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Abstract Tumor cell death potentially engages with the
immune system. However, the eYcacy of anti-tumor che-
motherapy may be limited by tumor-driven immunosup-
pression, e.g., through CD25+ regulatory T cells. We
addressed this question in a mouse model of mesothelioma
by depleting or reconstituting CD25+ regulatory T cells in
combination with two diVerent chemotherapeutic drugs.
We found that the eYcacy of cyclophosphamide to eradi-
cate established tumors, which has been linked to regula-
tory T cell depletion, was negated by adoptive transfer of
CD25+ regulatory T cells. Analysis of post-chemotherapy
regulatory T cell populations revealed that cyclophospha-
mide depleted cycling (Ki-67hi) T cells, including foxp3+

regulatory CD4+ T cells. Ki-67hi CD4+ T cells expressed
increased levels of two markers, TNFR2 and ICOS, that
have been associated with a maximally suppressive pheno-
type according to recently published studies. This suggest
that cyclophosphamide depletes a population of maximally

suppressive regulatory T cells, which may explain its supe-
rior anti-tumor eYcacy in our model. Our data suggest that
regulatory T cell depletion could be used to improve the
eYcacy of anti-cancer chemotherapy regimens. Indeed, we
observed that the drug gemcitabine, which does not deplete
cycling regulatory T cells, eradicates established tumors in
mice only when CD25+ CD4+ T cells are concurrently
depleted. Cyclophosphamide could be used to achieve reg-
ulatory T cell depletion in combination with chemotherapy.
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Introduction

Cancer is rarely cured by cytotoxic chemotherapy alone.
However, chemotherapy can set the stage for the generation
of eVective anti-tumor immune responses by immunotherapy
or vaccination [9, 17, 22, 33, 45, 48]. For example, combina-
tion of the cytotoxic drug gemcitabine (GEM) with agonistic
anti-CD40 antibodies resulted in curative responses in a
mouse model of mesothelioma, whereas neither single ther-
apy could achieve this [33]. The successful combination of
immunotherapy with chemotherapy suggests that chemother-
apy alone does not suYciently engage with the immune sys-
tem to generate eVective anti-tumor immune responses. One
possible explanation for this is that chemotherapeutic drugs
do not break tumor-driven immunosuppression. Suppression
of anti-tumor immune responses is emerging as a cardinal
feature of tumor immune-editing [5, 36]. Foxp3-expressing
CD25+ regulatory CD4+ T cells are key players that shape
such suppressive immune responses [11], but other cell
types, e.g., IL-10 producing Tr1 cells [37], other less-well
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characterized CD4+ T cells [8] and IL-13 producing type II
NKT cells [4, 44] have been shown to play a role as well.
The concept that tumors drive immuno-suppression has
implications for therapy as the speciWc depletion of suppres-
sive cells could generate productive anti-tumor responses.

The cytotoxic drug cyclophosphamide (CY) has
received considerable attention because of its immuno-
stimulatory properties. In the early 1980 s, it was shown
that CY depleted suppressor T cells and thereby rescued
anti-tumor eVector T cells [3]. Although the concept of sup-
pressor T cells was controversial at the time, the discovery
of CD25+ CD4+ regulatory T cells [11] sparked a renewed
interest in the link between CY and loss of immuno-sup-
pression. Several studies have now demonstrated that CY is
indeed associated with a loss of immuno-suppressive func-
tions and that this loss is caused by a selective depletion of
regulatory T cells [14, 24]. A causal link between CY, NO
production by Gr1+ CD11b+ myeloid suppressor cells and
the selective depletion of proliferating T cells has provided
a cellular mechanism for this phenomenon [2, 34].

