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Cytotoxic T lymphocyte–associated anti-
gen 4 (CTLA4) delivers inhibitory signals
to activated T cells. CTLA4 is constitu-
tively expressed on regulatory CD4�

T cells (Tregs), but its role in these cells
remains unclear. CTLA4 blockade has
been shown to induce antitumor immu-
nity. In this study, we examined the ef-
fects of anti-CTLA4 antibody on the en-
dogenous CD4� T cells in cancer patients.
We show that CTLA4 blockade induces

an increase not only in the number of
activated effector CD4� T cells, but also
in the number of CD4� FoxP3� Tregs.
Although the effects were dose-depen-
dent, CD4� FoxP3� regulatory T cells
could be expanded at lower antibody
doses. In contrast, expansion of effector
T cells was seen only at the highest dose
level studied. Moreover, these expanded
CD4� FoxP3� regulatory T cells are in-
duced to proliferate with treatment and

possess suppressor function. Our results
demonstrate that treatment with anti-CTLA4
antibody does not deplete human CD4�

FoxP3� Tregs in vivo, but rather may medi-
ate its effects through the activation of effec-
tor T cells. Our results also suggest that
CTLA4 may inhibit Treg proliferation similar
to its role on effector T cells. This study is
registered at http://www.clinicaltrials.gov/
ct2/show/NCT00064129, registry number
NCT00064129. (Blood. 2008;112:1175-1183)

Introduction

Cancer immunotherapy relies on the induction of effector T cells to
mediate tumor regression. Activation of these T cells requires recogni-
tion of specific antigens in concert with costimulatory molecules such as
CD80 and CD86 expressed on the surface of antigen-presenting cells
(APCs). These costimulatory molecules interact with CD28, which is
constitutively expressed on T cells and delivers signals required by
naive T cells to become activated and proliferate.1 Once activated, these
T cells transiently up-regulate cytotoxic T lymphocyte–associated anti-
gen 4 (CTLA4) on their cell surface, which interacts with the same
costimulatory molecules but now serves to inhibit cell cycle progression
and IL-2 production.2,3 Thus, CTLA4 signaling provides negative
feedback to activated T cells, thereby dampening an immune response.
Blocking CTLA4 with anti-CTLA4 antibodies enhances effector T-cell
responses and can induce T cell–mediated rejection of certain tumors in
mouse models.4 With fewer immunogenic tumors such as the mouse
B16 melanoma, however, CTLA4 blockade is effective only if com-
bined with the injection of irradiated granulocyte-macrophage colony-
stimulating factor (GM-CSF)–transduced tumor cells (GVAX).5-7

Human anti-CTLA4 antibodies have entered clinical trials and have
demonstrated antitumor responses in patients, predominantly in mela-
noma and kidney cancer patients.8-11 These treatments have been
associated with immune-mediated side effects, manifesting as inflamma-
tion within skin, colon, eye, and pituitary gland.12,13

Although the treatment effects have been shown to be T-cell
dependent, the mechanism by which anti-CTLA4 antibodies
induce tumor regression, as well as these immune-mediated side
effects, remains unclear. CTLA4 blockade may directly enhance
the proliferation and/or function of effector CD4� and/or CD8�

T cells. Alternatively, CTLA4 blockade could negatively impact

CD4� regulatory T cells (Tregs), which can suppress immune
responses to both self and nonself and are therefore crucial in
the maintenance of immunologic tolerance.14,15 Studies in
humans have demonstrated that patients with cancer may have
an increased number of Tregs in their blood or even within the
tumor microenvironment.16-20 Moreover, the presence of Tregs
within the tumor has been associated with worse clinical
outcome.17,21

