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Abstract

Background: The regulatory T cells (Tregs) can actively suppress the immune responses. However, literature about detailed
changes of host effective and suppressive immunities before and after depletion of Tregs in ovarian carcinomas, is rare.

Materials and Methods: Ovarian cancer patients and the ascitogenic animal model were employed. Immunologic profiles
with flow cytometric analyses, immunohistochemistric staining, RT-PCR, ELISA, and ELISPOT assays were performed. In vivo
depletion of Treg cells with the mAb PC61was also performed in the animal model.

Results: The cytokines, including IL-4 (p = 0.017) and TNF-a (p = 0.046), significantly decreased while others such as TGF-b
(p = 0.013), IL-6 (p = 0.016), and IL-10 (p = 0.018) were elevated in ascites of ovarian cancer patients, when the disease
progressed to advanced stages. The ratio of CD8+ T cell/Treg cell in ascites was also lower in advanced diseases than in early
diseases (advanced 7.3760.64 vs. early 14.2563.11, p = 0.037). The kinetic low-dose CD25 Ab depletion group had
significantly lower intra-peritoneal tumor weight (0.2060.03 g) than the sequential high-dose (0.6960.06 g) and sequential
low-dose (0.6760.07 g) CD25 Ab deletion groups (p = 0.001) after 49 days of tumor challenge in the animal. The kinetic low-
dose CD25 Ab depletion group generated the highest number of IFN-c-secreting, mesothelin-specific T lymphocytes
compared to the other groups (p,0.001).

Conclusions: The imbalance between effective and suppressive immunities becomes more severe as a tumor progresses.
The depletion of Treg cells can correct the imbalance of immunologic profiles and generate potent anti-tumor effects.
Targeting Treg cells can be a new strategy for the immunotherapy of ovarian carcinoma.
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Introduction

Malignancy is considered a multi-factorial disease and the

influence of immunologic mechanisms on cancer progression and

prognosis has become an important issue recently. The

CD25+CD4+ regulatory T cells (Tregs) actively suppress physio-

logic and pathologic immune responses, contributing to unre-

sponsiveness to self constituents and non-self antigens. The

development and function of Treg cells depend on the expression

of the transcription factor fork-head box P3 (FoxP3) [1]. Treg cells

are also influenced by cytokines, including IL-2, IL-10 and TGF-b
[2], and can suppress immunity through cell-to-cell contact-

dependent suppression, cytokine control, and killing of effector

cells [3–6]. However, the mechanisms of suppression are not

known well.

It is necessary to control the magnitude of Treg-mediated

suppression for the benefit of the host because too much

suppression will result in more immune suppression and render

the host susceptible to infection and cancer [2]. Elevated

proportions of Tregs among tumor-infiltrating lymphocytes have

been described in many types of cancer, including ovarian

carcinoma [7]. In addition, results of several studies have shown

that increased Treg infiltration in ovarian cancer is associated with

poor survival [8–10].

Conventional modalities for malignancies are surgery, chemo-

therapy, or radiation therapy. Currently, the standard treatment of

ovarian carcinoma is surgical intervention followed by platinum-

containing chemotherapy [11,12]. Because of the lack of

symptoms and adequate screening methods in the early stage,

about 75% of cancer patients are diagnosed as advanced diseases
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[13] and their five-year overall survival rate is only 20–30% [14].

To achieve better ovarian cancer management, many modalities

are still being explored. In the viewpoint of immunology, immune

manipulation may be an attractive alternative approach because it

has the specificity to discriminate between neoplastic and non-

neoplastic cells [15]. Although the precise mechanisms of host

immune responses to tumor cells are still unclear, malignant

tumors have been immunogenic in some cancer sites, including

ovarian carcinoma [8,16,17]. Therefore, clinical trials of using

immunologic modalities for ovarian cancer patients have been

ongoing over the last two decades [18], but the most effective

immune manipulation for ovarian carcinoma is still eagerly

awaited.

Literature about detailed changes of host effective and

suppressive immunities, including immunocytes and cytokine

profiles during tumor progression, is rare. Thus, this study used

the ascitogenic animal model with WF-3 tumor cell line [19],

which can generate tumor sharing similar to the morphologic

features of ovarian tumors, to verify the immunologic findings of

ascites of ovarian cancer patients. A series of experiments were also

designed to explore the dynamically systemic and local immune

responses of hosts during tumor progression using this model,

while in vivo Treg cells depletion experiments were performed to

demonstrate whether the depletion of Tregs could reverse the

imbalance between pro- and anti-tumor immunities during tumor

progression and if the antigen-specific immunity could be

generated. Lastly, through the survival analysis of mice treated

with Abs to Tregs, the proposed modality of immune manipula-

tion was investigated in the study.

Materials and Methods

Patients and specimens
Twenty patients (10 early stage diseases and 10 advanced

diseases) with ovarian carcinoma undergoing staging or debulking

surgery were recruited. Stages I and II diseases were defined as

early stages while stages III and IV were defined as advanced

stages. The Institutional Review Board reviewed and approved the

study protocol. The collection of cancerous tissue, ascites, and

peripheral PBMCs were acquired after the patients signed

informed consent. These ascites specimens were separated into

supernatant and cellular components by centrifugation at

2000 rpm for 5 minutes. The supernatant was stored at 220uC
and the cells were stored at 2135uC until analysis. The disease

stage of the ovarian cancer patients was based on the criteria of the

International Federation of Gynecology and Obstetrics (FIGO)

[20].

Tumor cell line
The generation of WF-3 tumor cells was as previously described

and maintained in RPMI-1640, supplemented with 10% (volume/

volume) fetal bovine serum, 50 U/mL penicillin/streptomycin,

2 mM L-glutamine, 1 mM sodium pyruvate, 2 mM non-essential

amino acids, and 0.4 mg/mL G418 at 37uC with 5% carbon

dioxide [19].

Mice
Six-to-eight week-old female C57BL/6J mice were bred in and

purchased from the animal facility of the National Taiwan

University Hospital (Taipei, Taiwan). All animal procedures were

conducted according to approved protocols and in accordance

with recommendations for the proper use and care of laboratory

animals.