Since there is emerging evidence that regulatory T cells
play a role in mesothelioma [18, 29, 38], we used the AB1-
HA model of murine mesothelioma [25, 26] to investigate
the link between chemotherapy and CD25+ regulatory T
cells. AB1-HA tumor cells were generated by transfection of
the asbestos-induced AB1 tumor cell line [25] with the inXu-
enza virus HA-gene [26]. The objective of the present study
was to determine whether the eYcacy of gemcitabine can be
improved by regulatory T cell depletion, and, conversely,
whether the anti-tumor eVects of cyclophosphamide can be
explained by its impact on regulatory T cells. In both cases,
we found that the outcome of chemotherapy was critically
dependent on CD25+ CD4+ regulatory T cells. Phenotypic
characterization of post-chemotherapy regulatory T cell pop-
ulations revealed that CY, but not GEM, depleted a popula-
tion of Ki-67hi cycling T cells. The Ki-67hi population that
was depleted was characterized by the expression of ICOS
and TNFR2. These markers have been associated with a
maximally suppressive phenotype [6, 19, 41]. To our knowl-
edge, this study is the Wrst to report (1) that the anti-tumor
eYcacy of chemotherapy is enhanced by regulatory T cell
depletion, either by immunotherapy (anti-CD25 antibodies)
or by using CY and (2) that a discrete population of KI-67hi

ICOShi TNFR2hi regulatory T cells exists that is enriched in
the tumor and that is depleted by cyclophosphamide.

Materials and methods

Reagents and antibodies

Cyclophosphamide and maphosphamide were purchased
from Sigma–Aldrich and Baxter Oncology (Halle, Germany),

respectively. Gemcitabine was obtained from the Sir
Charles Gairdner Hospital pharmacy. CFSE was from
Molecular Probes. The following conjugated antibodies
were used: TCR�-AF488 (H57-597, eBioscience), CD3�-
FITC (145-2C11, eBioscience), CD4-PECy7 and CD4-PE
(RM4-5, eBioscience), CD8�-PECy5 (5H10, Caltag),
CD25-PE and CD25-APC-AF750 (PC-61, eBioscience),
Ki-67-FITC (B56, BD), foxp3-AF647 (150D, Biolegend),
ICOS-PECy5 (7E.17G9, eBioscience), TNFR2-PE (TR75-
32, BD Biosciences), CD62L-APC (MEL-14, eBioscience)
and iNOS-FITC (Clone 6, BD Biosciences). Flow cytome-
try was performed using BD FACSCalibur and FACSCanto
II instruments and analyzed using Flowjo software
(TreeStar).

Mice

BALB/c (H-2d) wild-type and nude mice were purchased
from the Animal Resources Centre (Canning Vale, Western
Australia) and maintained under speciWc pathogen-free
conditions. All experiments used female mice between 6
and 8 weeks of age. Animal experimentation was con-
ducted according to University of Western Australia Ani-
mal Ethics Committee approvals following the NH&MRC
Code of Practice.

Chemotherapy

Cyclophosphamide (CY) was administered as a single
intraperitoneal injection of 150 mg/kg (3 mg in 150 �l in a
20 g mouse) when tumors became palpable (day 9 for
immunocompetent BALB/c mice, day 7 for athymic nude
mice). Occasionally and as indicated in the text, CY injec-
tions were done at later timepoints. In initial studies, the
optimal CY dose was emperically determined as the mini-
mum dose resulting in 80–100% cure rate (150 mg/ml).
Lower dose (15–50 mg/kg) resulted in dramatically
decreased eYcacy, whereas higher doses (200 mg/kg) were
100% curative. Gemcitabine treatment was done at an opti-
mized dose and schedule, as published previously: 5 injec-
tions, every third day (q3dx5) at 100 mg/kg per dose,
starting when tumors became palpable (day 9 for immuno-
competent BALB/c mice, day 7 for athymic nude mice)
[33].

