase conjugate and the substrate o-
phenylenediamine (Sigma Chemical Co., St. Louis, MO,
USA).

After 7 days, cell proliferation was measured using a
colorimetric MTT assay, as previously described [27].
Briefly, 100 ll suspension from each group was added to
each of the eight wells in a column of a 96-well Elisa
plate. Stock MTT solution (5 mg/ml in PBS) was added
at 10 ll of MTT to 100 ll medium to each well. The
plates were incubated at 37�C for 4 h. Acid isopropanol
(200 ll of 0.04N HCl in isopropanol) was added to all
wells and mixed thoroughly to dissolve the dark blue
crystals. The plates were then read on an ELISA reader
at a single wavelength of 540 nm.

HuPBL and human tumor xenograft implantation
in SCID mice

Freshly harvested tumor cells, (either RPCI-2E9 or
RPCI-9530) were washed twice in DMEM and mixed
with HuPBL’s at the appropriate effector to target ra-
tios. In the allogenic experiments, RPCI-2E9 cells were
co-engrafted with HuPBL obtained from leukophoresis
of a healthy donor. For the autologous experiments,
RPCI-9530 cells were co-engrafted with HuPBL ob-
tained from the same donor from whom the RPCI-9530
cell line was originally established.

To measure tumor suppression in response to CTLA-
4 stimulation, hCTLA-4*Ig was added to the HuPBL
and tumor cells at a dose of 10 lg per 1·106 HuPBL.
L-6 was added at an equivalent dose to control groups.
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After resuspension in 1 ml of sterile DMEM, the cell/
antibody suspension was inoculated subcutaneously
(0.2 ml/mouse) into the ventral caudal midline area of
SCID mice. When investigating the effects of anti-hu-
man CTLA-4 antibody treatment in vivo, either anti-
hCTLA-4 mAb 10A8 or P2 was added in a similar
fashion, at a dose of 5 lg per 1·104 HuPBL. IgG2

control antibody was added at an equivalent dose to
control animals. Tumor growth was monitored once a
week until the animals were moribund (i.e.when tumor
lengths became 15 mm in diameter) or after 90 days.
Subcutaneous tumors were measured using a caliper.
The longest dimension (a) and perpendicular width (b)
were determined, and tumor volume (v) was calculated
according to the formula v=ab2/2. In some experiments,
mice treated with anti-hCTLA-4 mAb were bled for
determination of serum levels of human IFN-c on day 5
after implantation. The concentration of human IFN-c
in the sera of SCID mice was determined by ELISA as
described above.

Statistical ansalysis

The statistical difference between each group was
determined by the unpaired Student’s t-test. A ‘p’ value
less than 0.05 was interpreted as statistically significant.

Results

Suppression of lymphocyte activation in vitro by B7
blockade with hCTLA-4 fusion protein
and enhancement of lymphocyte activation in vitro
by CTLA-4 blockade with anti-CTLA-4 antibody

Before using the B7 and CTLA-4 blocking reagents in
vivo, we sought to confirm that these reagents had
function-blocking activity against human lymphocytes
in vitro. The first reagent, human CTLA-4-Ig fusion
protein, was expected to prevent the costimulatory sec-
ond signal that is necessary for T cell activation by
binding to B7 on the surface of antigen presenting cells.
The second reagent tested for its function-blocking
activity was the monoclonal antibody specific for human
CTLA-4. Since this antibody is reported to bind the
CTLA-4 molecule at or near the recognition site for B7,
it would be expected to have a function-blocking activity
and would, thus, prevent the T cell inhibitory signal that
results from the interaction between B7 and CTLA-4.