Collection of ascites and tumor-associated cells (TACs)
The WF-3 tumor cells (56104/mouse) were injected intra-

peritoneally (6 mice per group) and the mice were sacrificed on

days 14 and 49 post-injection. One ml phosphate-buffered saline

(PBS) was injected into the peritoneal cavity and intra-peritoneal

fluid was collected on day 14 after tumor injection while ascites

was collected directly from mice 49 days after tumor injection. The

ascites were separated into supernatant and cellular components as

described earlier. The supernatant was stored at 220uC whereas

cells defined as tumor-associated cells were stored at 2135uC until

analysis.

Surface marker staining and flow cytometry of
splenocytes and TACs

For the animal part, the mice were first injected with WF-3 and

sacrificed after tumor challenge as described earlier. The

splenocytes were treated and obtained as described previously

[21]. The splenocytes were then used directly or stored at 2135uC
until further experiments.

The mice splenocytes and TACs were stained with fluorescein

isothiocyanate (FITC)-conjugated anti-mouse CD3 (Biolegend,

San Diego, CA), phycoerythrin (PE)-conjugated anti-mouse CD4

(Biolegend), PE-conjugated anti-mouse CD8 (Biolegend), PE/Cy5-

conjugated anti-mouse CD4 (eBioscience, San Diego, CA), PE-

conjugated anti-mouse CD25 (eBioscience), PE-conjugated anti-

mouse CD19 (eBioscience), PE-conjugated anti-mouse

NK1.1(Biolegend), or PE-conjugated anti-mouse CD223

(eBioscience) for different experiments [22]. Flow cytometry assays

and analyses were performed using a Becton Dickinson FACScan

(Becton Dickinson, Franklin Lakes, NJ) with CELLQuest software.

For the human part, the human TACs were stained with FITC-

conjugated anti-human CD3 (Biolegend), FITC-conjugated anti-

human Lin (Biolegend), PE-Cy5-conjugated anti-human CD4

(Biolegend), PE-Cy5-conjugated anti-human CD33 (Biolegend),

PE-conjugated anti-human CD11b (Biolegend), PE-conjugated

anti-human CD8 (BD Biosciences, San Diego, CA), or PE-

conjugated anti-human CD25 (Biolegend) in different experi-

ments, and analyzed by flow cytometry as described earlier.

Immuno-histochemistry for CD4+FoxP3+ Treg cells
Immuno-histochemistry studies of Treg cells in murine spleens

were performed with some modifications [23]. Briefly, eight-

micrometer cryostat sections were obtained from unfixed tissue

embedded in optimal cutting temperature (OCT) compound.

After fixation with cold methanol (220uC) for 20 min, the sections

were incubated with 5% fetal bovine serum (FBS) for 10 min.

Subsequently, the sections were incubated at 4uC overnight with

the primary antibody, including rat anti-mouse CD4 antibody

(Abcam, Cambridge, MA) and rabbit anti-mouse FoxP3 antibody

(Abcam), and then washed three times in PBS for 15 min.

After incubation with the primary antibody, the sections were

then incubated at room temperature for 1–2 hours with appro-

priate secondary antibodies like anti-rat secondary antibody-FITC

(Abcam) and anti-rabbit secondary antibody-H&L-F(ab)2 frag-

ment (Abcam) in PBS containing 0.5% FBS, followed by counter-

staining by Hoechst33342 (Sigma-Aldrich, St. Louis, MO). After

several washings with PBS, the sections were cover-slipped using

anti-fade mounting medium (Invitrogen, Carlsbad, CA) and

analyzed by confocal microscopy (Leica TCS SP2, Heidelberg,

Germany).

Regulatory T Cells with Antigen-Specific Immunity
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Characterization of Tregs by flow cytometry
To identify the Treg cells in murine splenocytes and TACs,

splenocytes and TACs were first stained with PE/Cy5-conjugated

anti-mouse CD4 (eBioscience) and PE-conjugated anti-mouse

CD25 (eBioscience) for cell surface markers. Fluorescein isothio-

cyanate-conjugated anti-mouse FoxP3 (eBioscience) for intracel-

lular staining were performed as described previously [24].

Staining was characterized by flow cytometric analysis as

described earlier.

For the human experiments, the TACs of the ascites were

stained with PE/Cy5-conjugated anti-human CD4 (Biolegend)

and PE-conjugated anti-human CD25 (Biolegend) for cell surface

markers, and Alexa FluorH 488 anti-human FoxP3 (Biolegend) for

intracellular staining to identify human Treg cells in ascites.

Staining was analyzed by flow cytometry as described earlier.

Extraction of RNA in murine splenocytes and various
cytokine expressions by reverse-transcription polymerase
chain reaction (RT-PCR)

Total RNA of murine splenocytes was first isolated by TRIzol

reagent following the manufacturer’s instructions (Invitrogen). To

detect the RNA expression of various cytokines in the splenocytes,

RT-PCR with primers specific for interleukin (IL)-4, 6, 10, and 12,

tumor necrosis factor-alpha (TNF-a), interferon-gamma (IFN-c)

and GAPDH were done. The sequences of PCR primers were

listed as follows: mouse IL-4 (forward primer: 59-TCAACCCC-

CAGCTAGTTGTC-39; reverse primer: 59-ATCGAAAAGCCC-

GAAAGAGT-39), mouse IL-6 (forward primer: 59-

GTTCTCTGGGAAATCGTGGA-39; reverse primer: 59-

GGAAATTGGGGTAGGAAGGA-39), mouse IL-10 (forward

primer: 59-TGCTATGCTGCCTGCTCTTA-39; reverse primer:

59-TTTTCACAGGGGAGAAATCG-39), mouse IL-12 (forward

primer: 59-CACGCCTGAAGAAGATGACA-39; reverse primer:

59-AGTCCCTTTGGTCCAGTGTG-39), mouse TNF-a (for-

ward primer: 59-ACGGCATGGATCTCAAAGAC-39; reverse

primer: 59-CGGACTCCGCAAAGTCTAAG-39), and mouse

IFN-c (forward primer: 59-GCTTTGCAGCTCTTCCTCAT-

39; reverse primer: 59-TGAGCTCATTGAATGCTTGG-39).

The GAPDH forward primer was 59-ACCCAGAAGACTGTG-

GATGG-39, and the reverse primer was 59-TGCTGTAGC-

CAAATTCGTTG-39. The amplification products were separated

by 1% agarose gel electrophoresis and visualized after staining

with ethidium bromide.