Tumor cell culture and inoculation

Generation of the BALB/c-derived mouse mesothelioma
cell line AB1 and transfection with the gene encoding inXu-
enza HA (AB1-HA) has been previously described [26].
Cell lines were maintained in RPMI 1640 (Invitrogen Life
Technologies) supplemented with 20 mM HEPES,
0.05 mM 2-ME, 60 �g/ml penicillin (CSL), 50 �g/ml
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gentamicin (West), and 5% FCS (Invitrogen Life Technolo-
gies). Tumor cells (1 £ 106 in 100 �l of PBS) were injected
s.c. into the right Xank of recipient mice and subsequent
tumor growth monitored by taking two perpendicular diam-
eter measurements using microcalipers. Tumor size is then
operationally deWned as the product of the two measure-
ments. Mice were euthanased when tumors reached
10 £ 10 mm as per Animal Ethics guidelines.

Cell depletion studies

CD4, CD8� and CD25+ T cell depletion was performed
using puriWed GK1.5, YTS.169 and PC61 mAbs, respec-
tively, prepared by Dr Kathy Davern, Monoclonal Anti-
body Facility (Western Australian Institute for Medical
Research, Perth, Australia). For CD4 and CD8 depletion,
mice received an initial dose of 200 �g i.v., 1 day before
CY treatment, followed by a second dose of 150 �g admin-
istered i.p. on the day of treatment and then 150 �g i.p.
every second day thereafter for a total of six doses. CD4
and CD8 depletion (>95%) was veriWed during treatment
by FACS analysis of peripheral blood using Abs speciWc
for TCR-�, CD4, and CD8�. CD25 depletion was done
using two injections of antibody (200 �g/injection) on the
day before treatment and 10 days later.

Preparation and staining of cells

For Xow cytometry analysis, tumors, spleens, and lymph
nodes were removed from mice and placed into ice-cold
PBS containing 1% FCS (v/v). The axillary and inguinal
nodes were pooled for the tumor Xank (draining lymph
nodes) and for the contralateral Xank (nondraining lymph
nodes). Homogenized tissues were resuspended in FACS
buVer (PBS with 1% BSA (w/v), and 0.01% NaN3 (w/v))
along with appropriate dilutions of Abs or isotype controls.
After 30 min, cells were washed and resuspended in 2%
paraformaldehyde/PBS (v/v) (Sigma–Aldrich) before
FACS analysis. For intracellular staining (Ki-67-FITC,
foxp3-AF647) cells were permeabilized and Wxed accord-
ing to the instructions of the manufacturer (BD Biosciences
and Biolegend).

PuriWcation and adoptive transfer of CD25+ CD4+ T cells

CD25+ CD4+ T cells were puriWed from the spleens and
lymph nodes of tumor-bearing mice using magnetic beads
(Regulatory T cell puriWcation kit, Miltenyi). The pheno-
types of CD25high and CD25low cells were tested by stain-
ing puriWed cell populations for Foxp3 expression. Cells
were counted and transferred into tumor-bearing and
cyclophosphamide-treated mice by intravenous injection
of 107 cells.

Statistics

Data was statistically evaluated using Prism software
(GraphPad). Survival data are presented as Kaplan–Meyer
plots and were analyzed the using log-rank test. Growth
curves were compared using a two-tailed paired t test, with
pairs deWned by time point. All other variables were com-
pared using a two-tailed Mann–Whitney U test. SigniWcant
diVerences were deWned as P < 0.05.

Results

Cyclophosphamide but not gemcitabine cures murine 
mesothelioma: responses are CD8 T cell dependent

