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Infiltration of a Mesothelioma by IFN-␥-Producing Cells and
Tumor Rejection after Depletion of Regulatory T Cells1
Geordie Rudge,* Simon P. Barrett,* Bernadette Scott,† and Ian R. van Driel2*

he CD4⫹CD25⫹Foxp3⫹ regulatory T cells (CD25⫹
Treg)3 are key regulators of the immune system and have
been shown to suppress the proliferation of T cells in
vitro, autoimmune responses, antipathogen responses, transplantation rejection, and responses to tumors (1–5). Despite intensive
investigation in recent times, there is still much conjecture over the
mode of action of CD25⫹ Treg. Contact-dependent mechanisms,
cytokine production, modulation of DC function, inhibition of
tryptophan synthesis, inhibition of T cell and NK cell activation,
and inhibition of T cell effector function are among the mechanisms proposed for CD25⫹ Treg to inhibit immune responses (3, 4,
6). To aid in the understanding of the mechanism of CD25⫹ Treg,
we have examined the events that accompany tumor rejection triggered by the depletion of CD25⫹ Treg. We used a well-defined
tumor immunity system (7–9) and demonstrate that CD25⫹ Treg
inhibited the tumor rejection and uncovered the cellular mechanisms involved.
Tumors express a range of Ags that are potentially immunogenic, such as mutated gene products, overexpressed normal gene
products, or proteins from oncogenic viruses (10). Despite this,
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tumors are able to escape the immune response or establish a situation in which they become immunologically tolerated. Several
mechanisms allow tumor escape, such as selection of tumor cells
with low immunogenicity, down-regulation of MHC class I expression or costimulatory signals, or production of immunosuppressive cytokines such as TGF-␤ (10, 11). Another reason for the
lack of tumor rejection is the suppression of antitumor immune
responses by CD25⫹ Treg (5, 12). The role of CD25⫹ Treg in
antitumor responses was first demonstrated when it was found that
depletion of CD25⫹ Treg by an injection of anti-CD25 Ab caused
rejection of most mouse tumor lines (13, 14), a finding since confirmed in a number laboratories (5, 6, 15–18). Depletion of CD25⫹
Treg had little effect on tumor growth in athymic mice, which lack
T cells, indicating the antitumor response was T cell dependent
(13). Rejection of all tumor lines required CD8⫹ T cells and in
some lines CD4⫹ T cells as well (14). Rejection due to CD25⫹
Treg depletion results in long term immunity against subsequent
tumor inoculations (17).
Despite these compelling data indicating that CD25⫹ Treg can
prevent tumor-specific T cells from causing tumor rejection, few
studies have examined the mechanisms involved. Differing conclusions were reached on the ability of CD25⫹ Treg to suppress the
proliferation of tumor specific T cells in the draining lymph nodes
(16, 19). Recently, it has been suggested that CD25⫹ Treg are
able suppress the cytotoxic activity of tumor-specific CD8⫹ T
cells (16). Although some studies have concentrated on CD25⫹
Treg in the lymph nodes draining the tumor mass, CD25⫹ Treg
have also been observed infiltrating murine and human tumor
masses (18, 20 –24), and a correlation has been observed between their number in the tumor mass and poor survival in
patients with ovarian cancer (21).
In this study, we chose to use anti-CD25 Ab depletion of normal
mice to manipulate CD25⫹ Treg number rather than adding large
numbers of Ag-specific CD25⫹ Treg or use cell transfer into
lymphopenic animals, as we reasoned that such a system may
more accurately reflect the function of CD25⫹ Treg under normal physiological conditions. We found that the most striking
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Depletion of CD4ⴙCD25ⴙFoxp3ⴙ regulatory T cells (CD25ⴙ Treg) with an anti-CD25 Ab results in immune-mediated rejection of tolerogenic solid tumors. In this study, we have examined the immune response to a mesothelioma tumor in mice
after depletion of CD25ⴙ cells to elucidate the cellular mechanisms of CD25ⴙ Treg, a subject over which there is currently
much conjecture. Tumor rejection was found to be primarily due to the action of CD8ⴙ T cells, although CD4ⴙ cells appeared
to play some role. Depletion of CD25ⴙ cells resulted in an accumulation in tumor tissue of CD4ⴙ and CD8ⴙ T cells and NK
cells that were producing the potent antitumor cytokine IFN-␥. Invasion of tumors by CD8ⴙ T cells was partially dependent
on the presence of CD4ⴙ T cells. Although a significant increase in the proliferation and number of tumor-specific CD8ⴙ T
cells was observed in lymph nodes draining the tumor of anti-CD25-treated mice, this effect was relatively modest compared
with the large increase in IFN-␥-producing T cells found in tumor tissue, which suggests that the migration of T cells into
tumor tissue may also have been altered. Depletion of CD25ⴙ cells did not appear to modulate antitumor CTL activity on
a per cell basis. Our data suggests that CD25ⴙ Treg limit the accumulation of activated T cells producing IFN-␥ in the tumor
tissue and, to a lesser extent, activation and/or rate of mitosis of tumor-specific T cells in lymph nodes. The Journal of
Immunology, 2007, 178: 4089 – 4096.
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effect of depletion of CD25⫹ Treg was an increase in effector T cell
proliferation and cell number and a large increase in infiltration of
the tumors by IFN-␥-producing T cells.