Enzyme-linked immunosorbent assays (ELISA) of
cytokines in ascites of WF-3 tumor-bearing mice and
ovarian cancer patients

Direct ELISAs of human IL-4, 5, 6, 9, 10, 12,13, 17, TNF-a,

IFN-c, and transforming growth factor-beta (TGF-b) (e-Biosci-

ence) and murine IL-4, 6, 10, 12, TNF-a, IFN-c, and TGF-b (e-

Bioscience) in ascites were performed based on the manufacturer’s

instructions [25].

IFN-c ELISPOT assays
The ELISPOT assays of mesothelin-specific CD8+ T cells in

murine splenocytes were performed with some modifications [26].

The 96-well filtration plates (Millipore, Bedford, MA) were coated

with 5 mg/ml anti-mouse INF-c antibody (BD Biosciences) in

100 ml PBS. After being incubated overnight at 4uC, the wells

were washed and blocked with culture medium containing 10%

FBS. The mice of various groups were treated and the splenocytes

were collected as described earlier.

Different groups of splenocytes were serially cultured with

10 mg/ml mesothelin peptide (aa 406–414) for 48 h at 37uC, 5%

CO2. Following culture, the plate was washed and then incubated

with 2 mg/ml biotinylated anti-mouse IFN-antibody (BD Biosci-

ences) in 100 ml PBS at 4uC overnight. After subsequent washing,

1.2 mg/ml avidin-alkaline phosphatase (Sigma-Aldrich) in 100 ml

PBS was added and the plates were incubated for two hours at

room temperature. Afterwards, spots were developed by adding

100 ml 5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazoli-

um solution (Boehringer Mannheim, Indianapolis, IN) and

incubation at room temperature for 20 min. The reactions were

stopped by discarding the substrate and washing the plates under

tap water. The plates were then air-dried and the colored spots

were counted using a dissecting microscope.

In vivo antibody depletion experiments
The mAb PC61 (Bio X cell, West Lebanon, NH) was used for in

vivo CD25 depletion [27]. Flow cytometric analysis revealed that

95% of the appropriate lymphocyte subsets were depleted, while

other lymphocyte subsets remained within normal levels. Briefly,

C57BL/6J mice (5 mice per group) were challenged with WF-3

tumor cells intra-peritoneally on day 0. Mice were sacrificed on

days 14 or 49 for the immunologic profiling assays and the

remaining mice (5 in each group) were kept until they died to

obtain overall survival analysis. The total weight of tumors of each

mouse was also measured when sacrificed. Depletion was

terminated on the day of euthanasia. The splenocytes and ascites

were harvested for immunocytes and cytokine analyses as

described earlier.

The mAb 1D11.17.8 and mAb JES5-2A5 (Bio X cell) were used

for in vivo neutralizing the effects of TGF-b and IL-10, respectively

[28,29]. In this experiment, the mice (5 mice per group) were

challenged with WF-3 tumor cells intra-peritoneally on day 0. It

was terminated on day 100. The overall survivals of mice would be

analyzed.

Statistical analysis
All of the data were expressed as mean6S.E. (standard error),

which represented at least two different experiments. Data for the

kinetic changes of immune effectors, regulatory T lymphocytes,

cytokine expression, and total tumor weights were evaluated by

one-way analysis of variance (ANOVA). The event time distribu-

tions for different mice in the survival experiments were compared

using Kaplan-Meier method and log rank analysis. A p,0.05 was

considered statistically significant.

Results

Immune profiles of immunocytes and cytokines in ascites
changed between early- and advanced-stage ovarian
cancer patients

The ascites of ovarian cancer patients was analyzed to evaluate

the immune components of tumor micro-environment. Represen-

tative figures of flow cytometric analysis for various immunocytes,

such as CD4+ helper, CD8+ cytotoxic, and regulatory T

lymphocytes in ascites were shown in Figure 1A. The percentages

of CD4+ helper T cells significantly increased in advanced-staged

patients compared to those in patients with early stages (advanced

18.363.7% vs. early 3.461.6%, p = 0.01, one-way ANOVA)

(Fig. 1B1). Similar phenomena were observed in the percentages of

CD8+ cytotoxic T lymphocytes (advanced 18.362.7% vs. early

4.161.7%, p = 0.01, one-way ANOVA) (Fig. 1B2) and Treg cells

(advanced 2.560.7% vs. early 0.360.1%, p = 0.02, one-way

ANOVA) (Fig. 1B3). Moreover, the ratios of CD8+ T cell/Treg

Regulatory T Cells with Antigen-Specific Immunity
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were significantly lower in patients with advanced stages than in

patients with early stages (advanced 7.3760.64 vs. early

14.2563.11, p = 0.037, one-way ANOVA). However, the per-

centages of myeloid suppressor cells (MDSCs) in TACs between

early- and advanced-stage ovarian cancer patients were not

significantly different (p = 0.46, one-way ANOVA, Fig. S1A).

The IL-4 concentrations (10.160.5 pg/ml in early stages vs.

7.860.8 pg/ml in advanced stages, p = 0.017, one-way ANOVA)

(Fig. 1C1) and TNF-a in ascites (8.862.8 pg/ml in early stages vs.

2.460.7 pg/ml in advanced stages, p = 0.046, one-way ANOVA)

(Fig. 1C2) were significantly higher in patients with early-stage

than in patients with advanced stages. In contrast, the other

cytokines, including TGF-b (122.9660.4 pg/ml in early stage vs.

300.9658.5 pg/ml in advanced stage, p = 0.013, one-way AN-

OVA) (Fig. 1C3), IL-6 (83.7632.0 pg/ml in early stage vs.

287.3665.3 pg/ml in advanced stage, p = 0.016, one-way AN-

OVA) (Fig. 1C4), IL-10 (4.361.8 pg/ml in early stage vs.

29.969.3 pg/ml in advanced stage, p = 0.018, one-way ANOVA)

(Fig. 1C5), and INF-c (1.160.1 pg/ml in early stage vs.

2.560.4 pg/ml in advanced stage, p = 0.008, one-way ANOVA)

(Fig. 1C6) in ascites were higher in patients with advanced stages

than in patients with early stages. There were no differences in IL-

5 (p = 0.26, one-way ANOVA), IL-9 (p = 0.23, one-way ANOVA),

IL-12 (p = 0.54, one-way ANOVA), IL-13 (p = 0.43, one-way

ANOVA), and IL-17 (p = 0.06, one-way ANOVA) expression

levels between these two groups (Fig. S1B).

