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Abstract

Purpose Regulatory T cells (Tregs) impair the clinical

benefit of cancer immunotherapy. To optimize the antitu-

mor efficacy of therapeutic dendritic cell (DC) vaccines,

we aimed to inhibit Foxp3, a transcription factor required

for Treg function.

Methods Mice bearing established syngeneic LM3 and

4T1 breast tumors were treated with antitumor DC vacci-

nes and a synthetic peptide (P60) that has been shown to

inhibit Foxp3.

Results Treatment with P60 improved the therapeutic

efficacy of DC vaccines in these experimental models. In

addition, monotherapy with P60 inhibited tumor growth in

immunocompetent as well as in immuno-compromised

animals bearing established tumors. We found expression

of Foxp3 in human and murine breast tumor cells. P60

inhibited IL-10 secretion in breast cancer cells that

expressed Foxp3.

Conclusions Our results suggest that Foxp3 blockade

improves the therapeutic efficacy of DC vaccines by inhi-

bition of Tregs and through a direct antitumor effect. This

strategy could prove useful to neutralize the immunosup-

pressive microenvironment and to boost antitumor immu-

nity in breast cancer.
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Introduction

The goal of immunotherapy is to specifically target and

eradicate tumor cells by enhancing antitumor immunity.

The field of immunotherapy for breast cancer has expo-

nentially grown over the last decade mainly due to the

detection of immunomodulators in breast tumors, such as

CTLA-4, PD-1, IDO, IL-10, TGF-b, and tumor infiltrating

regulatory T cells (Tregs), all of which constitute antitumor

therapeutic targets [28]. Dendritic cells (DCs) have been

extensively used in the development of antitumor vaccines.

Although they trigger antitumor immunity in cancer

patients, this response is not enough to induce tumor

regression [35]. This lack of efficacy has been related to the

expansion of immunosuppressive cells and to the upregu-

lation of immunological checkpoints that generate T cell

exhaustion. Indeed, antitumor DC vaccination in cancer

patients promotes not only the expansion of effector lym-

phocytes, but also of Tregs [4, 6, 13, 31, 50, 53].
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Tregs, which are the main cellular mediators of

peripheral tolerance, play a central role in tumor patho-

genesis and immunological escape. In fact, it has been well

documented that oncological patients exhibit high levels of

circulating Tregs [14, 23]. In breast cancer, both tumor

infiltrating and circulating Tregs increase with the stage of

the disease [33]. This apparent enrichment is very impor-

tant because Tregs seem to suppress antitumor effector T

cells in a dose-dependent manner [33]. The presence of

high proportions of Tregs within tumor infiltrating lym-

phocytes (TILs) and in particular, the low ratio between

CD8? T cells and Tregs, have been associated with poor

prognosis in breast cancer [5, 32].

The expression of the transcription factor Forkhead box

P3 (Foxp3) is a distinctive feature of Tregs. Foxp3 is

critical for the suppressor activity of Tregs as it triggers a

transcriptional program that leads to upregulation of CD25,

CTLA-4, and LAG3, and suppresses the expression of

proinflammatory genes [55]. Since Foxp3 seems to be

specifically expressed in Tregs, it constitutes an attractive

target to inhibit Treg function. Because Foxp3 is an

intracellular target, it cannot be targeted by antibody-based

strategies. Foxp3 can be efficiently blocked with the cell-

penetrating peptide (CPP) P60 [9]. CPPs are amphipathic

and positively charged peptides with less than 30 ami-

noacids, which can penetrate cell membranes [30]. P60 is a

15 aminoacid-peptide that binds Foxp3 and inhibits its

homodimerization, nuclear translocation as well as its

interaction with other transcription factors, i.e. NF-jB,
NFAT [9], and AML1/Runx1 [24]. P60 reduces the sup-

pressor activity of murine and human Tregs and improves

the efficacy of prophylactic vaccines in murine models of

colon cancer [9].

Our previous results indicate that prophylactic antitu-

mor DC vaccines exert antitumor and antimetastatic

effects in murine models of breast cancer [29]. However,

these vaccines lacked efficacy in therapeutic settings.

Thus, we aimed to improve the antitumor effect of DC

vaccines using the Foxp3 blocking peptide P60 in HER2?