Treatment of established AB1-HA tumors with gemcita-
bine (GEM) (q3dx5, starting at day 9 after tumor cell inoc-
ulation) led to tumor regression but did not cure mice
(Fig. 1a), consistent with previously published data [33].
This non-curative anti-tumor response was in part CD8 T
cell dependent (Mahendran et al., manuscript in prepara-
tion). However, we have previously shown that curative
responses were achieved when GEM was combined with
anti-CD40 antibodies [33], which suggests that chemother-
apy alone does not suYciently engage the immune system.
As recent evidence suggests that T cell responses against
AB1-HA tumors are controlled by CD25+ CD4+ regulatory
T cells [29, 38], we hypothesized that regulatory T cells
could be the limiting factor in generating post-gemcitabine
immune responses. Because cyclophosphamide (CY) has
been linked to the selective depletion of CD4+ CD25+ regu-
latory T cells (Tregs) [3, 10, 14, 24, 43], we evaluated the
eVects of this drug in our model. Note that CY is also a
cytotoxic drug and that it kills AB1-HA tumor cells
(Electronic supplementary material (ESM) Fig. 1, available
on-line). Thus, CY provides us with a tool to combine a
cytotoxic drug with regulatory T cell depletion. AB1-HA
tumor-bearing mice were treated with CY (150 mg/kg)
when tumors became palpable (day 9–10 after tumor cell
inoculation). We observed that a single dose of CY cured
100% of the mice (Fig. 1b). CY-cured mice invariably
resisted rechallenge with AB1-HA tumors, suggesting that
the curative response had generated tumor-speciWc immu-
nological memory. We then wanted to determine whether
the immune system was necessary to achieve cures. To test
this, we evaluated the eVects of CY in athymic nude mice.
Because CY did not result in any curative responses in nude
mice (Fig. 1c), we concluded that T cells played a key role
in converting transient anti-tumor eVects into cures. The
transient tumor regression observed in nude mice (Fig. 1c)
was the direct result of drug cytotoxicity as NK cell deple-
tion had no eVect (data not shown). Further proof that the
123



1222 Cancer Immunol Immunother (2009) 58:1219–1228
curative eVects of CY were immune mediated was obtained
from an adoptive transfer experiment. Transfer of 107

splenocytes from immunocompentent BALB/c mice previ-
ously cured by CY-treament (‘AB1-HA survivors’) into
AB1-HA tumor-bearing nude mice (CY at day 7 post tumor
cell inoculation and i.v. splenocyte transfer at day 8) dra-
matically prolonged the anti-tumor response (Fig. 1c).
Splenocyte transfer without CY had no eVect on tumor
growth (data not shown). The curative responses in immu-
nocompetent mice were dependent on CD8 T cells as
revealed by depletion of speciWc T cell subsets using mono-
clonal antibodies (Fig. 1d). CD4 depletion had no impact
on the response (Fig. 1d).

Chemotherapy is eVective when combined with CD25 
depletion

The strong anti-tumor eVect of CY suggests that regulatory
T cell depletion is essential to achieve cures in the context
of cytotoxic chemotherapy. This suggests that the anti-
tumor eYcacy of GEM could be improved by the concur-
rent depletion of regulatory T cells. Thus, tumor-bearing
mice were treated with GEM at the previously reported
schedule of q3dx5 [33], starting at day 7 post inoculation,
and were injected with anti-CD25 antibody on days 7 and
17 after tumor cell inoculation. This antibody treatment led

to >97% depletion of CD25+ CD4+ T cells within three
days after the Wrst injection (ESM Fig.2, available on-line).
Control groups received either chemotherapy or anti-CD25
antibodies as a single therapy. CD25 depletion without che-
motherapy had no eVect at all on tumor growth (Fig. 2a).
Importantly, depletion of CD25+ cells signiWcantly
improved the eYcacy of GEM (P < 0.01, GEM + anti-
CD25 compared to GEM alone) as observed in tumor
growth rates (Fig. 2a), and resulted in a signiWcant survival
beneWt (Fig. 2b, P < 0.05). Note that GEM + anti-CD25
appears to be less eVective than CY alone (compare
Figs. 1b, 2). This may reXect incomplete depletion of regu-
latory T cells by the PC61 antibody, as reported in the liter-
ature [35, 39, 40].