Tregs constitutively express the nuclear transcription factor
forkhead box protein P3 (FoxP3) and also constitutively express
CTLA4 on their cell surface.22,23 Thus, anti-CTLA4 antibodies
could enhance antitumor immunity through the depletion of these
cells. In fact, depletion of Tregs by targeting CD25, which may also
be constitutively expressed on the surface of Tregs,24 enhances
effective antitumor immunity in both animal models and hu-
mans.25-27 A recent study in humans treated with anti-CTLA4
antibody reported a transient reduction after treatment in the
number of CD4�CD25�CD62L� cells, which could represent a
depletion of Tregs.28 Anti-CTLA4 antibody may also impair the
suppressive function of Tregs,29,30 although a study in humans
failed to demonstrate any in vitro effects of anti-CTLA4 antibody
on Treg-mediated suppression.31 Finally, a more recent study in
mice demonstrated that the combination of CTLA4 blockade with
GVAX increased the number of both Tregs and effector T cells in
the tumor, with skewing of the ratio toward effector T cells
correlating with tumor rejection.32

Here we show that anti-CTLA4 antibody-based immuno-
therapy induces an increase not only in activated effector CD4�
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T cells, but also in functional Tregs in cancer patients. Consis-
tent with this finding, we saw enhanced proliferation of Tregs in
vivo after treatment. Importantly, the number of Tregs was
increased at lower doses of anti-CTLA4 antibody, although the
increase in the number of activated effector T cells was primar-
ily seen at higher doses, suggesting a higher sensitivity of Tregs
to CTLA4 blockade. Our data, therefore, demonstrate that
CTLA4 blockade acts not by the depletion of Tregs. Rather, our
data strongly support the notion that CTLA4 blockade induces
clinical responses through the induction of effector T cells.

Methods

Study subjects

Study participants were at least 18 years old with histologically confirmed
metastatic prostate cancer with disease evident on computed tomography
(CT), magnetic resonance imaging (MRI), and/or bone scans. Study
subjects were required to have progressive cancer by the Prostate-Specific
Antigen (PSA) Working Group Consensus Criteria33 with rising PSA levels
and/or worsening scans at study entry. Subjects must not have received
prior chemotherapy or immunotherapy. They could not have received
radiation therapy within 4 weeks of participation on the study. Participants
also could not have a history of autoimmune disease, nor could they be
taking systemic corticosteroids during the study. The study was performed
with University of California, San Francisco (UCSF) Institutional Review
Board approved protocol. Written informed consent was obtained from all
study subjects in accordance with the Declaration of Helsinki.

Clinical trial

We carried out a phase 1 study with escalating doses of anti-CTLA4
antibody in combination with a fixed dose of GM-CSF to show the
safety and feasibility of this treatment in prostate cancer patients.
Initially, cohorts of 3 subjects were sequentially enrolled into each of
5 dose cohorts at escalating dose levels of anti-CTLA4 antibody. If a
single subject experienced significant treatment-related side effects
potentially related to anti-CTLA4 antibody at a given dose, the cohorts
were expanded to 6 subjects. Subjects received up to 4 doses of
anti-CTLA4 antibodies at the specified doses. These doses were given in
4-week cycles with GM-CSF administered daily on the first 14 days of
these cycles. GM-CSF treatment could continue until disease progres-
sion or toxicity. A total of 24 patients were accrued to this phase 1 study.
Eighteen had bone metastasis, 8 had lymph node metastasis, and 3 had
metastasis to visceral organs. The median age was 70 years with a range
of 60 to 82 years. At baseline, the median PSA was 35.3 ng/mL (normal
range, 0-4 ng/mL), with a range of 6.72 to 435.1. Peripheral blood was
obtained from the participants at baseline before the initiation of
treatment and every 4 weeks while on study for immune monitoring.

Flow cytometry

Peripheral blood mononuclear cells (PBMCs) were obtained from
patients before treatment and monthly while on treatment. PBMCs were
either stained fresh and assessed by flow cytometry or cryopreserved for
later study. The fluorochrome-labeled antihuman antibodies to CD3,
CD4, CD25, CD127, HLA-DR, CTLA4, CD69, CD71, KI67, IL-10,
IL-2, and IFN-� were purchased from BD Biosciences (San Jose, CA).
Alexa488-conjugated antihuman FoxP3 was purchased from BioLegend
(San Diego, CA). Intracellular staining was performed according to the
BioLegend protocol. Stained cells were washed and analyzed with a
FACSCalibur or LSR II (BD Biosciences) flow cytometer. All data
analysis was performed with FlowJo software (TreeStar, Ashland, OR).
CD4 T-cell counts were calculated by multiplying the percentage of the
indicated CD4 T-cell phenotype gated on lymphocytes by the absolute
lymphocyte counts measured simultaneously in a complete blood count.