The in vitro model of T cell activation used to test
these two reagents was a mixed one-way lymphocyte
reaction (MLR) in which human lymphocytes are
stimulated to proliferate by allogeneic dendritic cells
(DC). Because allogeneic DC express both B7.1 and
B7.2 on their surface, they are very efficient activators of
the responding T cells. Therefore, the MLR represents a
reliable method for stimulation of T cells that reflects
activation events which occur in vivo. In these experi-

ments, irradiated mature stimulator DC were incubated
with responder lymphocytes at a stimulator to effector
ratio of 10:1 and lymphocyte proliferation was moni-
tored after 7 days in culture. The effect of each of the
blocking reagents on lymphocyte proliferation was
determined by comparing the proliferation of cells in
cultures incubated with the inhibitory reagent to cultures
incubated with control reagents. It was established that
the proliferation of cells in culture with the human
CTLA-4-Ig fusion protein was partially inhibited com-
pared to cells incubated with a control fusion protein
L-6 (Fig. 1a). In contrast, the lymphocytes in the cul-
tures incubated with anti-CTLA-4 monoclonal antibody
exhibited an enhanced proliferation when compared to
cells in the DC/lymphocyte cultures incubated with an
isotype control monoclonal antibody (Fig. 1b). These
results, i.e. partial suppression of T-cell proliferation
with CTLA-4-Ig fusion protein, and enhancement of
proliferation with anti-CTLA-4 antibody, are consistent
with what would be expected if each reagent were
functionally active.

In addition to proliferation, T cells produce IFN-c
following activation, and the production of IFN-c is
often used as a quantifiable indicator of T-cell activa-
tion. Human IFN-c was detected in the supernatant fluid
of the PBL/allogeneic DC cocultures confirming that the
PBL were, in fact, activated by allostimulation (Fig. 2).
The amount and duration of IFN-c production by the
allostimulated PBL was significantly enhanced by the
antibody blockade of CTLA-4 (P=0.01). Minimal IFN-
c was detected in cultures of PBL without allogeneic DC
(with or without the addition of anti-CTLA antibody)
(Fig.2). These results further support the notion that the
anti-CTLA-4 antibody has function blocking activity
which results in an enhanced T-scell activation.

Human T-Cell mediated suppression of human tumor
xenografts in SCID mice is dependent
upon costimulation by B7 ligation of CD28

Previous studies have established that human PBL when
coengrafted with tumor cells into the subcutis of SCID
mice are able to suppress tumor growth in a PBL dose
dependent fashion [23, 24]. Tumor suppression in this
human/SCID mouse chimeric model (i.e. SCID/Winn
model) was shown to require human T and NK cells.
Moreover, this tumor suppression was abrogated in
mice treated with function blocking antibodies specific
for either human IL-12 or human IFN-c [23].

The SCID/Winn model was used here to investigate
the ability of anti-CTLA-4 to enhance the human lym-
phocyte-mediated anti-tumor response in an in vivo
setting. The suitability of the SCID/Winn model to ad-
dress the effects of CTLA-4 blockade would depend
upon whether the T-cell mediated anti-tumor response
observed in the model were dependent upon a CD28/B7
costimulation. If the anti-tumor response were depen-
dent upon this costimulation, one would expect to be
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able to inhibit this response by a blockade of B7 with the
human CTLA-4-Ig fusion protein. As illustrated in
Figure 3, T-Cell mediated tumor suppression was
unaffected by the control fusion protein but it was re-
versed when human CTLA-4-Ig fusion protein was ad-
ded to the PBL/tumor xenograft (Fig. 3). This reversal
of tumor inhibition with the B7 blockade was observed
both in an allogeneic setting (In which the PBL were
obtained from a healthy volunteer and co-engrafted with
a human tumor lung tumor cell line (Fig. 3A)], and in an
autologous setting [In which the tumor cell line and the
PBL were derived from the same patient (Fig. 3B)]. In
both groups, a significant suppression of in vivo tumor
growth was observed at a PBL to tumor cell ratio of 10:1
and this PBL-mediated tumor suppression was abro-
gated at a dose of 10 lg of CTLA-4-Ig fusion protein to
1·106 lymphocytes.

We conclude from these studies that the human
lymphocyte-mediated tumor suppression observed in the
human SCID mouse chimeric model is dependent upon
the B7-CD28 costimulation of T cells, and that this
model is an appropriate one for evaluating the effects of
CTLA-4 blockade on the human lymphocyte mediated
anti-tumor responses in vivo.