REGULATORY T CELL DEPLETION AND TUMOR REJECTION
NK cells were CD49b⫹CD3⫺. Propidium iodide was used to exclude
dead cells, whereas forward scatter and side scatter were used to exclude debris.

Intracellular cytokine and Foxp3 assays

Materials and Methods
Mice, Abs, flow cytometry, and tumor cells

Tumor growth assay
BALB/c mice were depleted of CD25⫹, CD8⫹, or CD4⫹ cells, as appropriate, by i.p. injection of 0.25 mg of PC61, 0.4 mg of YTS169.4 or 0.4 mg
of GK1.5 Ab, respectively. Control mice received an appropriate amount of
rat Ig. Four days later, mice were injected s.c. into the right flank with 1 ⫻
106 AB1-HA cells. When appropriate, mice also received purified 6 ⫻ 106
CD8⫹ cells from TCR-CL4 mice i.v. via the tail veins 1 day before
AB1-HA inoculation. HA-specific CD8⫹ T were purified from inguinal,
axial, popliteal, cervical, and mesenteric lymph nodes from TCR-CL4
mice. Cells were labeled with anti-CD8 FITC, followed by anti-FITC microbeads. CD8⫹ T cells were then purified (⬃95%) using a Miltenyi Biotech AutoMACS. Tumor area was determined at various time points by
measuring the tumor twice at right angles.

In vivo proliferation assay
Briefly, CD8⫹ TCR-CL4 cells were labeled with CFSE (5 mol/2.5 ⫻
107 cells) (27) for 10 min at 37°C and then underlaid with 1 ml of FCS
and washed several times with FCS before suspension in PBS. The cells
(6 ⫻ 106 CD8⫹ cells/mouse) were injected into the recipient BALB/cCD90.1 mice 1 day before AB1-HA inoculation. After 12 days, cellular
fluorescence in the inguinal and axial lymph nodes on the same side of
the body as the site of injection (draining lymph nodes) and the contralateral nodes (nondraining lymph nodes) was assessed by flow
cytometry.

In vivo CTL assay
Detection of lytic activity in vivo was performed as described previously (9). BALB/c-CD90.1 splenocytes were divided into two populations. One population was incubated with 1 g/ml of the peptide recognized by the CLA TCR (IYSTVASSL) for 90 min at 37°C. The other
population was incubated without the peptide. The peptide-pulsed population was labeled with 0.5 mol/2.5 ⫻ 107 cells CFSE, whereas the
other was pulsed with 5 mol/2.5 ⫻ 107 cells. Cells were washed and
injected at a 1:1 ratio into recipient mice 11 days after AB1-HA inoculation. After 20 h, lytic activity was assessed by flow cytometry. Lytic
activity was calculated as 100 ⫻ {1 ⫺ [(% pulsed peak/% unpulsed
peak)/(% control pulsed peak/% control unpulsed peak)]}, where %
pulsed peak refers to the percentage of CFSE-labeled cells that were
pulsed with peptide, % unpulsed peak refers to the percentage of CFSElabeled cells that were not peptide pulsed in the test mouse, and control
refers to the data from a control mouse used to determine the relative
peak percentages before lysis.

Tumor digestion
Tumors were removed using a razor blade, sliced into fragments, placed
in a 10-ml tube containing 4 ml of DMEM with 120 U/ml collagenase
type III (Worthington), 30 U/ml DNase (Sigma-Aldrich). and 0.02 M
HEPES and incubated at 37°C for 3 h with shaking. The fragments were
pushed through a 70-m pore size nylon mesh to create a single-cell
suspension. For analysis, cells were labeled with anti-CD4, anti-CD8,
anti-CD3, anti-CD49b, and anti-IFN-␥ and assessed by flow cytometry. T cells were identified on the basis of CD4 or CD8 expression and

Statistical analyses
The Student t test was used, and p ⬍ 0.05 was considered significant.