Surface CTLA4 capture staining

Patient PBMCs were cultured for 6 hours at 37°C/5% CO2 in RPMI-
1640 plus 5% human serum (Cambrex, North Brunswick, NJ) contain-
ing 2 �M monensin (Sigma-Aldrich, St Louis, MO), 10 �g/mL brefel-
din A (Epicentre, Madison, WI), and an anti-CTLA4 PE antibody (BD
Biosciences) or an isotype matched control antibody. PBMCs were then
washed and stained for surface markers including IgG PE or CTLA4 PE
where indicated at 4°C for 30 minutes. PBMCs were then washed, fixed,
and stained intracellularly according to the BioLegend protocol where
indicated. Labeled PBMCs were then washed and analyzed on a flow
cytometer.

Cytokine production assay

Cryopreserved patient PBMCs were thawed and then washed and
cultured in RPMI-1640 plus 5% human serum (Cambrex). Baseline and
posttreatment time points were assessed in parallel. The PBMCs were
cultured with or without 0.5 �g/mL anti-CD3 (clone OKT3) and
0.5 �g/mL anti-CD28 (clone 9.3) antibodies for 8 hours in an incubator
at 37°C 5% CO2. For intracellular cytokine staining, cells were also
cultured with brefeldin A (Sigma-Aldrich) at 10 �g/mL. The cells were
then washed and stained for surface markers as well as for intracellular
FoxP3, IFN-�, IL-2, and/or IL-10.

Isolation of Tregs

PBMCs from subjects after 2 cycles of treatment were isolated fresh
from 50 mL of blood by Ficoll density centrifugation. After washing, the
PBMCs were counted, resuspended in sorting buffer (PBS � 0.1%
HSA � 0.5 mM EDTA), and stained with fluorescently labeled antihu-
man CD4, anti-CD127, and anti-CD25 antibodies for 30 minutes at 4°C.
The stained cells were then washed, resuspended in sorting buffer at
2 � 107/mL, and sorted on a FACSAria (BD Biosciences). CD4� T cells
were gated based on the expression of CD127 and CD25.
CD4�CD127loCD25hi cells were used as Tregs. CD4�CD127hiCD25lo

T cells were used as responding effector T cells.

T-cell suppression assay

Suppression assays were performed as previously published.34 Briefly,
30 000 sorted CD4�CD127hiCD25� cells (responders) were cocultured
with 100 000 irradiated allogeneic PBMCs and 0.5 �g/mL anti-CD3
antibody (clone OKT3) in triplicate wells of 96-well round-bottom
microtiter plates. A titration of CD25�CD127�CD4� Tregs was added in
the indicated ratios. Cells were incubated for 5 days in a humidified
incubator at 37°C and 5% CO2. 3H-thymidine was added to each well for
the final 18 hours of culture. The assays were harvested with a Tomtec cell
harvester and counted with a Perkin Elmer MicroBeta Trilux scintillation
counter (Waltham, MA). Proliferation was reported as a stimulation index
(SI: � CPM/CPM of responders alone).