Antibody blockade of CTLA-4 enhances human
lymphocyte mediated tumor suppression
in the human/SCID mouse chimeric model

To assess the ability of anti-CTLA-4 to enhance the anti-
tumor response of human PBL in the SCID/Winn
model, a sub-optimal ratio of PBL:tumor cells was used.
In preliminary experiments, it was determined for both
allogeneic and autologous PBL that engraftment of mice
with a 10:1 ratio of PBL to tumor cells resulted in a near
complete inhibition of tumor growth in vivo (data not
shown). At a 2.5:1 effector to target ratio no tumor
suppression was seen with the allogeneic cells and at a
5:1 ratio of autologous PBL to tumor cells, no tumor
suppression was observed (data not shown).

Using mice engrafted with a sub-optimal ratio of PBL
to tumor, the effects of anti-CTLA-4 treatment were
evaluated in vivo. Representative results of four separate
experiments are presented in Fig 4a (allogeneic, at an
E:T ratio of 2.5 to 1) and Fig. 4b (autologous, at an E:T
ratio of 5:1) are representative of two separate experi-
ments. These data show that human PBL at this sub-
optimal dose, were unable to suppress tumor growth. An
enhancement of tumor suppression was observed fol-
lowing anti-CTLA-4 treatment in both the allogeneic

Fig. 1 Changes in lymphocyte proliferation of allo-stimulated
HuPBL in the presence of either B7 or CTLA-4 blocking agents.
The in vitro effects of CTLA4*Ig and anti-hCTLA-4 mAb on
lymphocyte proliferation were assessed through the use of a
dendritic cell mixed lymphocyte reaction (DC*MLR). Human PBL
were cultured with or without irradiated mature allogenic dendritic
cells (stimulator to effector ratio of 10 to 1), in the presence of
either hCTLA-4*Ig or anti- hCTLA-4 mAb or isotype controls.
Lymphocyte proliferation was monitored after 7 days in culture by
colorimetric MTT assay (see ‘‘Materials and Method’’). The
proliferation of cells in culture with the human CTLA-4-Ig fusion
protein was inhibited compared to cells incubated with a control
fusion protein L-6 (a). In contrast, the lymphocytes in the cultures
incubated with anti-CTLA-4 monoclonal antibody 10Ag exhibited
an enhanced proliferation when compared to cells in the DC/
lymphocyte cultures incubated with an isotype control monoclonal
antibody (b). This experiment was also performed using the P2
antibody. Error bars represent the standard deviation from the
mean
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(P=0.04) and autologous settings (P=0.002) as com-
pared to mice treated with an isotype control antibody.

It was previously established that tumor suppression
observed in the SCID/Winn model correlates with, and
is dependent upon, the production of IFN-c by human
T cells in the tumor xenograft [23]. In view of these

findings, it was anticipated that an increase in the serum
level of human IFN-c may occur concomitantly with the
anti-CTLA-4 induced enhancement of the T-cell medi-

Fig. 2 Levels of hIFN-c production by allo-stimulated HuPBL
with or without CTLA-4 blockade. Human PBL were cultured with
or without irradiated mature allogenic dendritic cells (stimulator to
effector ratio of 10:1), in the presence of the P2 anti-hCTLA-4 mAb
or isotype controls. Hundred Microlitres of culture media was
drawn on days 0, 2, 4 and 7. IFN-c was detected in the supernatant
fluid of the cocultures of PBL and allogeneic DC confirming that
the PBL were activated by allostimulation. The amount and
duration of IFN-c production by the allostimulated PBL was
significantly enhanced by the antibody blockade of CTLA-4
(P=0.01). Minimal IFN-c was detected in cultures of PBL without
allogeneic DC (with or without the addition of anti-CTLA-4
antibody)