In this evaluation of ovarian cancer-related ascites, the

expressions of host immune components were not constant

between early- and advanced-stage ovarian cancer patients. The

percentages of anti-tumor effectors were decreased but the

percentage of immune suppressor, Treg was decreased as the

disease progressed in this analysis. The expression levels of various

cytokines were also different between early- and advanced-stage

diseases.

Percentages of systemic immune effector cells in
splenocytes decreased with tumor progression

To further elucidate the dynamic changes of immunity profiles

in human ovarian cancer, an ascitogenic animal model was used.

The protocol of evaluating immunologic profiles of tumor-bearing

mice in early or advanced diseases was shown in Figure 2A. The

PBS-challenged mice were used as control (naı̈ve group).

Representative figures of tumor-bearing mice in the early and

advanced disease stages were shown in Figure 2B. Only small

tumors with little ascites were found in mice with early disease.

However, disseminated tumor implants with bloody ascites were

identified in mice with advanced disease.

Representative figures of flow cytometric analysis of immune

effectors, such as CD4+ helper and CD8+ cytotoxic T cells, NK cells,

and B lymphocytes in splenocytes, were shown in Figure 2C. The

percentages of CD4+ helper T lymphocytes significantly decreased in

mice with advanced disease (2.6060.14%) compared to the naı̈ve

(19.8160.80%) or early disease (20.8960.16%) groups (p,0.001, one-

way ANOVA) (Fig. 2D1). However, the percentages of CD8+ cytotoxic

T lymphocytes decreased in the early disease (9.1360.50%), but

especially in the advanced disease (1.9460.07%) compared to the

naı̈ve group (14.0460.89%) (p,0.001, one-way ANOVA) (Fig. 2D2).

The percentages of NK cells had similar phenomena as those of CD8+

cytotoxic T lymphocytes (naı̈ve group 4.8560.79%, early disease

1.8760.07%, advanced disease 0.3460.05%, p,0.001, one-way

ANOVA) (Fig. 2D3). the B lymphocyte percentages in various groups

were also similar to those of the CD4+ helper T lymphocytes (naı̈ve

group 41.4063.69%, early disease 40.7362.56%, advanced disease

11.0661.05%, p,0.001, one-way ANOVA) (Fig. 2D4).

Between naı̈ve group and early disease group,CD4+ helper T

lymphocytes and B lymphocytes did not significantly decrease, but

CD8+ cytotoxic T cells and NK cells did. However, all the systemic

immune effector cells significantly decreased as compared to the naı̈ve

group when the tumor progressed to advanced stage in our results.

Figure 1. Different expressions of immune components in ascites of early- and advanced-stage ovarian cancer patients. (A)
Representative figures of flow cytometric analyses of CD4+ helper T cells, CD8+ cytotoxic T lymphocytes, and CD4+CD25+ regulatory T lymphocytes
(Treg cells) in TAL. A1, CD4+ helper T cells; A2, CD8+ cytotoxic T lymphocytes; A3, CD4+CD25+ Treg cells. (B) Percentages of CD4+ helper T
lymphocytes, CD8+ cytotoxic T lymphocytes, and CD4+CD25+ regulatory T lymphocytes (Treg cells) in TAL. B1, CD4+ helper T cells; B2, CD8+ cytotoxic
T lymphocytes; B3, CD4+CD25+ Treg cells. Note: The percentages of CD4+ T cells were significantly higher in patients with advanced stage ovarian
cancer. (C) Concentrations of various cytokines in ascites of ovarian cancer patients. C1, IL-4; C2, TNF-a; C3, TGF-b; C4, IL-6; C5, IL-10; C6, IFN-c. Note:
The IL-4 and TNF-a concentrations decreased while the TGF-b, IL-6, IL-10, and IFN-c concentrations increased from early to advanced stage.
doi:10.1371/journal.pone.0047190.g001
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Percentages of local immune effector cells in TACs of
ascites changed with tumor progression

The change of effector immunocytes in the local tumor

environment was then evaluated by flow cytometric analysis.

Representative figures of flow cytometric analysis of various

immune effector cells were shown in Figure S2. The percentages of

CD4+ helper T lymphocytes increased as the disease progressed to

the advanced stage (naı̈ve 18.660.24%, early 21.662.65%,

advanced 25.461.79%, p = 0.002, one-way ANOVA) (Fig. 3A1).

The percentages of CD8+ cytotoxic T cells in TACs also increased

with disease progression (naı̈ve 5.0160.26%, early 10.362.41%,

advanced 14.561.81%, p,0.001, one-way ANOVA) (Fig. 3A2).

In contrast, the percentages of NK cells (naı̈ve 5.1260.56%, early

3.2060.32%, advanced 0.9360.14%, p,0.001, one-way ANOVA)

and B lymphocytes (naı̈ve 55.9063.03%, early 51.661.01%,

advanced 25.1062.69%, p,0.001, one-way ANOVA) in TACs

decreased with disease progression (Figs. 3A3 and 3A4).

The number of T lymphocytes increased in the local tumor

environment as the disease progressed, but the numbers of NK cells

and B lymphocytes decreased. Moreover, in this intra-peritoneal tumor

model, the changes of immune effector cells were different between the

systemic (spleen) and the local (ascites) tumor environment as the

disease progressed.

The numbers of activated CD8+ cytotoxic T lymphocytes
in the TACs of ascites did not increase between early and
advanced diseases

To further evaluate whether the higher number of CD8+ cytotoxic

T lymphocytes in the TACs of advanced disease were activated or not,

the surface marker expression of CD223, which was the activated

marker of T lymphocytes, was detected [30]. Representative figures of

Figure 2. Alterations of systemic immune effector cells in splenocytes of mice challenged with PBS or WF-3 tumor cells. (A)
Diagrammatic representation of the collection of specimens in early and advanced diseases. (B) Representative figures of mice after WF-3 challenge
at days 14 and 49. Note: Only small tumors (arrow) with little ascites were identified in mice of early disease. However, disseminated tumor implants
(arrows) with bloody ascites within the whole peritoneal cavity were noted in mice with advanced disease. (C) Representative figures of flow
cytometric analyses of various kinds of lymphocytes in splenocytes. (D) Percentages of various kinds of lymphocytes in splenocytes of naı̈ve mice and
in mice of early and advanced diseases. D1, CD4+ helper T lymphocytes; D2, CD8+ cytotoxic T lymphocytes; D3, NK1.1+ natural killer cells; and D4,
CD19+ B lymphocytes. Note: All of the percentages of systemic immune effector cells significantly decreased as the tumor progressed from early to
advanced stage.
doi:10.1371/journal.pone.0047190.g002
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activated and non-activated cytotoxic CD8+ T lymphocytes were

shown in Figure 3B1. The percentages of non-activated CD8+

cytotoxic T lymphocytes in the TACs of the naı̈ve group (94.865.2%),

in the early disease group (97.6261.80%), and in the advanced disease

group (95.8061.63%) had no statistical difference (p = 0.68, one-way

ANOVA) (Fig. 3B2). Therefore, majority of the CD8+ cytotoxic T

lymphocytes were not activated in the local tumor micro-environment,

although the numbers of CD8+ T lymphocytes increased as the disease

progressed.