Results

Depletion of CD25⫹ cells caused rejection or reduced the
growth rate of AB1-HA tumors
In this study, we examined the effects of CD25⫹ cell depletion on
the immune response to the AB1 malignant mesothelioma tumor
line (29) expressing the PR8 influenza virus hemagglutinin Ag
(AB1-HA) (7–9) to study the role of CD25⫹ Treg cells in the antitumor immune response. In previous work, one of us (7–9) examined the ability of CD8⫹ and CD4⫹ T cells that were specific
to the HA tumor neoantigen to cause rejection of AB1-HA in vivo.
This work demonstrated that the tumor Ag reached the lymph
nodes draining the tumor mass and induced proliferation of CD8⫹
T cells and that infiltration into the tumor mass and tumor rejection
were enhanced by activated tumor Ag-specific CD4⫹ T cells.
Depletion of CD25⫹ Treg by anti-CD25 Ab treatment had been
shown to cause rejection of a number of tumor lines, and previous
work has indicated that this effect is the result of depletion of
CD25⫹ Treg (13, 14). We examined the effect of anti-CD25 treatment on the growth of the AB1-HA tumor line. BALB/c mice were
injected either with an anti-CD25 Ab to deplete CD25⫹ Treg or
with rat Ig as a control. Four days after Ab treatment, mice were
inoculated with AB1-HA tumor cells s.c. into the flank. Depletion
of CD25⫹ Treg was routinely monitored, and we generally found a
⬃5-fold decrease in CD25⫹ Treg number 3 days after injection
(data not shown). Recent studies have demonstrated that CD25⫹
Treg are both depleted and rendered inactive by anti-CD25 treatment (30). The effect of PC61 injection on tumor growth was examined in 10 independent experiments. A typical result is shown
in Fig. 1A. Differences between average tumor size in mice
treated with anti-CD25 and rat Ig only became apparent at ⬃2
wk after tumor inoculation, and these differences became statistically significant by ⬃day 20 and beyond. Hence, CD25⫹
cells appear to be able to suppress the rejection of the AB1-HA
tumor, and removal of these cells consistently caused increased
rejection of tumors.
In the experiments described below, we have observed T cell
function at days 9 –17 after tumor inoculation. This time range was
chosen because it would correspond to the time when the immune
response to the tumors was becoming established, but before significant differences in tumor sizes, and hence Ag loads, between
treatment groups were apparent.
CD8⫹ cells play a dominant role in mediating tumor rejection
To ascertain whether the immune response resulting from depletion of CD25⫹ cells required CD4⫹ and/or CD8⫹ T cells, we
depleted these T cell subsets using Abs. For both Abs, a ⬃10-fold
depletion was observed by flow cytometric analysis (data not
shown). Fig. 1B shows the data from depleting both CD25⫹ cells
and CD8⫹ cells on tumor growth at day 21. Mice depleted of
CD25⫹ cells had ⬃3-fold smaller mean tumor area than control
mice. However, the size of tumors in mice depleted of both CD25⫹
and CD8⫹ cells was not significantly different from control mice.
Fig. 1C shows the data from depleting both CD25⫹ cells and
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BALB/c, CByJ.PL(B6)-Thy1a/ScrJ (BALB/c-CD90.1) congenic (see
jaxmice.jax.org, Thy1a encodes CD90.1, represented as Thy1.1), TCRCL4-transgenic mice, described previously by Morgan et al. (25), were
maintained at the University of Melbourne, Department of Biochemistry and Molecular Biology Animal Facility (Melbourne, Australia).
Mice were used at 6 –12 wk of age. The experiments described herein
were approved by the University of Melbourne Animal Experimentation Ethics Committee.
Abs used for flow cytometry were anti-CD8-FITC (53.6-7), anti-CD4FITC, anti-CD4-PE (GK1.5), anti-IFN-␥-PE (XMG1.2), anti-CD49b-APC
(DX5), anti-CD3-FITC (145-2C11), and rat IgG-PE (R3-34), all from BD
Pharmingen. Staining of cells and flow cytometric analysis were as previously described (26).
AB1-hemagglutinin (HA) tumor cells were maintained as previously
described (7).

Intracellular cytokine assays were performed as described previously (28).
Foxp3 was detected using a Foxp3 staining set (eBioscience) following
the manufacturer’s instructions.
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CD4⫹ cells on tumor growth at day 21. Tumors in mice depleted
of CD25⫹ cells and CD4⫹ cells were significantly larger than tumors in mice depleted of CD25⫹ cells alone, but the tumors were
still smaller than in mice treated with rat Ig. Overall, these data
demonstrate that CD8⫹ cells are required to mediate the antitumor
effects induced by depleting CD25⫹ cells and that the process is
partially dependent on CD4⫹ cells.
Depletion of CD25⫹ cells increases invasion of tumors by IFN␥-producing T and NK cells
Infiltration of CD4⫹ and CD8⫹ T cells into the tumor mass was
examined at 9 or 15 days after tumor inoculation (Fig. 2, A and B).
At days 9 and 15, the tumor sizes were not significantly different
in the two groups of mice (data not shown). The protocol used in
this analysis involved digestion of tumor masses to yield singlecell suspensions consisting of tumor cells, which comprise the majority of cells, and infiltrating inflammatory cells.
Nine days after tumor inoculation the proportion of CD8⫹ and
CD4⫹cells in the tumor masses was 6- and 2.4-fold higher in the
anti-CD25-treated mice relative to rat Ig-treated mice, respectively. Fifteen days after tumor inoculation, infiltration by both T
cell subsets was ⬃6-fold greater in the anti-CD25-treated mice.
IFN-␥ production was assayed ex vivo in T cells infiltrating
tumor masses 9 and 15 days after tumor inoculation (Fig. 2, C–E).
IFN-␥ production, when stimulated ex vivo, indicates that T cells
have been activated and differentiated in vivo and are therefore
capable of mediating antitumor effects. At day 9, the proportion of
CD8 and CD4 cells that produced IFN-␥ was slightly higher in the