Fig. 3 Effect of B7 blockade with hCTLA-4*Ig fusion protein on
T-lymphocyte dependent tumor suppression. Freshly harvested
tumor cells were mixed with either allogeneic (a) or autologous (b)
HuPBL’s at effector to target ratio of 10:1, with or without
hCTLA-4*Ig fusion protein, or a control fusion protein (L-6) at a
dose of 10 lg per 1·106 HuPBL. Tumors were then inoculated
subcutaneously into the ventral caudal midline area of SCID mice
and tumor growth was monitored. Control mice were inoculated
with tumor cells only. Groups consisted of five mice, and data are
presented as tumor-free survival. The T-cell mediated tumor
suppression, seen in both the allogeneic and autologous model,
was reversed when B7 blockade was achieved by adding human
CTLA-4-Ig fusion protein to the xenograft. This demonstrates that
the lymphocyte mediated tumor suppression observed in the
human SCID mouse chimeric model is dependent upon the B7/
CD28 costimulation of T cellss
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ated tumor suppression. To test this hypothesis, mice
were co-engrafted with PBL and tumor at a ratio of
2.5:1 and treated with either anti-CTLA-4 or an isotype
control antibody. The mice were then bled 5 days after
implantation and the serum levels of human IFN-c
quantified by ELISA. As shown in Fig. 5, human IFN-c
was detected in the sera of mice engrafted with human
PBL+tumor cells, but not in the sera of mice engrafted
with tumor only. Anti-CTLA-4 treatment resulted in an
increase in the day 5 serum concentration of human
IFN-c compared to mice that did not receive anti-
CTLA-4 therapy (Fig. 5). While this increase did not
quite reach the level of statistical significance, these data
are consistent with the increase in IFN-c observed when
human lymphocytes+DC’s were co-cultured with anti-
CTLA-4 in vitro (Fig. 2).

Collectively, these studies indicate that human PBL-
mediated tumor suppression is dependent upon CD28/
B7 co-stimulation and that the suppression can be en-
hanced by the blockade of CTLA-4 in vivo.

Fig. 4 Effect of CTLA-4 blockade on allogeneic and autologous
SCID/Winn assay. a RPCI-2E9 cells were washed twice in DMEM
and mixed with HuPBL’s obatined from a leukophoresis of a
healthy donor, at an effector to target (E:T) ratio of 2.5 to 1. Either
anti-hCTLA-4 mAb P2 or IgG2 isotype control antibody was
added at a dose of 5 lg per 1·104 HuPBL prior to subcutaneous
inoculation (0.2 ml/mouse) into the ventral caudal midline area of
SCID mice. Tumor growth was carefully monitored with subcu-
taneous tumors measured weekly using a caliper. Each group
consisted of five mice, (Bars, SE). Addition of anti-CTLA-4 mAb
resulted in significant enhancement of tumor suppression
(P=0.04). Similar effect was observed in four other experiments
with L2 or 10A8 anti-CTLA-4 antibody. b RPCI-9350 cells were
washed twice in DMEM and mixed with HuPBL obtained from
leukophoresis of donor from whom the cell line 9530 was originally
established, at an effector to target (E:T) ratio of 5:1. Either anti-
hCTLA-4 mAb P2 or IgG2 isotype control antibody was added at
a dose of 5 lg per 1·106 HuPBL prior to subcutaneous inoculation
(0.2 ml/mouse) into the ventral caudal midline area of SCID mice.
Tumor growth was monitored with subcutaneous tumors measured
weekly using a caliper. Each group consisted of five mice (bars, SE).
Addition of anti-CTLA-4 mAb resulted in significant enhancement
of tumor suppression (P=0.002). This experiment was done twice
with similar results
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Discussion

The function of B7-CTLA4 interaction, and the mech-
anisms by which CTLA-4 blockade may augment
immunity, remain somewhat controversial [28–30]. The
majority of the preclinical data supporting the use of
CTLA-4 blockade to enhance anti-tumor responses have
been generated using murine tumor models. We sought
to examine whether CTLA-4 blockade would have a
similar effect upon human lymphocytes, and their re-
sponse to human tumors. To accomplish this, we utilized
a human/SCID mouse chimeric model (‘‘SCID-Winn
model‘’) where human peripheral blood leukocytes
(PBL) are mixed with a suspension of a tumor cells and
following injection into SCID mice, the anti-tumor im-
mune response of the engrafted human PBL is moni-
tored in vivo. In this report, we establish that the human
lymphocyte-mediated tumor suppression observed in the
SCID-Winn model, is dependent upon the co-stimula-
tion provided by B7 interaction with CD28. Further-
more, we provide direct evidence that CTLA-4 blockade
enhances human lymphocyte-mediated tumor suppres-
sion in vivo. This enhancement was observed both in a
setting in which the responding cells were allogeneic with
respect to the tumor, and in a setting where the

responding cells and tumor cells were derived from the
same patient, i.e. autologous.