Statistical analysis

The primary outcome for this phase 1 study was to determine the safety of
anti-CTLA4 given with GM-CSF. The standard dose escalation procedure
for phase 1 trials was carried out with 3 to 6 subjects accrued per dose
cohort. The maximum tolerated dose level was defined as the dose of
anti-CTLA4 resulting in 0 of 3 subjects or only 1 of 6 subjects for an
expanded dose cohort experiencing dose-limiting toxicity. A total of
24 subjects were accrued to 5 different dose levels (Figure 1). Due to the
small sample size, the nonparametric Wilcoxon matched pairs test was used
to evaluate the change in FoxP3� CD4� T-cell count from baseline to week
16. Outcomes for immunologic and clinical outcomes were summarized
with descriptive statistics and graphically.
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Results

Clinical trial

Patients with progressive metastatic hormone-refractory prostate
cancer (HRPC) were candidates for a phase 1 dose escalation study
with sequential cohorts receiving increasing dose levels of anti-
CTLA4 antibody. Consenting study participants were enrolled into
dose cohorts and received 4 doses of fully human anti-CTLA4
IgG1 antibody (ipilimumab; Medarex, Princeton, NJ) every 28 days
(Figure 1A). Subjects also received daily doses of GM-CSF
250 �g/m2 (sagramostim; Bayer HealthCare Pharmaceuticals, Se-
attle, WA) subcutaneously daily on days 1 to 14 of each 28-day
cycle until disease progression or development of a treatment-
related adverse event. Twenty-four study subjects were enrolled on
this clinical trial.

Expansion of activated CD4� T cells with anti-CTLA4 antibody
treatment

Subjects entering the study had variable CD4 T-cell counts at
baseline, and there was no consistent change in the total CD4�

T-cell counts during treatment across the different dose levels
(Figure 1B). We then assessed the activation of circulating

CD4� T cells by staining for activation markers CD25 and
CD69 (Figure 2A). With dose levels 1 to 4, only subtle, if any,
increases were seen in the number of circulating of activated
CD25�CD69�CD4� T cells per blood volume after treatment
(Figure 2B). Moreover, any increases in CD25�CD69�CD4�

T cells were transient in these lower dose levels. By dose level
5, however, the number of activated CD25�CD69�CD4� T cells
per volume of blood increased after treatment, and persisted
throughout the treatment (Figure 2B). In fact, all of the subjects
at this dose level had greater than twice the number of
circulating CD25�CD69�CD4� T cells at week 16 compared
with their number at baseline. These results demonstrate a
threshold anti-CTLA4 antibody dose for CD4� T-cell activation.
Although CD4� T cells were either not activated or only
transiently activated at the lower dose levels of anti-CTLA4
antibody, persistent CD4� T-cell activation required repetitive
dosing of anti-CTLA4 antibody at the threshold of 3 mg/kg
(dose level 5).

Expansion of CD4� FoxP3� Tregs with anti-CTLA4 antibody
treatment

Because of the increase in CD4�CD25� T cells, we examined
whether these expanded cells were Tregs because Tregs can also

Week 0 4 8 12
GM-CSF (250mcg/m2/d)

Anti-CTLA4 (mg/kg)

Dose Level 1 (n=3)      0.5   0.5 0.5 0.5

Dose Level 2 (n=6)      1.5   0.5 0.5 0.5

Dose Level 3 (n=6)      1.5   1.5 1.5 1.5

Dose Level 4 (n=3)      3 1.5 1.5 1.5

Dose Level 5 (n=6)      3 3 3 3
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Figure 1. Administration of anti-CTLA4 antibody and
GM-CSF. (A) The dose of anti-CTLA4 antibody (mg/kg)
and number of patients (n) on each dose level are
presented. (B) The counts of CD4� T cells per volume of
blood were calculated by multiplying the percentage of
CD4� T cells by the absolute lymphocyte counts mea-
sured simultaneously. Each row represents the corre-
sponding dose level. Each line represents the counts for
each evaluable subject within the specified dose level.
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express CD25. To identify Tregs, we performed intracellular
staining for FoxP3, a transcription factor that is required for Treg
function (Figure 3A). Consistent with prior reports, FoxP3� CD4�

T cells expressed elevated levels of CD25 (Figure 3A middle row).
Moreover, we saw a significant increase in the percentage of
FoxP3� CD4� T cells after treatment with anti-CTLA4 antibody at
3 mg/kg that also expressed high levels of CD25 (Figure 3A right
panels). We also found that FoxP3� CD4� T cells both before and
after treatment did not express CD69 (Figure 3A bottom row).
Thus, the CD25�CD69�CD4� T cells expanded with treatment are
distinct from FoxP3� CD4� T cells and are consistent with
activated FoxP3� effector cells. Because subjects in this study were
treated with both GM-CSF and anti-CTLA4 antibody, we assessed
PBMCs from subjects participating in another trial investigating a
single dose of anti-CTLA4 antibody alone at a dose of 3 mg/kg.35

Subjects in this clinical trial also had metastatic hormone-
refractory prostate cancer and had not received prior chemotherapy.
A similar magnitude of Treg expansion was seen 4 weeks after
treatment in all 3 subjects assessed, demonstrating that anti-CTLA4
treatment alone is sufficient for this effect (Figure 3B).

We also examined CTLA4 expression levels by CD4� T cells
by staining with an alternate anti-CTLA4 antibody that is not
blocked by the study drug. We found that FoxP3� CD4� T cells
express modest levels of surface CTLA4 but possess significantly

higher levels of intracellular CTLA4 compared with FoxP3� CD4�

T cells (Figure 3C). This higher level of CTLA4 expression could
render FoxP3� CD4� Tregs more susceptible to effects of CTLA4
blockade. We also found that FoxP3� T cells maintain their levels
of both cell surface and intracellular CTLA4 after treatment. The
CTLA4 blockade, therefore, appears to act neither by depleting
these FoxP3� CD4� T cells nor by affecting their intracellular
stores of CTLA4. Because the bulk of the CTLA4 resides
intracellularly within these T cells, we wished to determine the
capacity of intracellular CTLA4 to be accessible on the cell surface
over time by staining the cells over 6 hours while inhibiting
internalization of surface proteins.36 Using a surface capture
antibody labeling technique where anti-CTLA4 antibody was
coincubated with the cells during the 6 hours of incubation at 37°C,
CTLA4 can be detected on the surface of both FoxP3� and FoxP3�

CD4� T cells (Figure 3D). Moreover, the levels of CTLA4 detected
on the surface of FoxP3� CD4� T cells during this 6-hour
incubation were nearly identical to the levels of intracellular
CTLA4 detected on FOXP3 cells. These results indicate that the
majority of internal CTLA4 can translocate to the cell surface over
this time. FoxP3� CD4� T cells with high intracellular levels of
CTLA4 would therefore be susceptible to CTLA4 blockade.

Given these results, we assessed cryopreserved PBMCs from
study subjects across the different dose levels for FoxP3 expression
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Figure 2. Activation of CD4� T cells with escalating doses of anti-CTLA4 antibody. (A) PBMCs at baseline, week 4, and week 16 of treatment from study subjects in each
dose level were stained with antibodies to CD4, CD25, and CD69. Stained cells were then assessed by flow cytometry and gated on CD4� T cells. Each row represents a
different dose level. Numbers on plots represent the percentage of cells for each quadrant. Individual study subjects are presented from each dose level. Gating for CD25 and
CD69 expression was set with results from staining with isotype-matched control IgG. (B) The counts of CD25�CD69� CD4� T cells per volume of blood was calculated by
multiplying the percentage of CD25�CD69�CD4� T cells by the absolute lymphocyte counts measured simultaneously. Each row represents the corresponding dose level.
Each line represents the counts for each evaluable subject within the specified dose level.
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where samples were available. Interestingly, a dose-effect relation-
ship became apparent with FoxP3� CD4� T-cell expansion (Figure
4A). However, FoxP3� CD4� T-cell expansion was seen at dose
levels 2 to 5 (Figure 4B). The change in the number of FoxP3�

CD4� T cells between baseline and week 16 was statistically
significant (Figure 4C; P � .001, nonparametric Wilcoxon matched
pairs test).