We then performed the reciprocal experiment. Assuming
that the success of chemotherapy depended on depletion of
regulatory T cells, we reasoned that adoptive transfer of
puriWed CD25+ regulatory T cells into CY-treated mice
would negate the curative property of the drug. CD25+

CD4+ T cells were isolated from AB1-HA tumor bearing
mice using magnetic beads and their identity was conWrmed
by foxp3 staining (Fig. 2c). To evaluate the eVect of regula-
tory T cell reconstitution, we set up a transfer experiment.
Recipient mice were Wrst inoculated with AB1-HA tumor
cells. Untreated control mice all had 10 £ 10 mm tumors
between days 19–27 after inoculation (Fig. 2d). Chemo-

Fig. 1 In vivo antitumor eVects of GEM and CY. 106 tumor cells were
inoculated subcutaneously and mice (BALB/c) were treated when tu-
mors became palpable (day 9 after tumor cell inoculation). a Treatment
of immunocompetent BALB/c mice with 100 mg/kg GEM, q3dx5,
starting on day 9 after tumor cell inoculation. b Treatment of immuno-
competent BALB/c mice with single dose 150 mg/kg cyclophospha-
mide, day 9 after tumor cell inoculation. c Treatment of AB1-HA
tumor-bearing athymic nu/nu mice with single dose 150 mg/kg cyclo-

phosphamide, day 7 after tumor cell inoculation. Selected groups re-
ceived 107 splenocytes from AB1-HA survivors (AB1-HA-cured
BALB/c mice, through CY treatment) by i.v. injection at day 8 post
inoculation. d Cyclophosphamide eYcacy depends on CD8 T cells.
T cell subsets were depleted in AB1-HA tumor-bearing BALB/c mice
as described that Materials and Methods. All experiments shown in-
volved Wve mice and were representative of two to three experiments
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therapy alone, with CY injected at day 9 after inoculation,
resulted in a 75% cure rate (Fig. 2d). Transfer of 107 puri-
Wed CD25+ CD4+ T cells into tumor-bearing mice at day 3
after CY injection (day 12 after inoculation) completely
inhibited the curative response induced of CY: tumors
developed rapidly in 10/12 of the CD25+ T cell recipients
(Fig. 2d), essentially reducing the eYcacy of CY to that

observed in athymic nude mice or CD8-depleted mice
(Fig. 1c, d). Thus, adoptive transfer of CD25+ CD4+ T cells
signiWcantly diminished the survival beneWt of CY
(P < 0.005, comparison of CY with CY+Tregs). The com-
bined data demonstrate that CD25+ regulatory T cells limit
antitumor CD8 T cell responses, implying that the antitu-
mor CD8+ eVector T cells are sensitive to suppression from
CD25+ CD4+ regulatory T cells.

Cyclophosphamide but not gemcitabine depletes 
proliferating T cells

Having established that the presence or absence of CD25+

regulatory T cells makes a critical diVerence in the post-
chemotherapy anti-tumor immune response, we Wrst tested
the hypothesis that CY preferentially depletes regulatory T
cells. We observed a modest decrease in the frequencies of
foxp3+ regulatory T cells in the spleens and lymph nodes of
CY-treated mice (»15% decrease) (Fig. 3a), compared to
untreated mice and to mice treated with poly-I:C-immuno-
therapy. As poly-I:C treatment leads to tumor regression
[7], this latter group was included to control for the impact
of reduced tumor burden on regulatory T cells.

Because the CY-induced decrease in regulatory T cell
frequencies was modest we asked how regulatory T cell
phenotypes diVered between CY and GEM-treated tumor-
bearing mice. Both CY and GEM are lymphodepleting
drugs and cause a 75–90% loss in splenic cellularity (not
shown and [32]. We used the cell cycle marker Ki-67 to
assess the proliferative status of CD4+ T cells [13]. Ki-67
staining experiments revealed that CY speciWcally depleted
cycling Ki-67hi CD4+ T cells (Fig. 3b). Importantly, both
foxp3pos (regulatory) T cells and foxp3neg (non-Treg) T
cells were targeted (Fig. 3b). GEM treatment was not asso-
ciated with a loss of Ki-67hi T cells (Fig. 3b). Since GEM is
a cytotoxic and lymphodepleting drug [32], it is likely that
the diVerence between CY and GEM is one of kinetics, i.e.,
both drugs target cycling cells, but T cell proliferation
recovers more rapidly after GEM treatment.