LM3 tumor-bearing mice and in the 4T1 triple negative

breast cancer (TNBC) model, which have been previously

shown to respond to immunotherapeutic strategies

[1, 22, 51]. Immunocompetent tumor-bearing mice are

ideal models for translational immunotherapy because the

host immune system is conserved as well as the interac-

tions between host and tumor. Our tumor models also

develop spontaneous metastases upon s.c. tumor inocu-

lation, which resembles the physiopathological metastatic

process better than the i.v. inoculation of tumor cells [3].

We found that P60 inhibited the expansion of Tregs

induced by DC vaccines in immunocompetent mice

bearing established breast tumors. Consequently, P60

administration improved the antitumor and antimetastatic

effect of therapeutic DC vaccines. Nevertheless,

monotherapy with P60 also exerted antitumor efficacy in

this setting. Although Foxp3 seems to be a specific marker

of Tregs within the immune system, Foxp3 has also been

detected in tumor cells in breast cancer specimens

[20, 46, 54]. In order to rule out whether the antitumor

effect of P60 was an immune-mediated or a direct anti-

tumor effect, we administered monotherapy with P60 into

immuno-compromised animals bearing established LM3

tumors, finding that P60 delayed tumor growth in these

animals. P60 treatment in vitro reduced IL-10 release

from tumor cells that expressed Foxp3. Our results sug-

gest that Foxp3 blockade is a powerful tool to improve the

efficacy of antitumor vaccines. Moreover, inhibition of

Foxp3 could have a direct impact over tumor Foxp3-ex-

pressing cells.

Materials and methods

Drugs

IL-4 and GM-CSF were purchased from BioLegend (Cat#

574304 and 576304, respectively, San Diego, CA). TLR9

agonist CpG1826 oligodeoxynucleotide was purchased

from Eurofins Genomics (Louisville, KY).

Animals

Adult female BALB/c and athymic N:NIH Swiss mice

(6–8 weeks old) were purchased at the vivarium of Fac-

ultad de Ciencias Veterinarias, Universidad Nacional de La

Plata, and kept in controlled conditions of light (12 h light–

dark cycles) and temperature (20–25 �C). Mice were fed

with standard lab chow and water ad libitum and all efforts

were made to minimize distress. All animal work was

conducted according to the NIH guidelines and was

approved by the Institutional Ethical Committee, Facultad

de Medicina, Universidad de Buenos Aires (CD Res.

N8120/2011 and 2071/2015).

Synthesis of P60

Therapeutic peptide P60 (RDFQSFRKMWPFFAM) and

control peptide P301 (MKMFFDAFPQRRSWF) were

synthesized by the solid phase method of Merrifield using

the fluorenylmethyloxycarbonyl alternative, as previously

described [7]. The purity of peptides was 90% as judged

by HPLC.
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Breast cancer cell lines

Culture and maintenance of mammary cell lines, as well as

ELISA assays, flow cytometry, immunocytochemistry, and

cell viability assessment were described in Supplementary

Material.

In vivo experimental breast cancer models

BALB/c mice or athymic N:NIH Swiss were inoculated s.c.

into the flank with 3 9 105 tumor cells. Tumor size was

measured 3 times per week using a caliper. The tumor

volume was calculated with the following formula:

(width2 9 long)/2. When tumors were macroscopic (day

9–18 after tumor inoculation) immunocompetent animals

were inoculated s.c. with a DC vaccine, generated as pre-

viously described [29] (see Supplementary Data). Tumor-

bearing mice received daily i.p. injections of Foxp3

blocking peptide P60 or control peptide P301 (100 lg) for
6–7 days. Mice were monitored daily and when the first

signs of distress appeared, they were euthanized by cervical

dislocation. Then, lungs were dissected and fixed with

Bouin’s fixative solution [71% picric acid (saturated), 24%

formaldehyde (37–40%), 5% glacial acetic acid], and

spontaneous metastases were counted under a binocular

stereoscopic microscope.

In a group of mice, the content of lymphocytes was

assessed in spleen and tumor as previously described

[8, 29] (see Supplementary Data).

In a group of nude mice, tumors were dissected and

Foxp3 content was analyzed by Western blot on the last

day of P60 administration (see Supplementary Data).