Expanded FoxP3� CD4� T cells function as
immunosuppressive Tregs

Whereas FoxP3 expression is generally felt to be restricted to Tregs
in the mouse, in humans FoxP3 can be transiently induced in
effector CD4� T cells after activation.37 These activated effectors
produce effector cytokines such as IFN-� and IL-2 in contrast to
Tregs, which do not produce these cytokines. Therefore, we
assessed the capacity of expanded FoxP3� CD4� T cells to
produce these effector cytokines (Figure 5A). In CD4� T cells
obtained at baseline or at week 4 of treatment from these study
subjects, IL-2 production could be seen in some FoxP3� CD4�

effector T cells, but not in the expanded FoxP3� CD4� T cells.
After in vitro restimulation with anti-CD3 and anti-CD28 antibod-
ies, again only the FoxP3� CD4� effector T cells could produce

IFN-� and IL-2, whereas the FoxP3� CD4� T cells did not. These
results support the notion that the FoxP3� T cells expanded by
treatment do not simply represent effector T cells activated in vivo
by CTLA4 blockade. Finally, these FoxP3� CD4� T cells ex-
panded after treatment do not produce IL-10 (data not shown).

FoxP3 expression has also been shown to down-regulate
CD127 expression on human CD4� T cells.38 Human Tregs can,
therefore, also be identified and isolated by their low levels of
CD127 expression on CD25hiCD4� T cells. We found that the
FoxP3� CD4� T cells expanded by treatment possessed the same
CD4�CD127loCD25hi phenotype (Figure 5B). We, therefore, used
these markers to isolate Tregs by fluorescence-activated cell sorting
(FACS) from subjects after week 8 of treatment. When these
posttreatment CD4�CD127loCD25hi T cells were sorted and used
in a suppression assay, they potently inhibited proliferation of
autologous PBMCs stimulated with irradiated, allogeneic PBMCs
and anti-CD3 antibody in a dose-dependent manner (Figure 5C).

Treatment induces proliferation of both FoxP3� CD4� and
effector T cells

With the increase in the proportion of FoxP3� CD4� T cells and
activated T cells, we examined whether our treatment induces

Figure 3. Expansion of FoxP3� CD4� T cells after treatment. (A) PBMCs from baseline and at week 4 from a subject in dose level 5 were stained for CD4, CD25, and CD69
with fluorescence-labeled antibodies. Anti-FoxP3 antibody staining was performed after cell permeabilization. Cells were then analyzed by flow cytometry and gated on CD4�

T cells. CD4� T cells were gated (top panels) and analyzed for CD25, CD69, and FoxP3 expression. The numbers on plots represent the percentage of cells in each of the
quadrants. Data are derived from 1 subject treated in dose level 5 and are representative of 6 subjects in this cohort. Gating for CD4� FoxP3� staining was set with results from
isotype-matched control IgG staining. (B) PBMCs from baseline and at week 4 from a subject who received anti-CTLA4 antibody at 3 mg/kg alone in a separate clinical trial for
metastatic hormone-refractory prostate cancer were also stained for CD4 and intracellular FoxP3. Results are representative of 3 patients assessed. (C) PBMCs from baseline
and at week 4 from a subject in dose level 5 were stained for CD4 and FoxP3 as described. Phycoerythrin-labeled anti-CTLA4 antibody, which is not blocked by the study drug,
was also added either before (surface staining, top panels) or after (intracellular staining, bottom panels) cell permeabilization. FoxP3� CD4� T cells (solid line) or FoxP3�

CD4� effector T cells (dashed line) were gated and assessed for CTLA4 expression. Staining with an isotype-matched control antibody is also shown (shaded histogram).
(D) Dynamics of the intracellular pool of CTLA4 were assessed by surface capture staining. PBMCs from a representative subject in cohort 5 at week 4 of treatment were
cultured for 6 hours and stained with antibody for surface CTLA4 or intracellular CTLA4 (after permeabilization) at the conclusion of culture, or the cells were cultured in a
cocktail containing monensin, brefeldin A, and an anti-CTLA4 antibody to capture surface CTLA4 that translocates to the cell membrane over this time. PBMCs were also
stained for CD4 and FoxP3 with fluorescently labeled antibodies, assessed by flow cytometry, and gated on CD4� T cells. Results are representative of PBMCs from 3 different
patients in cohort 5 at week 4 or at baseline.
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these T cells into cell cycle. To this end, we determined whether
FoxP3� CD4� T cells were proliferating in vivo by staining for
Ki67 and CD71. The former is a nuclear protein expressed
exclusively in proliferating cells from G1 to M phase and has
been used routinely to detect cell proliferation by flow cytom-
etry.39,40 The latter, the transferrin receptor, is an activation
marker for T cells that has been shown to correlate with T-cell
proliferation.41,42 At baseline, before treatment, Ki67� CD4�

T cells were evident in both FoxP3� and FoxP3� CD4� T cells.
After treatment, the percentage of FoxP3� and FoxP3� cells
expressing Ki67 and CD71 was increased (Figure 6A,B).
Moreover, the percentage of FoxP3� CD4� T cells that express
Ki67 after treatment for this subject represented 47% of the
FoxP3� CD4� T cells, whereas the percentage of Ki67 express-
ing FoxP3� CD4� T cells represented 11% of the FoxP3� CD4�

T cells (Figure 6B). Whereas none of the assessed patients in
dose level 1 had an increase in the percentage of Ki67� FoxP3�

CD4� T cells or in the percentage of Ki67� FoxP3� CD4�

T cells with treatment (data not shown), 8 of the 9 assessable
patients across the higher dose cohorts had at least a doubling in
these percentages (Figure 6C,D). Finally, we did not see an
increase in the intracellular levels of Bcl-2 or Bcl-xl in FoxP3�

CD4� T cells after treatment (Figure 6E), suggesting that the
increase in the percentage of FoxP3� CD4� T cells is not a
result of prolonged survival.43 In fact, the levels of Bcl-2 and
Bcl-xl are actually decreased after treatment, consistent with
these T cells being activated.

Discussion

Although the capacity of CTLA4 blockade to enhance effector
T-cell responses and antitumor immunity has been demonstrated
in mouse models, the effects of anti-CTLA4 on Tregs are only
now being elucidated. The antitumor effects of anti-CTLA4
have been postulated to be mediated through the depletion of
Tregs28 or inhibition of their function.29,30 Here we show that
anti-CTLA4 antibody-based treatment does not deplete Tregs,
but in fact expands functional Tregs in humans in vivo.
Moreover, Tregs were significantly expanded at anti-CTLA4
antibody doses of 1.5 mg/kg or more. Consistent with this
finding, Tregs constitutively express higher levels of CTLA4
compared with effector T cells that translocate to cell surface
and, therefore, may be more strongly regulated by the inhibitory
effects of CTLA4 compared with effector T cells. Constitutive
expression of CTLA4 by Tregs may alternatively serve as a sink
for binding anti-CTLA4 antibody in vivo. Nevertheless, to our
knowledge, this is the first demonstration of the capacity of
CTLA4 blockade to induce the proliferation of Tregs in vivo.
CTLA4 may therefore play an important role in the homeostasis
of Tregs by providing a tonic level of inhibitory signals to these
cells that may recognize self-antigens.44

These results clarify seemingly controversial findings. Al-
though mouse models have shown that CTLA4 blockade can
increase the number of Tregs in vivo,32 human studies have
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failed to reach similar conclusions. These latter studies, how-
ever, have relied upon surface phenotypes that are not specific
for Tregs (such as CD4�CD25�CD62L�) and/or quantitation of
FoxP3 by polymerase chain reaction (PCR).28,31 Our approach
of staining for intracellular FoxP3 protein provides a more
direct measure of the frequency of the FoxP3-expressing T cells
within the study subjects.