Dynamic changes of cytokine profiles in systemic
immunity and local tumor environment with various
disease severities

The RNA expression levels of various cytokines were evaluated in

the splenocytes of mice by RT-PCR as systemic immunity. The RNA

expression levels of IL-4, IL-12, TNF-a, and INF-c decreased as the

disease progressed. In contrast, the RNA expression levels of anti-

inflammatory cytokines like IL-10 increased (Fig. 3C).

The concentrations of cytokine profiles in ascites as local immunity

were further evaluated by ELISA. The concentrations of cytokines like

IL-12 (naı̈ve 28.765.4, early 3.760.2, advanced 1.560.2 pg/ml,

p = 0.001, one-way ANOVA), TNF-a (naı̈ve 14.761.9, early 7.260.6,

advanced 3.260.5 pg/ml, p = 0.001, one-way ANOVA), and IFN-c
(naı̈ve 10.960.9, early 2.960.6, advanced 0.760.3 pg/ml, p,0.001,

one-way ANOVA) decreased gradually as the tumor burden increased

(Figs. 3D1–3D3). However, the concentrations of other cytokines,

including IL-6 (naı̈ve 70.860.5, early 70.760.8, advanced

3585.6653.4 pg/ml, p,0.001, one-way ANOVA), IL-10 (naı̈ve

0.060.0, early 0.060.0, advanced 68.860.7 pg/ml, p,0.001, one-

way ANOVA), and TGF-b (naı̈ve 17.961.5, early 107.5613.6,

advanced 848.969.0 pg/ml, p,0.001, one-way ANOVA) were

significantly elevated when the tumor progressed (Figs. 3D4–3D6).

The percentages of Tregs in systemic or local tumor
environments increased with disease progression

The changes in immuno-suppressor cells such as regulatory T

cells (Tregs) in the systemic and local tumor environments of

Figure 3. Kinetic changes of local immune effector cells in TACs of mice challenged with PBS or WF-3 tumor cells. (A) Percentages of
various kinds of lymphocytes in TACs of naı̈ve mice and mice of early and advanced diseases. A1, CD4+ helper T lymphocytes; A2, CD8+ cytotoxic T
lymphocytes; A3, NK1.1+ natural killer cells; and A4, CD19+ B lymphocytes. Note: For helper and cytotoxic T lymphocytes, the percentages on TACs
increased from early to advanced disease. However, the percentages of natural killer cells and lymphocytes in TACs significantly decreased with
tumor progression. (B) CD2232CD8+ lymphocytes in TACs of mice. B1: Representative figures of flow cytometric analyses of CD2232CD8+ and
CD223+CD8+ lymphocytes in TACs. B2: Percentages of CD2232CD8+ lymphocytes in TACs of mice. Note: Majority of CD8+ cytotoxic T lymphocytes
were non-activated as the disease progressed to advanced status. (C) The RT-PCR of various cytokines in splenocytes of mice challenged with PBS or
WF-3 tumor cells. Note: The expression levels of IL-4, IL-12, TNF-a, and INF-c decreased but the expression levels of IL-10 increased gradually as the
disease progressed. (D) The concentrations of various cytokines by ELISA in ascites of mice challenged with PBS or WF-3 tumor cells. D1, IL-12; D2,
TNF-a; D3, IFN-c; D4, IL-6; D5, IL-10; D6, TGF-b. Note: The concentrations of IL-6, IL-10, and TGF-b were elevated but those of IL-12, TNF-a, and IFN-c
decreased as the tumor progressed.
doi:10.1371/journal.pone.0047190.g003
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various disease severities were then evaluated. The representative

figures of a single CD4+FoxP3+ Treg cell and Treg cells of the

spleen in various groups like naı̈ve mice, mice with early disease,

and mice with advanced disease by immuno-histochemistry or

immuno-fluorescence staining were shown in Figure 4A. Repre-

sentative figures of Treg cells in splenocytes (Fig. 4B1) and TACs

(Fig. 4C1) by flow cytometry were also shown. The percentages of

Treg cells in the splenocytes (naı̈ve 11.2860.33%, early

11.8060.22%, advanced 16.2460.02%, p,0.001, one-way AN-

OVA) (Fig. 4B2) and in TACs (naı̈ve 0.5160.11%, early

0.4260.10%, advanced 1.3260.09%, p,0.001, one-way AN-

OVA) (Fig. 4C2) were significantly higher in the advanced group

than in the naı̈ve and early disease groups. However, the

percentages of Treg cells were not different between the naı̈ve

and early disease in either the splenocytes or the TACs.

The ratios of Treg cells in splenocytes and TACs in the early

and advanced diseases were further evaluated with the percentages

of Treg cells in the naı̈ve group as baseline. The Treg cells were

1.5-fold higher in splenocytes (Fig. 4B3) and 2.9-fold higher in

TACs (Fig. 4C3) in the advanced disease. The ratios of CD8+

cytotoxic T cell/Treg cell were further calculated. The murine

CD8+ T cell/Treg in splenocytes (advanced 0.1160.01 vs. early

1.3960.04, p = 0.001) and in TACs (advanced 12.4960.18 vs.

early 34.7964.54, p = 0.039) were lower in the advanced disease

than in the early disease.

The results indicated that regulatory T lymphocytes significant-

ly increased in the advanced disease, but not in the early disease, in

both the local and systemic environments.

Depletion of Tregs with kinetic low-dose CD25 Ab
generated more potent in vivo anti-tumor effects

To explore whether the depletion of Tregs played an important

role in delaying tumor progression and improving the survival of

the tumor-bearing mice, the mAb PC61 was used for in vivo CD25

depletion via protocols of in vivo Treg cell depletion (Fig. 5A).