CD25⫹ cell-depleted mice than in control mice but not significantly so; whereas at day 15, the increase in the CD25⫹ celldepleted mice was 3-fold for CD8⫹ cells and 2-fold for CD4⫹
cells and significant in both cases.
When the information for both T cell subsets is combined (Fig.
2E), the proportion of IFN-␥-producing T cells infiltrating the tumors was 7-fold greater at day 9 and 6-fold greater at day 15 in the
CD25-depleted mice than in controls.
NK cells have been shown to contribute significantly to IFN-␥
production in tumor immune responses (31) and have been implicated in playing a role in tumor rejection after Treg depletion (6,
14). Therefore, we also examined the effect of Treg deletion on NK
cells in draining lymph nodes and infiltrating tumor masses at day
17 after Ab treatment. There was no significant difference in the
numbers of NK cells in draining lymph nodes of anti-CD25-treated
mice compared with the control rat Ig-treated mice (data not
shown). However, we found that the number of NK cells was
⬃1.7-fold higher in tumors of CD25⫹ cell-depleted mice (percentage of live cells in tumor mass that were CD49b⫹CD3⫺ NK cells;
CD25⫹ cell depleted, 3.6 ⫾ 0.5%; rat Ig-treated, 2.1 ⫾ 1.9%; p ⬍
0.05, Student’s two-tailed t test. Data are the mean ⫾ SD; n ⫽ 7
in both groups). The proportion of NK cells that produced IFN-␥
was slightly increased although not significantly (percentage of
CD49b⫹CD3⫺ NK cells producing IFN-␥; CD25⫹ cell depleted,
4.8 ⫾ 1.3%; rat Ig-treated, 4.1 ⫾ 0.9%; NS, Student’s two-tailed
t test. Data are the mean ⫾ SD; n ⫽ 7 in both groups). These data
show that depletion of Treg does influence the number of NK cells
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FIGURE 1. Depletion of CD25⫹ cells causes rejection of the AB1-HA tumor. BALB/c mice were injected with anti-CD25, anti-CD8, anti-CD4, or rat
Ig as indicated, and 96 h later they were injected with 1 ⫻ 106 AB1-HA tumor cells into the right flank (day 0). In D, some mice received 6 ⫻ 106
HA-specific specific CD8⫹ T cells (CD8 T cells) isolated from TCR-CL4-transgenic mice. Tumor area was then measured. A, Time course showing the
effect of CD25⫹ cell depletion on tumor growth. B, Effect of depleting CD8⫹ cells on tumor growth. Tumor area is shown 21 days after tumor inoculation,
with data combined from two identical experiments. C, Effect of depleting CD4⫹ cells on tumor growth. Tumor area is shown 21 days after tumor
inoculation, with data combined from five identical experiments. D, Effect of supplying HA-specific CD8⫹ T cells on tumor growth. Tumor area is shown
20 days after tumor inoculation, with data combined from four independent, identical experiments. Data are mean ⫾ SD. ⴱ, p ⬍ 0.05; ⴱⴱ, p ⬍ 0.01;
Student’s two-tailed t test.
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in the tumor mass, although that this effect was not as evident as
we observed for T cells.
We also examined the proportion of CD4⫹ T cells in the tumor
that expressed the regulatory cell marker FoxP3 (Fig. 3). At day 9,
the proportions of Foxp3⫹ cells was very similar in both groups.
By day 15, the proportion of CD4⫹ cells that are Foxp3⫹ in the
tumors of control mice was ⬃30%, ⬃2-fold higher than in the
anti-CD25-treated mice. This finding agrees with a number of previously published studies on both murine and human tumors and
raises the possibility that intratumor CD25⫹ Treg may play an important role in preventing tumor rejection.

latter seems the more likely as it has been previously shown that
tumor-specific CD4⫹ T cells do not increase the proliferation of
HA-specific CD8⫹ T cells (Ref. 8 and our unpublished observations) but do increase infiltration of both CD4⫹ and CD8⫹ T cells
into the AB1-HA tumor.