A group of LM3 and 4T1 tumor-bearing mice were

euthanized by terminal perfusion under deep anesthesia

with Tyrode solution (NaCl 132 mM, CaCl2 1.8 mM,

NaH2PO4 0.32 mM, glucose 5.56 mM, NaHCO3 11.6 mM,

and KCl 2.68 mM) followed by 4% PFA. The presence of

immune cells was assessed in tumor sections by immuno-

cytochemistry as previously described [8] (see Supple-

mentary Data).

Statistical analysis

Data were graphed and analyzed using GraphPad Prism

version 5.00 software (GraphPad Software). The number of

lymphocytes and spontaneous metastases per mouse was

evaluated by ANOVA followed by Tukey’s test. Tumor

growth was analyzed by multiple regression analysis.

Kaplan Meier survival curves were analyzed using Mantel

log rank test. Percentage of cytoplasmic or nuclear high

intensity Foxp3? cells was analyzed by v2 test. Western

Blot, MTT assay, IL-10, and BrDU ELISA data were ana-

lyzed by Student’s t test. Differences between groups were

considered significant when p\ 0.05. All the experiments

were performed at least twice.

Results

Antitumor DC vaccines induce the expansion

of splenic and tumor infiltrating Tregs in murine

models of breast cancer

We first evaluated whether a therapeutic DC vaccination

protocol would induce the expansion of Tregs in mice

bearing an experimental breast cancer model, as it has been

described in patients with different types of cancer

[6, 13, 31, 53]. Immunocompetent mice were inoculated

with syngeneic HER2? LM3mammary tumor cells [48] and

20 days later they received a s.c. antitumor DC vaccine

loaded with tumor cell lysates and activated with the TLR9

agonist CpG1826 [29] (Fig. 1a).We evaluated the content of

lymphocytes in the spleen and the tumor by flow cytometry

at different time points after vaccination (Fig. 1b, c). We

observed an increase in the number of CD4? and CD8? T

cells in the spleen at day 3 and 9 after vaccination that was

accompanied by a similar increase in the content of Tregs

(Fig. 1b). However, the ratio Tregs/CD8? T cells exhibited

a rapid rise at day 3, returning to basal levels at day 9 after

DC vaccination. We did not observe differences in the ratio

between Tregs/CD4? cells at any time point. When we

evaluated the lymphocyte populations infiltrating the tumor

microenvironment, we found that the number of tumor

infiltrating Tregs, CD4? and CD8? T cells increased along

with tumor growth, as it was significantly higher 9 days after

DC vaccination (Fig. 1c).

Efficacy of antitumor DC vaccines in combination

with Foxp3 blockade in immunocompetent mice

bearing metastatic mammary adenocarcinomas

Since our results indicated that antitumor vaccination

induced not only the expansion of effector lymphocytes,

but also of Tregs, we aimed to improve the efficacy of this

therapy by specifically blocking Treg function using the

cell-penetrating peptide P60, which binds and inhibits

Foxp3 [9]. Immunocompetent mice were inoculated s.c.

with syngeneic LM3 breast cancer cells and the charac-

terization of the immune cell infiltrates was performed by

immunocytochemistry and flow cytometry. Immune cells

were readily detected in LM3 tumor sections by

immunofluorescence using specific antibodies against

CD45, CD8, and MHCII, indicating that T lymphocytes

and antigen presenting cells (APCs) infiltrate these tumors

(Fig. 2a). The infiltration of CD4? T cells and Tregs was
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Fig. 1 Effect of antitumor DC

vaccination on the content of T

lymphocytes in spleen and

tumor of experimental breast

cancer models. a Mice bearing

LM3 tumors received a CpG-

activated DC vaccine loaded

with tumor cell lysates, at day

20 post tumor inoculation.

b The number of Tregs, CD4?

and CD8? T cells was

evaluated by flow cytometry in

spleen at days 0, 3, and 9 post-

vaccination. Ratio of Tregs/

CD8? and Tregs/CD4? was

calculated. *p\ 0.05 versus d0,
^p\ 0.05 versus d4 (ANOVA

followed by Tukey test), n = 3,

Representative dot plots are

displayed. The numbers indicate

the percentage of each cell

population. c Tumor infiltrating

lymphocytes (TILs) were

evaluated at day 0 and 9 after

DC vaccination (left panel).