Representative figures of tumor-bearing mice in various in vivo

Treg cell depletion groups were shown in Fig. 5B. The intra-

peritoneal tumor weights of the mice were significantly lower in

the CD25 Ab depletion groups compared to those in the PBS

group on the 14th day after tumor challenge (PBS group

0.23060.010 g, sequential high dose CD25 Ab group

0.04560.005 g, sequential low dose CD25 Ab group

0.05360.013 g, kinetic low dose CD25 Ab group

0.03760.001 g, p,0.001, one-way ANOVA) (Fig. 5C). However,

the tumor weights were not different among the three CD25 Ab

depletion groups (p = 0.76, one-way ANOVA).

On the 49th day after tumor challenge, the kinetic low-dose

CD25 Ab depletion group had significantly lower intra-peritoneal

tumor weights (0.2060.03 g) than the sequential high-dose

(0.6960.06 g) and sequential low-dose (0.6760.07 g) CD25 Ab

deletion groups (p = 0.001, one-way ANOVA) (Fig. 5C). Mice

challenged with WF-3 tumor cells, when treated with kinetic low

dose CD25 Ab, also had significantly longer survival than the

other three groups (p,0.001, log rank test) (Fig. 5D). Therefore,

mice treated with kinetic low-dose CD 25 Ab could have less

tumor amounts and prolonged survival time.

Depletion of Tregs with in vivo kinetic low-dose CD25 Ab
enhanced the anti-tumor immunologic profiles

To elucidate the influence of host immunity in WF-3-challenged

mice undergoing kinetic low-dose CD25 Ab, immunologic profiles

were evaluated. Mice treated with kinetic low-dose CD25 Ab had

significantly higher concentrations of IL-6 (p,0.001, one-way

ANOVA) (Fig. 6A1), IL-12 (p = 0.048, one-way ANOVA)

(Fig. 6A2), TNF-a (p,0.001, one-way ANOVA) (Fig. 6A3), and

INF-c (p = 0.036, one-way ANOVA) (Fig. 6A4), but lower

concentrations of TGF-b (p = 0.007, one-way ANOVA) (Fig. 6A5)

in ascites compared to the other groups.

The kinetic low-dose CD25 Ab depletion group also had

significantly higher percentages of CD4+ helper (p = 0.001, one-

way ANOVA) (Fig. 6B1) and CD8+ cytotoxic T lymphocytes

(p,0.001, one-way ANOVA) (Fig. 6B2) in splenocytes than in PBS

and the other two sequential CD25 Ab depletion groups after 49

days of WF-3 tumor challenge. In contrast, the kinetic low-dose

CD25 Ab depletion group had lower percentages of Treg cells

compared to the other groups (p = 0.045, one-way ANOVA)

(Fig. 6B3).

The ratios of CD8+ cytotoxic T cells/Treg cells of the TACs in

the kinetic low-dose CD25 Ab depletion group were also highest

among the naı̈ve, PBS-treated, and the three CD25 Ab depletion

groups (p,0.001, one-way ANOVA) (Fig. 6B4). However, the

percentages of CD4+ helper T cells (p = 0.06, one-way ANOVA)

(Fig. 6B1), CD8+ cytotoxic T cells (p = 0.27, one-way ANOVA)

(Fig. 6B2), or Treg cells (p = 0.22, one-way ANOVA) (Fig. 6B3) in

the splenocytes were not different between among these groups

after the 14-day WF-3 tumor challenge.

In addition, this study evaluated if the in vivo CD25 Ab depletion

could generate anti-tumor effects via enhancing antigen-specific

immunity using mesothelin, a novel ovarian tumor-associated

antigen. Representative figures of mesothelin-specific IFN-c
ELISPOT assays of splenocytes were shown in Figure 6C1. The

kinetic low-dose CD25 Ab depletion group generated the highest

numbers of IFN-c-secreting, mesothelin-specific T lymphocytes

(83.762.0) compared to the other groups after 14 days of WF-3

tumor challenge (PBS group 16.062.3, sequential high dose CD25

Ab group 32.064.6, sequential low dose CD25 Ab group

22.061.2, p,0.001, one-way ANOVA) (Fig. 6C2).

These above-mentioned results demonstrated that kinetically

depleting the immuno-suppressive Treg cells could enhance

effective host anti-tumor immunity. Therefore, we would like to

explore the impacts of different treatment protocols with

neutralizing TGF-b, neutralizing IL-10 or Treg depletion with

CD25 monoclonal antibody on mice survival. The experimental

schedules were shown in Figure 6D1. Our result showed that when

mice were treated with monoclonal antibodies, their survival time

was longer than that of mice treated with PBS (neutralizing TGF-b
group, p = 0.03, log rank test; neutralizing IL-10 group, p = 0.002,

log rank test; neutralizing TGF-b and neutralizing IL-10 group,

p,0.001, log rank test; kinetic low-dose CD25 Ab group,

p,0.001, log rank test) (Fig. 6D2). But, among the mice with

monoclonal antibody treatment, those in the kinetic low-dose

CD25 Ab group still had the longest survival time with significance

when compared to the other mice in the neutralizing TGF-b
group, neutralizing IL-10 group and neutralizing TGF-b and

neutralizing IL-10 group (p,0.001, log rank test) (Fig. 6D2).

Discussion

Immunogenicity is the ability of antigens to elicit an immune

response. Host anti-tumor immunity can be induced because of

the existence of tumor-specific and/or tumor-associated antigens.

To date, over 1000 human tumor antigens have been established

in the human cancer immunome database (http://ludwig-sun5.

unil.ch/CancerImmunomeDB/). Ovarian carcinoma has been

proven to be immunogenic in previous investigations [16,17,18].

The inflammation of lesion site has been associated, in part, with

various regulatory components that can modify immune cell
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recruitment, phenotype, and function. These can result in the

accumulation of naive and/or functionally erroneous T cell sub-

populations at such sites [31,32]. In the present analysis of human

and murine ascites, the percentages of CD4+ and CD8+ T

lymphocytes in the TACs of ascites are significantly increased in

advanced disease compared to early stage disease (Figs. 1 and 3).

However, the homeostasis between effective and suppressive

immunities, including cytokines and immunocytes, has an

important impact on tumor progression. When diseases progress

to advanced stages, the expressions of pro-inflammatory cytokines

such as IL-4 and TNF-a are significantly suppressed [33,34].