CD4⫹ cells augment infiltration of the tumors by CD8⫹ T cells
The depletion of CD4⫹ cells reduced the efficacy of CD25⫹ cell
depletion in causing AB1-HA tumor rejection (Fig. 1). To assess
whether the presence of CD4⫹ cells influences CD8⫹ T cell infiltration, mice were depleted of CD4⫹ cells by coinjection of an
anti-CD4-depleting Ab and anti-CD25 Ab. Twelve days after tumor inoculation, the tumor mass and draining lymph nodes were
removed, and CD4 and CD8 cells were analyzed (Fig. 4). As expected, the number of CD4 cells in the tumor mass was greatly
reduced in mice treated with anti-CD4 (not shown). However, the
proportion of CD8 cells in the tumor masses was also reduced
⬃2.5-fold in the mice treated with anti-CD4 and anti-CD25 relative to anti-CD25 alone. These results indicate that the presence of
CD4⫹ cells augments accumulation of CD8⫹ cells in the tumor
mass, although it is not clear from these data whether the CD4⫹
cells were acting in the draining lymph nodes or tumor mass. The

FIGURE 3. Injection of anti-CD25 Ab depletes CD4⫹Foxp3⫹ T cells
infiltrating the tumor mass. BALB/c mice were injected with either antiCD25 or rat Ig as shown, followed 96 h later by inoculation with 1 ⫻ 106
AB1-HA cells. Single-cell suspensions were made of the tumor mass, and
cells were then assessed for Foxp3 expression. Values are the percentage
of CD4⫹ T cells expressing Foxp3. Each symbol represents the data from
one mouse. Values are mean ⫾ SEM for each group. ⴱ, p ⬍ 0.05; ⴱⴱ, p ⬍
0.01; Student two-tailed t test.
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FIGURE 2. Depletion of CD25⫹ cells increases the infiltration of IFN-␥-producing CD4⫹ and CD8⫹ T cell into the AB1-HA tumor mass. BALB/c mice
were injected with either anti-CD25 or rat Ig as indicated, and 96 h later mice were injected with 1 ⫻ 106 AB1-HA tumor cells. Mice were killed 9 or 15
days later, and the tumor mass was taken. Cell infiltration was assessed by flow cytometry. Data from two independent experiments (n ⫽ 10) were pooled
to generate these figures. A, Percentage of live cells in the tumor mass that were CD8⫹ T cells. B, Percentage of live cells in the tumor mass that were CD4⫹
T cells. C, Percentage of infiltrating CD8⫹ T cells that were producing IFN-␥. D, Percentage of infiltrating CD4⫹ T cells that were producing IFN-␥. E,
Percentage of live cells in the tumor mass that were IFN-␥-producing T cells. Data are mean ⫾ SD. ⴱ, p ⬍ 0.05, student’s one-tailed t test.
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Depletion of CD25⫹ cells results in an increase in the
proliferation and number of CD8⫹ tumor-specific T cells in
draining lymph nodes
The data in Figs. 1 and 2 demonstrate that AB1-HA rejection in
response to CD25⫹ Treg depletion was primarily due to the activity
of CD8⫹ T cells and that there is a large increase in IFN-␥-producing CD8⫹ T cells in the tumor tissue. The increase in CD8⫹ T
cells in the tumor may have been due to an increase in activation

of tumor-specific T cells in the draining lymph node and consequently a substantial increase in tumor-specific T cell number. To
examine this issue, we used CD8⫹ T cells from the TCR-CL4
mouse that expresses a class I-restricted TCR directed to a HAderived peptide (HA-specific CD8⫹ T cells). Previous work had
demonstrated that the HA peptide recognized by the CL4 TCR was
efficiently presented to T cells (7–9). In all experiments with HAspecific CD8⫹ T cells, mice were injected with either anti-CD25 or
control Ig, and 3 days later they were injected with the HA-specific
CD8⫹ T cells. The following day, the mice were injected with
AB1-HA cells, and cells in draining and nondraining lymph nodes
were examined on later days. Fig. 1D shows the tumor size 20 days
after tumor inoculation. Mean tumor area in mice that were depleted of CD25⫹ cells and received HA-specific CD8⫹ T cells was
significantly less than in mice that were depleted of CD25⫹ cells
only, or which received HA-specific CD8⫹ T cells and rat Ig.
Average tumor area in the rat Ig-injected control mice was significantly greater than in the mice that received rat Ig and HA-specific
CD8⫹ T cells. The infiltration of the TCR-transgenic HA-specific
T cells into tumor masses was also assessed 12 days after tumor
inoculation. A ⬃2-fold increase in infiltration was observed in the
CD25⫹-depleted mice (0.34 ⫾ 0.54%, anti-CD25-treated mice;
0.19 ⫾ 0.22% in the rat Ig-treated mice). Overall, these data confirm that HA-specific CD8⫹ T cells cause AB1-HA rejection, and
suggest that tumor rejection and infiltration of HA-specific CD8⫹
T cells into the tumor was increased by depletion of CD25⫹ cells.
To determine whether the number of tumor-specific CD8⫹ T
cells was elevated in lymph nodes of anti-CD25-treated mice, we
enumerated HA-specific CD8⫹ T cells 9 and 12 days after tumor
inoculation (Fig. 5). The number of HA-specific CD8⫹ T cells in
the lymph nodes draining the site of tumor growth were significantly greater than in the nondraining nodes in both groups (not