Fig. 2 CD25 regulatory T cell depletion and reconstitution. a Growth
curves of tumors in untreated, PC61-treated, GEM-treated and
GEM+PC61-treated mice. EVects of CD25 (PC61) depletion in GEM-
treated (open vs. solid circles) and in untreated (open vs. solid squares)
mice. GEM and PC61 treatments were done as described in Materials
and Methods. Data shown are from two experiments involving 12
mice. (b) Kaplan–Meier survival data of CD25 depletion in GEM-
treated mice. (c) Phenotypic characterization of puriWed CD25+ and
foxp3+ cells for adoptive transfer. Cells shown are CD4+ cells. (d) Kap-
lan-Meier survival curve of tumor-bearing mice treated with saline
(solid squares), CY (solid triangles) or CY+Tregs (open circles). CY
was injected at day 9 post inoculation and regulatory T cells were
transferred at day 12. Data shown are from two experiments involving
12 mice

�
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Ki-67+ eVector suppressor T cells are TNFR2hi and express 
ICOS

We hypothesized that the pool of Ki-67hi T cells depleted
by CY would harbor the eVector suppressor cells, such that
their removal would facilitate anti-tumor CD8 T cell
responses. To address this issue, we asked whether Ki-67hi

regulatory cells were phenotypically distinct from non-
cycling (Ki-67lo) cells using the markers TNFR2
(CD120B), CD62L and ICOS. It was very recently demon-
strated that TNFR2 identiWes a maximally suppressive sub-
set of foxp3+ regulatory T cells [6]. These TNFR2hi cells
are CD62Llo [6]. ICOS is a B7 family member that has also

been implicated in suppressive function of CD25+ regula-
tory cells [19, 21, 23, 41].

Regulatory T cells from tumor draining lymph nodes
were identiWed by foxp3 staining (Fig.4a, left panel) and
the phenotypes of Ki-67lo and Ki-67hi foxp3+ CD4+ T cells
were compared. We found that Ki-67hi regulatory CD4+ T
cells in the draining lymph nodes of tumor-bearing mice
expressed higher levels of TNFR2 and ICOS when com-
pared to the Ki-67lo pool (Fig. 4b). Furthermore, CD62L
(L-selectin) expression was downregulated in cycling regu-
latory T cells (Fig. 4b). TNFR2 and ICOS were expressed
by the same population of cells (Fig. 5a), indicating that a
single pool of Ki-67hi TNFR2hi ICOShi regulatory CD4+ T
cells existed. Also, tumor-inWltrating regulatory T cells
expressed high levels of both TNFR2 and ICOS (Fig. 5a).
Because CY depleted Ki-67hi cells, these results predicted
that CY-treatment would result in the selective loss of max-
imally suppressive TNFR2hi regulatory T cells. To test this,
we analyzed TNFR2 expression on regulatory cells after
CY treatment or in saline treated control mice, both in the
lymph nodes and in the tumor. Indeed, CY treatment
resulted in the selective loss of TNFR2hi regulatory T cells,
principally because these are the Ki-67hi cycling cells
(Fig. 5b). This was observed both in the tumor-draining
lymph nodes and in the tumor itself (Fig. 5b). Note that CY
also reduced the frequency of TNFR2+ Ki-67lo regulatory T
cells, which may be explained by the fact that Ki-67
expression is transient [27]. Thus, depletion of activated
Ki67hi cells also reduces the pool of activated regulatory T
cells that have recently exited cell cycle. In summary, CY
speciWcally depletes a population of eVector suppressor T
cells that express Ki-67, ICOS and TNFR2.