Other reports have also shown that increased anti-inflammatory

cytokines like IL-10 and TGF-b can help Tregs suppress the

function of antigen-presenting cells and arrest the activation of

effector T lymphocytes during tumor progression [2,35,36]. In the

present analysis of human ascites, pro-inflammatory cytokines are

significantly lower and anti-inflammatory cytokines are signifi-

cantly higher in advanced diseases than in early stage diseases

(Fig. 1C). The imbalance between pro- and anti-inflammatory

cytokines during tumor progression is shown to be immuno-

suppressive in the animal model (Fig. 3). Nevertheless, alterations

of INF-c in human (Fig. 1C6) and murine (Fig. 3D3) in ascites are

not identical, which can be explained by the fact that aside from

immuno-surveillance, high levels of INF-c in advanced diseases

can generate tumor variants with reduced immunogenicity, which

is related to the process of ‘‘cancer immuno-editing’’ [37–40].

IL-17 is involved in mediating inflammatory responses [41,42].

Less amount of IL-17 can be detected in more advanced ovarian

cancer-associated ascites (p = 0.03) [43]. However, the expression

level of IL-17 in early-stage ovarian cancer is only marginally

significantly (p = 0.06) higher than that in advanced disease (Fig.

S1B5) in our analysis. This is because that the number of ovarian

cancer patients in this study is small (only 20 cases). As more

patients could be recruited, the expression level of IL-17 between

early- and advanced-disease might be significant. The correlation

between the level of IL-17 and clinical outcomes of ovarian cancer

patients could also be elucidated.

T lymphocytes are a major component of cellular immune

response and are the essential cells required for anti-tumor

immunity [35]. For ovarian carcinoma, tumor specific CD8+ T

cells can induce autologous tumor cell lysis in vitro [44]. However,

the CD4+CD25+FoxP3+ Tregs suppress tumor-specific T-cell

immunity and increased Tregs in the tumor micro-environment

can be related to the disease severity and poor outcome of ovarian

Figure 4. Kinetic changes of Treg cells in the splenocytes and TACs of mice challenged with PBS or WF-3 tumor cells. (A)
Representative figures of CD4+FoxP3+ Treg cells in the spleen of mice by immuno-histochemistry staining observed under confocal microscopy. A1, A
single CD4+FoxP3+ regulatory T cell (blue: nucleus, green: CD4, red: FoxP3); A2, PBS group; A3, WF-3 group with early disease; A4, WF-3 group with
advanced disease (arrows: CD4+FoxP3+ Treg cells). (B) CD4+CD25+FoxP3+ Treg cells in splenocytes. B1: Representative figures of flow cytometric
analyses. B2: The bar figures of CD4+CD25+FoxP3+ Treg cells in various groups. B3: The ratios of CD4+CD25+FoxP3+ Treg cells. Note: Referenced with
the naı̈ve group, Treg cells of the advanced stage group were 1.5-fold higher in splenocytes. (C) CD4+CD25+FoxP3+ Treg cells in TACs. C1:
Representative figures of flow cytometric analysese. C2: The bar figures of CD4+CD25+FoxP3+ Treg cells in various groups. C3: The bar figures of the
ratios of CD4+CD25+FoxP3+ Treg cells in various groups. Note: Referenced with the naı̈ve group, Treg cells were 2.9-fold higher in TACs of the
advanced stage group.
doi:10.1371/journal.pone.0047190.g004
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carcinoma [7,8]. Sato et al. have also demonstrated that the

survivals of ovarian cancer patients with high versus low CD8+/

Treg ratios are 58 versus 23 months (p = 0.0002) [45]. In the

present animal model, the increased percentages of Tregs are

noted in systemic (splenocytes) and local (TACs) immunities

during tumor progression (Fig. 4), but the alterations of CD8+ T

cells are different (Figs. 2D2 and 3B2). When the ratios of murine

CD8+ T cell/Treg in splenocytes and TACs are further analyzed,

the ratios are lower in advanced disease than in early disease.

Thus, alterations of ratios of CD8+ T cell/Treg can better

illustrate disease severity rather than the changes of percentages of

immunocytes. Moreover, even though the CD8+ T lymphocytes of

TACs increase during tumor progression (Fig. 2D2), most of the

CD8+ cytotoxic T lymphocytes are not activated in the present

study (Figs. 3C and 3D).

The reduction of Tregs or the attenuation of their function can

increase anti-tumor immunity and effects [8,27,46,47]. In the

present animal model, there are decreased total tumor volumes

and weights, and longer survival in the mice with Treg cells

depleted by CD25 monoclonal antibody than in those treated with

PBS only (Fig. 5). Kinetic low-dose antibody depletion of Treg cell

can generate anti-tumor immunity by enhancing the pro-

inflammatory cytokines and the anti-tumor effector lymphocytes,

including antigen-specific IFN-c-secreting CD8+ T cells (Fig. 6A–

6C). In addition, those mice treated with kinetic low-dose CD25

Ab would have the longest survival time when compared to the

other mice treated with neutralizing TGF-b Ab, neutralizing IL-10

Ab and neutralizing TGF-b and neutralizing IL-10 Abs (Fig. 6D).

The reason might be that Treg cells can suppress host immunity

through cell-to-cell contact-dependent suppression, cytokine con-

Figure 5. Tumor growth of WF-3-challenged mice treated with PBS or CD25 monoclonal antibody. (A) Diagrammatic representation of
the different treatment protocols of CD25 monoclonal antibody. (B) Representative figures of mice treated with PBS and various protocols of CD25
monoclonal antibody. B1, PBS only; B2 (sequential high dose CD25 Ab group), 500 mg of CD25 monoclonal antibody for 1 day before WF-3 tumor
challenge; B3 (sequential low dose CD25 Ab group), 10 mg of CD25 monoclonal antibody for 5 days before WF-3 tumor challenge; B4 (kinetic low
dose CD25 Ab group), 10 mg of CD25 monoclonal antibody for 5 days before WF-3 tumor challenge and 10 mg of CD25 monoclonal antibody twice
per week continuously after WF-3 tumor challenge (arrows: WF-3 tumor masses). (C) Intra-peritoneal tumor weights of mice treated with PBS or CD25
monoclonal antibody. Note: The total tumor weights of various CD25 Ab depletion groups were lower than those of PBS-treated group mice on day
14 after WF-3 tumor challenge. However, the intra-peritoneal tumor weights of the kinetic low dose CD25 Ab group were lowest compared to the
other groups on day 49 after tumor challenge. (D) Survival curves of mice treated with PBS or CD25 monoclonal antibody. Note: The in vivo CD25
antibody depletion regardless of groups extended survival of the mice compared to those treated with PBS only. However, the kinetic low-dose CD25
Ab group had the longest survival time after WF-3 tumor challenge.
doi:10.1371/journal.pone.0047190.g005
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trol, including TGF-b and IL-10 secretion and killing of effector

cells [3–6,48–50]. Therefore, more comprehensive immune

components could be elicited by kinetic low-dose antibody

depletion of Treg other than TGF-b, IL-10 or TGF-b and IL-

10 neutralization.