FIGURE 5. Depletion of CD25⫹ cells increases the proliferation and number of HA-specific CD8⫹ T cells in the draining lymph nodes. BALB/cCD90.1 mice were injected with the anti-CD25 or rat Ig indicated; 72 h later they were injected with 6 ⫻ 106 HA-specific CD8⫹ T cells isolated from
TCR-CL4-transgenic mice, followed 24 h later by injection of 1 ⫻ 106 AB1-HA tumor cells. Mice were killed 9 or 12 days later, draining and nondraining
lymph nodes were taken, and the cell populations were analyzed by flow cytometry. A, Number of HA-specific CD8⫹ T cells. Data from four independent
experiments were pooled to generate this figure (n ⫽ 13). B, HA-specific CD8⫹ T cells were labeled with CFSE before injection. Representative histograms
showing dilution of CFSE intensity in anti-CD25 and rat Ig-injected mice as a consequence of proliferation. C, The number of HA-specific CD8⫹ T cells
that had undergone a given number of cell divisions at day 12. Cell numbers for each division was determined by analyzing histograms as represented in
B. Data from two identical independent experiments were pooled (n ⫽ 6). For A and C, data are the mean ⫾ SD. ⴱ, p ⬍ 0.05, Student two-tailed t test.
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FIGURE 4. CD4⫹ cells are needed for CD8⫹ T cells to infiltrate the
AB1-HA tumor mass. BALB/c mice were injected with anti-CD25, antiCD4, or rat Ig as indicated, followed 96 h later by inoculation with 1 ⫻ 106
AB1-HA cells. Mice were killed 12 days later, and cells in the tumor mass
were assessed by flow cytometry. Values are the percentage of live cells in
the tumor mass that were CD8⫹ T cells and are representative of two
independent experiments. Each symbol represents the data from one
mouse. Mean ⫾ SD for each group. ⴱ, p ⬍ 0.05, Student two-tailed t test.
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shown), indicating that encounter with specific Ag was required
for the increased accumulation of HA-specific CD8⫹ T cells,
which is in accord with previous work (7). At days 9 and 12, the
numbers of cells in the nondraining lymph nodes were similar
between the anti-CD25-treated mice and controls. At 9 days after
tumor inoculation, the number of HA-specific CD8⫹ T cells in the
draining nodes from the anti-CD25-treated animals and control
mice were not significantly different. However, at day 12, a significant 1.6-fold increase in HA-specific CD8⫹ T cells in the draining lymph nodes was evident in the anti-CD25-treated group relative to the rat Ig-treated group.
The proliferation of HA-specific CD8⫹ T cells was examined in
vivo by labeling the HA-specific T cells with CFSE before injection. In Fig. 5B, representative plots of CFSE fluorescence from
anti-CD25-treated and control mice are shown. The brightest peak
corresponds to cells that have not undergone cell division, and with
each cell division the amount of florescence halves. The peaks for
each round of cell division are clearly delineated in these histograms. After the seventh division, the fluorescence intensity was
not significantly higher than background; therefore, the number of
times a cell has divided can no longer be determined. For the
purpose of calculating mitotic events, these cells were considered
to have divided no more than seven times. Fig. 5C shows the
number of cells that were present in each peak. The number of
cells that had undergone five to seven divisions was significantly
greater in the anti-CD25-treated mice. When the data from all 12
mice is combined, the correlation between cell number and the
number of mitotic events was 0.97 (not shown), suggesting that the
differences in the number of cells in different mice are primarily
the result of cell division rather than other events such as a resistance to cell death.