Representative dot plots are

shown (right panel). The

numbers indicate the percentage

of each cell population.

*p\ 0.05 versus d0 (Student’s

t test), n = 3
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Fig. 2 Efficacy of DC vaccination in combination with Foxp3

blockade in mice bearing s.c. syngeneic LM3 mammary tumors.

a Representative microphotographs show immune cells as assessed by

immunofluorescence in LM3 tumor sections using antibodies against

CD45, CD8, and MCH II (left panels). Insets depict higher

magnification microphotographs of immunopositive cells. Tumor

infiltrating mononuclear cells were purified and CD4 T cells and

Tregs were assessed by flow cytometry in the CD45? population

(right panels). Representative dot plots are depicted. The numbers

indicate the percentage of each cell population. b Immunocompetent

mice bearing LM3 breast tumors received CpG-activated DC vaccine

loaded with tumor cell lysate at day 18 post tumor inoculation. Mice

received daily i.p. injections of 100 lg Foxp3 blocking peptide (P60)

or control peptide (P301) for 6 days starting on the date of DC

vaccination. c Spleen and tumor infiltrating Tregs (CD4?/Foxp3?)

were evaluated 3 days after vaccination. *p\ 0.05 versus P301;
^p\ 0.05 versus vaccine ? P301 (ANOVA followed by Tukey test),

n = 4–5. d Tumor growth was measured with caliper 3 times a week.

*p\ 0.05 versus control ? P301; ^p\ 0.05 versus vaccine ? P301,

(Multiple regression analysis) n = 9–10. e Kaplan Meyer survival

curves. *p\ 0.05 versus P301; ^p\ 0.05 versus vaccine ? P301

(Log Rank test), n = 9–10. f Spontaneous lung metastases (ANOVA

followed by Tukey test)
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assessed by flow cytometry and they accounted for

8% ± 3.2 and 1.6% ± 0.6 of CD45? tumor-infiltrating

cells, respectively (Fig. 2a). When the tumors were

macroscopic (day 18), animals were vaccinated with a s.c.

injection of DC vaccine loaded with tumor cell lysates and

activated with CpG1826 [29]. Mice received a daily

injection of therapeutic peptide P60 or control peptide

P301 (100 lg/dose) for 6 days starting on the day of vac-

cination (Fig. 2b). The content of splenic and tumor infil-

trating Tregs was evaluated by flow cytometry 3 days after

DC vaccination. P60 administration reduced the number of

Foxp3? T cells in spleen and tumor of vaccinated mice

(Fig. 2c). When we evaluated the efficacy of the therapy,

we found that therapeutic DC vaccines did not significantly

impair tumor growth. However, the treatment with P60

alone or in combination with DC vaccine inhibited tumor

growth (Fig. 2d). While monotherapy with DC vaccine or

with P60 led to long-term survival in 20–30% of mice,

combination of DC vaccine with P60 led to 70% long-term

survival (Fig. 2e). Although the analysis of spontaneous

lung metastases did not show significant differences within

experimental groups (Fig. 2f), 3/8 mice treated with vac-

cine ? P60 did not develop lung metastases.

Next, we assessed the efficacy of the combination of DC

vaccines and Foxp3 blockade in the TNBC model 4T1.

Immunocompetent mice were s.c. inoculated with syn-

geneic 4T1 cells and the immune cell infiltrates were

assessed by immunocytochemistry and flow cytometry.

Profuse infiltration of T lymphocytes was detected in these

tumors (Fig. 3a). APCs were also found, although at a

lesser extent. CD4? T cells and Tregs were detected by

flow cytometry, accounting for 23% ± 6.4 and 5% ± 1.6

of CD45? tumor-infiltrating cells, respectively (Fig. 3a).

When the tumors were macroscopic (day 9), mice were

inoculated with antitumor DC vaccine. Animals received

daily i.p. injections of therapeutic or control peptides for

7 days. We observed that monotherapy with DC vaccines

or with P60 reduced tumor growth in comparison with the

control group treated with P301 peptide. However, com-

bination of DC vaccination with P60 exhibited higher

efficacy than the monotherapies, exerting a more powerful

inhibition of tumor growth (Fig. 3b). Moreover, only the

combined therapy improved the survival of tumor-bearing

mice (Fig. 3c) and reduced the number of spontaneous lung

metastasis when compared to control mice (Fig. 3d).