The results presented here support the ongoing
evaluation of anti-CTLA-4 antibodies for tumor
immunotherapy. However, these results also suggest
that CTLA-4 blockade would be best utilized under
inflammatory conditions, where the attenuating effects
of CTLA-4 blockade can augment the proliferation of
highly-reactive T-cells. In vitro, the addition of CTLA-4
antibodies to HuPBL in the absence of co-stimulation
failed to induce IFN-gamma production, and the anti-
tumor response seen in the SCID-Winn assay is clearly
dependent upon B7:CD28 co-stimulation.

Initial experiments with CTLA-4 blockade demon-
strated that anti-CTLA-4 as a single agent resulted in the
rejection of transplantable murine tumors [20]. Phase I

clinical trials have also generated optimism. Several
prostate cancer patients treated with anti-CTLA-4
antibody showed significant decreases in serum levels of
prostate-specific antigen (PSA), indicating a reduction in
tumor burden [18]. Histological examination of tumor
biopsy tissue from these patients after therapy revealed
the presence of inflammatory infiltrates within the tumor
microenvironment as well as extensive tumor necrosis.

However, other murine studies have shown that
CTLA-4 blockade was ineffective as a single agent when
used against transplantable tumors that are inherently
poorly immunogenic, such as B16 melanoma and SM1
mammary carcinoma [21, 31]. This calls into question
whether anti-CTLA-4 antibodies would be effective as a
single agent therapy for human cancer. Instead, CTLA-4
blockade may be better utilized as an adjuvant to active
immunization. Several models demonstrated that the
enhancement of antigen presentation by GM-CSF could
be enhanced with CTLA-4 blockade, and that this
strategy is effective as a vaccine therapy [21, 31, 32].
CTLA-4 blockade may also be used in combination with
low-dose chemotherapy, where the cell death induced by
chemotherapy may prime an immune response that can
be augmented by anti-CTLA-4 [33]. In clinical trials,
CTLA-4 blocking antibody infused into advanced can-
cer patients stimulated extensive tumor necrosis with
lymphocyte and granulocyte infiltrates in metastatic
melanoma patients and the reduction or stabilization of
CA-125 levels in two of two metastatic ovarian carci-
noma patients previously vaccinated with irradiated,
autologous granulocyte-macrophage colony stimulating
factor-secreting tumor cells [34, 35].

In conclusion, the human lymphocyte-mediated tu-
mor suppression observed in a human-SCID chimeric
model is dependent upon the co-stimulation provided by
B7:CD28 co-stimulation, and CTLA-4 blockade en-
hances this human lymphocyte-mediated immune re-
sponse in vivo. This data, as well as the early results of
phase I clinical trials demonstrate the promise of
blockade of CTLA-4-mediated inhibition as a potential
strategy for the enhancement of T-cell responses in ac-
tive immunization.

Fig. 5 Effect of anti-CTLA-4 treatment on the production of IFN-
c by human PBL co-engrafted with tumor cells into SCID mice.
SCID mice were co-engrafted s.c. with 1.0·106 RPCI-9530 tumor
cells and 2.5·106 allogeneic human PBL on day 0. One group of
mice received P2 anti-CTLA-4 antibody along with the tumor/PBL
inoculum. A control group of mice was engrafted with tumor only
in the absence of PBL. Individual mice were bled on day 5 post-
engraftment, and the quantity of human IFN-c present in the sera
was determined by ELISA. Data are plotted as mean serum IFN-c
concentration on day 5 post-engraftment (N=5 mice per group).
Statistical significance among the three groups was calculated using
the unpaired Student’s t-test (P=0.076 for Tumor+PBL vs.
Tumor+PBL+anti-CTLA-4; P < 0.01 for Tumor+PBL vs.
Tumor only; P < 0.01 for Tumor+PBL+anti-CTLA-4 vs. Tumor
only)
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