Collectively, these data demonstrate that CD25⫹ cell depletion
leads to increased rates of mitosis and accumulation of mature
tumor-specific CD8⫹ T cells in draining lymph nodes.
Depletion of CD25⫹ cells increases in vivo cytotoxic T
lymphocyte activity in proportion to CTL cell number
We next determined whether the cytolytic activity of HA-specific
CD8⫹ T cells was altered by depletion of CD25⫹ cells using an in
vivo CTL assay. Two populations of splenocytes, equal in number
but labeled with differing amounts of CFSE, were injected into
mice that had received Abs, AB1-HA tumor cells and HA-specific
CD8⫹ T cells. The population labeled with the lower amount of
CFSE was pulsed before injection with the peptide recognized by
the CL4 TCR. Because only the CFSElow peptide-pulsed cells
would be lysed by HA-specific CD8⫹ T cells, this allowed the
degree to specific lysis by HA-specific CD8⫹ T cells to be determined (Fig. 6A). Very little lysis of peptide-loaded splenocytes
was observed if HA-specific CD8⫹ T cells were not administered
to the mice (data not shown). This experiment was performed three
times, and the lytic activity plotted against number of HA-specific
CD8⫹ cells is shown in Fig. 6B. The lytic activity was quite variable between experiments. Within each experiment, the lytic activity in the CD25⫹ cell-depleted mice was higher than the lytic
activity in control mice, with the exception of one mouse in experiment 2. Although the average lytic activity in the three experiments was always greater in the anti-CD25-treated mice, the difference was significant only in experiment 3. Fig. 6B shows that in
mice within an experiment, the amount of CTL activity correlates
with the number of HA-specific CD8⫹ T cells, suggesting that
variations in total CTL activity were due to the changes in the
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FIGURE 6. Peptide-specific cell lysis in vivo is proportional to the number of HA-specific CD8⫹ T cells. BALB/c-CD90.1 mice were injected with the
anti-CD25 or rat Ig, as indicated, and 72 h later they were injected with 6 ⫻ 106 with HA-specific CD8⫹ T cells, followed 24 h later by injection of 1 ⫻
106 AB1-HA tumor cells. Lytic activity was determined 11 days after tumor inoculation. Data from spleen and draining and nondraining lymph nodes was
pooled. The experiment was performed three times, independently. A, Representative histograms showing peak sizes before and after cell lysis. B, Lytic
activity (defined as the percentage of HA peptide-pulsed cells lysed) as a function of HA-specific CD8⫹ T cell number. Each point represents one mouse.
Data are the mean ⫾ SD. The Pearson r test was used to determine correlation.
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number of HA-specific CD8⫹ T cell rather than changes in lytic
activity on a per cell basis.