Tregs are composed of at least 2 major subsets: naturally
occurring and adaptive.45-47 Naturally occurring Tregs are thymi-
cally derived from a distinct FoxP3� T-cell lineage. In contrast,
adaptive human Tregs are thought to arise from mature peripheral
FoxP3� CD4� T cells that have been activated.48 These latter Tregs
are induced to express FoxP3 and may mediate their effects
through IL-10 and/or TGF-�. Human effector CD4� T cells can
also be induced to transiently express FoxP3 without the develop-
ment of suppressor function.49,50 Importantly, these studies focus
upon human T cells cultured in vitro, whereas our staining focuses
upon effects seen in vivo. Our data demonstrate that FoxP3� CD4�

T cells expanded by our treatment are distinct from activated
effector T cells by their low levels of CD69 and CD127 expression,
as well as their inability to produce effector cytokines IL-2, IFN-�,
and IL-10. The phenotype of these cells is, therefore, consistent
with human naturally occurring Tregs.37 Finally, we confirm that
these expanded Tregs are capable of functionally suppressing
effector T cells in vitro. These results suggest that CTLA4 block-
ade likely induces the proliferation of naturally occurring Tregs.

With the dose escalation of anti-CTLA4 antibody, we
demonstrated that a balance between FoxP3� CD4� effector and
FoxP3� CD4� regulatory T cells exists in vivo. Persistent
activation of effector CD4� T cells was seen only at the highest
dose level of anti-CTLA4 antibody studied. In contrast, expan-
sion of Tregs was seen at lower doses. The effects of CTLA4

blockade on FoxP3� CD4� regulatory T cells may therefore
predominate at these lower doses, whereas at higher doses the
effector T cells may predominate leading to antitumor and
autoimmune clinical effects. This may explain why both clinical
responses and side effects have been seen with an antibody dose
at or above a threshold of 3 mg/kg as was seen in this and other
clinical trials.8,9,12,13,51,52 Although GM-CSF was combined with
anti-CTLA4 antibody in this clinical trial to potentially enhance
antigen presentation, no significant effects on Tregs and effector
CD4� T cells could be seen at dose level 1. This argues against
the treatment effects being related solely to GM-CSF
administration.

Other immunotherapies that can induce tumor responses have
been shown to induce Tregs, including systemic IL-2 and tumor
vaccines.53-55 Our results demonstrate that there exist thresholds
where at certain doses, the expansion of Tregs may occur, whereas
at an alternate threshold, effector T cells may predominate leading
to clinical effects. Determining where a given immunotherapy is on
such a continuum will be challenging. Nevertheless, elucidating the
requirements for preferentially driving effector T-cell responses
will provide important insight into the development of more potent
immunotherapies.
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Figure 5. Function of expanded Tregs. (A) CD4� T cells
were assessed for cytokine production before and after treat-
ment by intracellular staining with fluorescence-labeled antibod-
ies. PBMCs from before and after treatment were cultured with
or without anti-CD3 and anti-CD28 antibodies for 8 hours. The
cells were stained with anti-CD4 followed by intracellular
staining for FoxP3, IFN-�, and IL-2. For analysis, the PBMCs
were gated on CD4� T cells. Numbers on plots represent the
percentages for each quadrant. Data shown are derived from
1 subject and are representative experiments from 3 different
subjects. (B) PBMCs from baseline and at week 8 were stained
for CD4, CD25, and CD127 followed by intracellular staining for
FoxP3. Gating for FoxP3� CD4� cells was set with results from
isotype-matched control IgG staining. Tregs were sorted
from PBMCs derived from a study subject (C) in dose level 5 at
week 8 and from a healthy control individual (D) based on the
expression of CD4, CD127, and CD25. Thirty thousand autolo-
gous CD4�CD127�CD25� T cells (responders) were cocul-
tured with 100 000 irradiated allogeneic PBMCs and anti-CD3
antibody. Where indicated, CD4�CD127�CD25� Tregs were
added at the indicated ratios of responders/Tregs. 3H-
thymidine incorporation was assessed after 5 days of culture.
Results are representative experiments from 3 different sub-
jects. Error bars represent SD.
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