Discussion

The data presented herein show that the success of chemo-
therapy can hinge on the status of CD25+ CD4+ regulatory
T cells. Thus, drugs with equivalent cytotoxicity can have
profoundly diVerent outcomes. We show that cyclophos-
phamide cures mice because it depletes a deWned population
of eVector suppressor T cells and that gemcitabine-induced
tumor regression can be converted into a curative response
by simultaneous depletion of these cells. The observa-
tion that the eYcacy of gemcitabine can be improved by
depleting regulatory T cells is novel and builds on our
previous work showing a strong synergy between GEM
and immunotherapy (anti-CD40 antibodies) [33]. Thus,
gemcitabine, and potentially other chemotherapies, create
immune priming conditions that are counteracted by active
tumor-driven immune suppression. When interpreted in this
light, our data indicate that cyclophosphamide is eVective
because it acts as a chemotherapeutic drug (it kills tumor

Fig. 3 Impact of CY and GEM on CD25+ CD4+ regulatory T cells. a
Regulatory T cell frequencies expressed as percentage foxp3+ cells in
the total CD4+ T cell population in draining lymph nodes (dln), non-
draining lymph nodes (ndln) and the tumor. P < 0.005 for draining
lymph nodes and P < 0.01 for non-draining lymph nodes when CY-
treated mice are compared to untreated controls. Poly-I:C treated mice
[7] were used to control for the immune impact of tumor resolution. b
CY but not GEM depletes cycling Ki-67+ CD4+ T cells. Lymphocytes
from draining lymph nodes were stained for CD4, foxp3 and Ki-67.
Cells shown were gated for CD4+ cells. Data shown are from four mice
and were repeated twice. Representative dot plots are shown in the
lower panel
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cells) and because it depletes a subpopulation of regulatory
T cells. CD25-depletion as a single therapy was completely
ineVective in our model, indicating that the cytotoxic aspect
of CY (e.g., tumor debulking, increased apoptosis, tumor
cell sensitization) was essential. This view of cyclophos-
phamide diVers from the current views expressed in the lit-
erature, in which the Treg-depleting capacities of the drug
have received most attention [10, 14, 43]. For example,
Ercolini et al showed that the therapeutic beneWt of cyclo-
phosphamide was entirely attributable to regulatory T cell

Fig. 4 Regulatory T cell phenotypes. Expression of TNFR2, ICOS
and CD62L on Ki-67lo and Ki-67hi foxp3+ CD4+ T cells. a Regulatory
T cells from tumor-draining lymph nodes were identiWed by foxp3
staining (left panel) and analyzed for Ki-67 expression in foxp3+ CD4+

gated cells (right panel). b Expression patterns of TNFR2, ICOS and
CD62L are shown in Ki-67lo (left panels) and Ki-67hi (right panels)
foxp3+ CD4+ T cells

Fig. 5 a Single pool of ICOS+ TNFR2+ foxp3+ regulatory T cells.
Lymphocytes were harvested from tumor-draining lymph nodes and
tumors in untreated BALB/c mice and stained for CD4, foxp3, ICOS
and TNFR2 (CD120B). Cells shown in the right panels are gated on
CD4+ foxp3+ cells. b Impact of CY on TNFR2 expression. Gated
CD25+ CD4+ T cells from tumor-draining lymph nodes (upper panels)
and from the tumor (lower panels) were analyzed for expression of
TNFR2 and Ki-67. TNFR2+ cells are predominantly Ki-67hi and are
depleted after CY treatment
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depletion since identical results were obtained with CD25+

T cell depletion [10].
A second novel observation made in the present study is

that CY depletes all Ki-67hi T cells. Importantly, this
includes both foxp3pos and foxp3neg CD4+ T cells. There-
fore, our data challenge the view that CY is eVective
because it speciWcally depletes regulatory T cells per se [3,
10, 14, 24, 43]. Although we observed a modest decrease in
the frequencies of Tregs after CY treatment, the impact on
the Ki-67hi subset was much more dramatic. Thus, we pos-
tulate that CY abrogates functional suppression because it
depletes those regulatory T cells that are maximally sup-
pressive, i.e., in this case the cycling cells. Note that JaVee
and coworkers also showed that CY targets cycling regula-
tory T cells [10]. However, these authors did not extend this
conclusion to other non-Treg T cells. Because CY also
depletes cycling foxp3neg eVector CD4+ T cells, our current
data predict that the net outcome of CY-immunomodula-
tion depends on the balance between immune-suppressive
regulatory T cell responses and non-Treg eVector
responses. Taken together, we think this helps to explain
the CY paradox: CY activates anti-tumor T cell responses
because the tumor-induced immune response (before ther-
apy) is dominated by cycling regulatory T cells, which are
then depleted by CY. In contrast, CY can have a net
immune-suppressive role in autoimmune models because it
can deplete cycling non-Treg eVector cells in this setting
[16]. Depletion of all Ki-67hi T cells seems paradoxical as
CY-induced cures also depend on T cells. A possible solu-
tion is provided by our recent observation that such curative
responses are TRAIL-dependent, suggesting that tumor cell
sensitization rather then eVector cell expansion is important
(van der Most, manuscript in preparation). We conclude
that proliferation is an essential property of the maximally
suppressive regulatory T cell subset but is not an essential
property of eVector CD8 T cells, consistent with previously
reported data [30].