Discussion

crease over the control group was not as substantial as observed for
T cells. The increase in the proportion of NK cells producing
IFN-␥ after Treg depletion was also quite small. Nonetheless, these
data suggest that CD25⫹ Treg act on NK cells to prevent tumor
rejection in agreement with previous work (6, 14). The elevation in
NK cell number could contribute to the rejection of the AB1-HA
tumor both by increasing IFN-␥ levels but also by increasing the
direct killing of tumor cells, a well-documented activity of NK
cells.
We observed an increase in the number of tumor-specific T cells
in draining lymph nodes that may contribute to the increase in
infiltration of tumors by IFN-␥-producing T cells. However, the
numbers of T cells in the tumor mass were not simply a reflection
of an abundance of antitumor T cells in the mice. A significant
difference in antitumor CD8⫹ T cell number was not observed at
day 9 in lymph nodes of CD25⫹ Treg-depleted and control mice,
whereas at this time point the proportion of T cells infiltrating the
tumor in the anti-CD25-treated mice was already increased ⬃7fold. Furthermore, at day 12 the relative increase in T cell number
in lymph nodes of CD25⫹ Treg-depleted mice (1.6-fold) was much
smaller than the increase in the proportion of T cells in the tumors
(6- to 7-fold). These discordances lead us to suggest that CD25⫹
Treg depletion significantly alters the rate of homing to the tumor
and/or residence time in the tumor. It has been demonstrated recently that regulatory T cells suppressed the ability CD4⫹ T cells
to fully differentiate and express cytokines and chemokine receptors (37). This latter effect could alter the ability of T cells to
accumulate in tissues. Our data demonstrated that a greater number
of tumor-specific T cells accumulated at later cell divisions in the
absence of CD25⫹ Treg and thus a higher proportion of cells are
likely to have reached a greater degree of differentiation (Fig. 5, B
and C). It is possible that effector T cells rapidly leave the nodes
and home to tumor tissue once they become mature. Clearly, there
was a large increase in the proportion of IFN-␥-producing T cells
in resident in the tumor mass in the absence of CD25⫹ Treg, indicating a more abundant highly differentiated population.
An alternative although not mutually exclusive explanation to
explain the increased number of IFN-␥-producing cells in the tumors relates to the very high number of CD25⫹ Treg that we found
in the tumor tissue. The presence of CD25⫹ Treg in tumors, which
are found at a much higher regulatory-to-effector T cell ratio than
in lymph nodes, has been noted before and postulated to be functionally significant (5, 24). They may act on the infiltrating effector
cells to prevent their retention, survival, proliferation, or production of cytokines within the tumor mass. Certainly, it has been
shown that intratumor depletion of CD4⫹ cells increases IFN-␥
production by tumor-infiltrating CD8⫹ T cells (18), whereas IL-2
production is suppressed and apoptosis is increased by CD25⫹ Treg
in vitro (38, 39).
This work sheds light on the contentious question of the cellular
mode of action of CD25⫹ Treg. Evidence from a number of different systems suggests that CD25⫹ Treg may be able to suppress
the activity of effector T cells in a variety of ways such as suppression of proliferation and production of cytokines, or altering T
cell migration (3, 4). Our work indicates that CD25⫹ Treg can
substantially influence the accumulation of effector T cells in tissues, an effect that could significantly impact on the outcome of an
immune response. Further studies to understand the basis for these
phenomena may lead to methods to inhibit specific CD25⫹ Treg
activities and minimize unwanted side effects when manipulating
this important cell type. Furthermore, we have shown that depletion of CD25⫹ Treg is able to trigger an immune response capable
of rejecting a mesothelioma, a type of tumor that is notoriously
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CD25⫹ Treg prevent an effective immune response against solid
tumors, and their absence due to depletion of CD25⫹ cells by
anti-CD25 treatment allows tumor rejection in a T cell-dependent
manner (13, 14). A limited number of studies have examined how
regulatory T cells act on tumor-specific T cells to prevent tumor
rejection with one study concluding that regulatory T cells prevented the proliferation of tumor-specific CD8⫹ T cells (19),
whereas another concluded that proliferation was unaffected but
the ability to induce lysis was reduced (16). Our study examined
the behavior of effector T cells against the tolerogenic malignant
mesothelioma AB1-HA. The immune response to the AB1-HA
tumor was examined in either the presence or absence (by depletion of CD25⫹ cells) of CD25⫹ Treg in an otherwise normal environment, in an attempt to reach physiologically relevant conclusions on how CD25⫹ Treg were acting on tumor-specific T cells
in vivo.
We found that depletion of CD25⫹ Treg was able to initiate an
effective immune response to the AB1-HA tumor and, in most
mice, severely restricted tumor growth or caused complete tumor
rejection. Tumor rejection in anti-CD25-treated mice was completely dependent on the presence of CD8⫹ T cells and partially
dependent on CD4⫹ T cells. One obvious possibility to explain the
effect of CD25⫹ Treg on tumor rejection is that CD25⫹ Treg limits
the CTL activity of CD8⫹ T cells. Although we found that antitumor CTL activity was increased in mice depleted of CD25⫹ Treg,
this increase was in accord with the increase in the number of
CD8⫹ cells found in these mice. In other words, CD25⫹ T cells
did not appear to suppress CTL activity of CD8⫹ cells on a per cell
basis. This finding is at odds with the work of Chen et al. (16), who
found the CD25⫹ Treg are able to reduce the cytotoxic activity of
CD8⫹ T cells. The reason for this discrepancy is not known but
may be due to a difference in the functionality of the CD25⫹ Treg
cells examined or a difference in their number relative to CTLs.
Chen et al. used large numbers of Ag-specific CD25⫹ Treg from
TCR-transgenic mice to suppress the activity of specific CD8⫹ T
cells. In our work, we observed the suppressive activity of a natural polyclonal population of CD25⫹ Treg, which may account for
the discrepancy. We also examined cytokine production by antitumor T cells in the draining lymph nodes and found no difference
in the proportion of cells producing either IL-2 or IFN-␥ in the
presence or absence of CD25⫹ cells, suggesting that there was no
significant suppression of T cell function in the draining node (not
shown).
The most substantial difference we observed in mice depleted of
CD25⫹ Treg was a large increase in tumor masses of CD4⫹ and
CD8⫹ T cells producing IFN-␥. IFN-␥ is a potent antitumor cytokine that can stimulate T cells and induce up-regulation of MHC
class I expression on target cells, leading to increased Ag presentation and therefore increased vulnerability to CTLs (32–36).
Hence, this effect is a strong candidate for the mediator of tumor
rejection induced by the absence of CD25⫹ Treg. The increase in
IFN-␥-producing T cells was due to both an increased number of
infiltrating T cells and a greater proportion of T cells producing the
cytokine. The elevated infiltration of CD8⫹ T cells observed in
CD25⫹-depleted mice was to a large extent dependent on the presence of CD4⫹ cells, which supports our data here (Fig. 4) and
previously (9) on the role of CD4⫹ cells in rejection of the
AB1-HA tumor.
The number of NK cells infiltrating the tumor masses of CD25⫹
Treg-depleted mice increased significantly, although the fold in-
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difficult to eradicate. This observation coupled with work by others, including work in treating established tumors (40), reinforces
the potential of modulating CD25⫹ Treg activity as a treatment
option for intractable solid tumors.
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