Expression and function of Foxp3 in murine

mammary carcinoma cell lines

Our experiments in vivo indicated that monotherapy P60

exerts antitumor effects. Considering that this effect could

be related to an inhibitory effect of P60 on Tregs or could

be a direct effect on tumor cells, we aimed to evaluate the

expression and function of Foxp3 in murine breast tumor

cells. We evaluated the expression of Foxp3 in murine

LM3 and 4T1 cell lines by immunofluorescence (Fig. 4a)

and flow cytometry (Fig. 4b). We found that although both

murine cell lines expressed Foxp3, LM3 cells exhibited

higher nuclear and cytoplasmic expression of Foxp3 when

compared to 4T1 cells (Fig. 4c). We then evaluated the

effect of Foxp3 blockade on the viability and proliferation

of LM3 and 4T1 cells in vitro. Cells were incubated with

the therapeutic peptide P60 or with the control peptide

P301 for 24 h. During which viability and proliferation

were evaluated by MTT and BrDU incorporation, respec-

tively (Fig. 5a, b). We observed that P60 reduced the

viability (Fig. 5a) and the proliferation (Fig. 5b) of LM3

cells in about 25%, whereas we did not find any effect over

4T1 cells. Taking into account that Foxp3 modulates the

production of IL-10 in Tregs, a key cytokine in the main-

tenance of an immunosuppressive tumor microenvironment

[39], we evaluated the effect of P60 on IL-10 secretion in

LM3 and 4T1 cells by ELISA. P60 exerted a robust inhi-

bitory effect on IL-10 production from LM3 cells, without

affecting 4T1 cells (Fig. 5c).

Direct antitumor effect of Foxp3 blockade

in immunosuppressed breast tumor models

Considering that P60 exerted a direct antitumor effect on

the murine LM3 mammary adenocarcinoma cells in vitro,

we next evaluated the efficacy of Foxp3 blockade in an

immunosuppressed in vivo tumor model that would allow

us to discard the effect of P60 on the immune system. We

inoculated LM3 tumors in nude mice, which lack Tregs

and all the components of a functional T lymphocyte sys-

tem [36]. When the tumors were detected (day 10), animals

started receiving daily i.p. injections of P60 or control

peptide for 7 days (Fig. 6a). At the last day of treatment,

we evaluated the content of Foxp3 in the tumor by western

blot. Treatment with P60 significantly reduced tumor

content of Foxp3 (Fig. 6b). As shown in Fig. 6c, Foxp3

blockade inhibited tumor growth compared to control

animals. However, we did not observe an increase in the

overall survival of nude mice treated with P60 (Fig. 6d).

Evaluation of Foxp3 expression and function

in human breast cell lines

In order to evaluate the translational value of our obser-

vations in murine models of breast cancer, we evaluated

the expression and function of Foxp3 in human breast

carcinoma cell lines. We assessed Foxp3 expression by

immunofluorescence in MCF7 cells, a tumor cell line that

expresses ER, PR, and HER2 [43] and MDA-MB-231

cells, as a model of triple negative human tumors [43] by
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immunofluorescence. We also evaluated Foxp3 expression

in MCF-10 cells, a human non-tumoral mammary epithe-

lial cell line [42]. We found expression of Foxp3 in MCF7

cells, but not in MDA-MB-231 (Fig. 7a) or MCF-10 cells

(not shown). Accordingly, when we incubated MCF7 and

MDA-MB-231 cells in the presence of P60 for 24 h, we

observed a 20% decrease in the viability of MCF7, without

changes in MDA-MB 231 cells (Fig. 7b).

Discussion

The expansion of Tregs has been proposed as one of the

mechanisms that impair the efficacy of antitumor vaccines

[13, 31]. We found that DC vaccination not only increased

the levels of CD4? and CD8? T cells, but also induced the

expansion of Tregs in spleen and tumor, with a rapid

increase in the ratio of splenic Tregs/CD8? T cells. The

expansion of Tregs following DC vaccination has been

involved in the reduced efficacy of these vaccines in

patients with renal and cervical cancer [6, 53]. Expansion

of Tregs has also been involved in the lack of efficacy of

tumor peptide vaccines in melanoma patients [31] and

subsets of these cells exhibit robust antigen-specific

immunosuppressive activity [13]. Thus, blockade of Tregs

arises as an essential step to improve the clinical benefit of

antitumor vaccines.