An important question is how CY depletes proliferating
Ki-67hi T cells. A comparison between CY and GEM sug-
gests that depletion of Ki-67hi T cells is not simply a func-
tion of drug cytotoxicity. Both drugs target proliferating
cells and should result in a loss of Ki-67hi T cells. The
most likely explanation for the diVerence between CY and
GEM is that the kinetics of T cell depletion are diVerent:
whereas CY triggers a long-lasting cell cycle arrest, T cell
proliferation recovers faster after GEM treatment. It has
been reported that a CY-induced T cell cycle arrest is caus-
ally linked to an expansion of NO producing CD11b+ Gr1+

myeloid-derived suppressor cells (MDSC) [2, 34]. MDSC
and NO have a demonstrated capacity to blunt T cell pro-
liferation [2, 28, 46, 47]. Indeed, we have preliminary data
showing an upregulation of iNOS expression in the tumor
after CY treatment (Van der Most, manuscript in prepara-

tion). In this view, the lack of a long-term eVect of GEM
on cycling T cells is not surprising since it has been
reported that GEM speciWcally depletes Gr1+ CD11b+

MDSC [42].
It is becoming clear that phenotypically diVerent popula-

tions of regulatory T cells constitute functionally distinct
compartments. For example, expression of ICOS [41] and
CD101 [12] have been linked to enhanced suppressive
function. Very recently, TNFR2 (CD120B) has been identi-
Wed as a marker for a subset of maximally suppressive reg-
ulatory T cells [6]. We now report that the TNFR2 and
ICOS expression patterns are linked to Ki-67 expression in
foxp3pos cells, i.e., to cellular proliferation. We propose that
a subset of cycling TNFR2hi ICOShi regulatory T cells con-
stitute the eVector suppressor population, based on the
reported ‘maximally suppressive’ phenotype of TNFR2hi

regulatory T cells [6]. We found that tumor-inWltrating reg-
ulatory T cells have this phenotype, consistent with recent
Wndings that human melanoma-inWltrating CD4+ CD25+

foxp3+ T cells expressed high levels of ICOS and were
functionally diVerent from ICOSlo regulatory T cells in the
periphery [41]. The identiWcation of a single subpopulation
of Ki-67+ ICOS+ TNFR2+ regulatory T cells is novel and
adds to the rapidly expanding Weld of regulatory T cell phe-
notypic characterization [6, 19, 20, 41]. Our combined data
challenge the notion that regulatory T cells are ‘anergic’
and suggest instead that the cycling Ki-67hi cells are the
active suppressors that respond to antigen by increasing
their suppressive eVector functions.

Although several questions remain to be answered, our
Wndings provide excellent opportunities for translation
since it may be relatively straightforward to combine cur-
rent chemotherapy regimens with regulatory T cell deple-
tion. GEM, usually in combination with platinum
compounds is used as a second-line treatment for mesothe-
lioma [31], whereas CY has limited eYcacy [1]. However,
a translatable possibility is to use low-dose CY as a tool to
deplete regulatory T cells in GEM/CY combination treat-
ment, as it was recently shown that CY also aVects regula-
tory T cell function in humans [15].
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