For suppressing the function of Treg cells to enhance anti-tumor

immunity, monoclonal antibodies specific to cell surface molecules

that are predominantly expressed by Tregs or those specifically

able to modulate Treg function have been developed. In addition

to CD25 monoclonal antibody, other antibodies for cell surface

molecules, including Toll-like receptor (TLR), Cytotoxic T-

Lymphocyte Antigen 4 (CTLA-4), glucocorticoid- induced TNF

receptor (GITR), OX40, and folate receptor 4 (FR4), have been

developed [46]. However, an appropriate biomarker is needed to

precisely monitor the responsiveness of the treated subjects. In the

present survey, there are trends of CD8+ T cell/Treg correlating

well with alterations of systemic effector cells after Treg depletion

(Fig. 6B). Nonetheless, these ratios still will not reflect the real

changes of cytokines (Fig. 6A) and antigen-specific immunity

(Fig. 6C) when Tregs are modulated.

In conclusion, the imbalance between effective and suppressive

immunities can be identified during disease progression. This

phenomenon can be reversed by the depletion of immuno-

suppressive Treg cells, especially the effective depletion. Tumor

Figure 6. The concentrations of cytokine profiles in ascites and kinetic changes of various lymphocytes in splenocytes of WF-3-
challenged mice treated with PBS or CD25 monoclonal antibody. (A) Concentrations of various cytokines in ascites. A1, IL-6; A2, IL-12; A3,
TNF-a; A4, IFN-c; A5, TGF-b. Note: Compared to mice treated with PBS only, the concentrations of cytokines like IL-6, IL-12, TNF-a, and IFN-c were
significantly elevated in mice treated with kinetic low-dose CD25 antibody than those in the other groups. The concentrations of TGF-b significantly
decreased in the kinetic low-dose CD25 Ab group compared to the other groups. (B) Percentages of various lymphocytes. B1, CD3+CD4+ help T
lymphocytes. Note: The percentages of CD4+ T lymphocytes in the splenocytes were not different between the PBS and CD25 Ab depletion groups on
day 14 after WF-3 tumor challenge. However, the kinetic low-dose CD25 Ab depletion group had higher percentages of CD4+ helper T cells than the
PBS and the other two sequential CD25 Ab depletion groups after 49 days of tumor challenge. B2, CD3+CD8+ cytotoxic T lymphocytes. Note: The
percentages of CD8+ T cells were not different between the PBS and CD25 Ab depletion groups on 14 days after tumor challenge. The kinetic low-
dose CD25 Ab depletion group had higher percentages of CD8+ cytotoxic T cells than the other groups on day 49 after tumor challenge. B3,
CD4+CD25+Foxp3+ Treg cells. Note: The percentages of Treg cells in the splenocytes were not different among these groups on day 14 after tumor
challenge. However, the kinetic low-dose CD25 Ab depletion group had lower percentages of Treg cells than the other groups on day 49. B4, ratios of
cytotoxic T lymphocytes/Treg cells. Note: The ratios of CD8+ cytotoxic T cells/Treg cells in the kinetic low-dose CD25 Ab depletion group were highest
among the four groups. (C) Mesothelin-specific IFN-c ELISPOT assays of splenocytes in the PBS and CD25 Ab-treated groups. C1, the representative
figures of mesothelin-specific IFN-c ELISPOT assays of splenocytes; C2, bar figures of the numbers of IFN-c-secreting, mesothelin-specific T
lymphocytes in various groups. Note: The kinetic low-dose CD25 Ab depletion group generated the highest numbers of IFN-c-secreting, mesothelin-
specific T lymphocytes compared to the other groups. (D) Survivals of mice treated with PBS, neutralizing TGF-b, neutralizing IL-10 or CD25
monoclonal antibodies. D1, Diagrammatic representation of the different treatment protocols of neutralizing TGF-b, neutralizing IL-10 or CD25
monoclonal antibody; D2, Survival curves of mice treated with PBS, neutralizing TGF-b, neutralizing IL-10, neutralizing TGF-b and neutralizing IL-10 or
CD25 monoclonal antibody. Note: The mice treated with kinetic low-dose CD25 Ab had the longest survival time after WF-3 tumor challenge when
compared to the other mice treated with PBS, neutralizing TGF-b, neutralizing IL-10 or neutralizing TGF-b and neutralizing IL-10 monoclonal
antibodies.
doi:10.1371/journal.pone.0047190.g006
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antigen-specific immunity may be enhanced when starting the

depletion of Treg cells. The development of new strategies for

effective depletion of Treg cells will become an important strategy

for cancer immunotherapy.

Supporting Information

Figure S1 Different expressions of immune components
in ascites of early- and advanced-stage ovarian cancer
patients. (A) Expression of CD11b+CD33+Lin2 myeloid
suppressor cells in TACs of early- and advanced-stage
ovarian cancer patients. (A1) Representative figures of flow

cytometric analyses of myeloid suppressor cells in TACs. (A2)

Percentages of myeloid suppressor cells in TACs. Note: The

percentages of myeloid suppressor cells in TACs between early-

and advanced-stage ovarian cancer patients were not significantly

different. (B) Concentrations of various cytokines in ascites of

ovarian cancer patients. B1, IL-5; B2, IL-9; B3, IL-12; B4, IL-13;

B5, IL-17. Note: The concentrations of these cytokines in ascites

between early- and advanced-stage ovarian cancers did not alter

significantly.

(TIF)

Figure S2 Representative figures of flow cytometric
analyses of various kinds of local immune effectors in
TACs of mice challenged with PBS or WF-3 tumor cells.
(TIF)
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