Several approaches have been employed to deplete

Tregs in breast cancer patients undergoing vaccination

protocols [28], such as daclizumab, a humanized antibody

against IL-2 receptor CD25 [37] and metronomic therapy

with cyclophosphamide [41, 52]. However, these strategies

also entail disadvantages. The systemic depletion of Tregs

entails the risk of developing autoimmune lesions [18, 19].

In addition, anti-CD25 antibodies could additionally target

effector T cells that transiently express CD25 during acti-

vation, which has recently led to the development of newer

generation anti-CD25 antibodies [2]. Also, long-term

Fig. 3 Efficacy of DC vaccination and Foxp3 blockade in 4T1 breast

tumor model. a Representative microphotographs show immune cells

in 4T1 tumor sections as assessed by immunofluorescence using

antibodies against CD45, CD8, and MCH II (left panels). Insets depict

higher magnification microphotographs of immunopositive cells.

Tumor infiltrating mononuclear cells were purified and CD4? T cells

and Tregs were assessed by flow cytometry in the CD45? population

(right panels). Representative dot plots are depicted. The numbers

indicate the percentage of each cell population. b Immunocompetent

mice bearing syngeneic 4T1 breast tumors received CpG-activated

DC vaccine loaded with tumor cell lysate at day 10 post tumor

inoculation. Mice received daily i.p. injections of 100 lg Foxp3

blocking peptide (P60) or control peptide (P301) for 6 days starting

on the date of DC vaccination. Tumor growth was measured with

caliper 3 times a week. *p\ 0.05 versus control ? P301; ^p\ 0.05

versus vaccine ? P301 (Multiple regression analysis) n = 6. cKaplan
Meyer survival curves. *p\ 0.05 versus control ? P301 (Log Rank

test). d Spontaneous lung metastases. *p\ 0.05 versus P301

(ANOVA followed by Tukey test)
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metronomic therapy can lead to an accumulation of

chemotherapeutic drugs, increasing the risk of secondary

neoplasias [28]. Here, we found that the systemic admin-

istration of P60 inhibits the expansion of splenic and

tumor-infiltrating Tregs induced by DC vaccination in mice

bearing experimental breast tumors. Accordingly, P60

administration improved the therapeutic efficacy of anti-

tumor DC vaccines in the tumor models tested, leading to

inhibition of tumor growth and metastasis development, as

well as long-term survival. P60 has been previously shown

to enhance the immune response of mice bearing CT26

colon cancer that received prophylactic peptide vaccines

[9]. It is worth mentioning that P60 allows the blockade of

Foxp3 without depleting the cells [9], which is an advan-

tageous feature since it has been shown that depletion of

Tregs is counteracted by conversion of CD4? T cells to

CD4?CD25?Foxp3? in a homeostatic mechanism that

restores de immune-tolerance [49]. In addition, drugs

designed to block Foxp3 must be able to penetrate the

tumor microenvironment and the cell membrane [25],

which constitutes a challenge for antibody-based

strategies [34].

The tumor models used in our study have been previ-

ously shown to respond to immunotherapeutic strategies.

LM3 tumor-bearing mice responded to attenuated Sal-

monella vaccine with an antitumor Th1-type response

Fig. 4 Foxp3 expression in murine breast cancer cells. Expression of

Foxp3 was assessed in LM3 (left panel) and 4T1 cells (right panel) by

indirect immunofluorescence (a) and flow cytometry (b). Represen-
tative microphotographs show Foxp3 expression (green). Nuclei were

counterstained with DAPI (blue). Representative histograms are

shown (isotype is depicted in gray). c Percentage of cytoplasmic or

nuclear high intensity Foxp3 staining was determined using ImageJ.

*p\ 0.05 (v2 test)
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characterized by the expansion of IFN-c-secreting T cells

and a reduction in the number of Tregs in the draining

lymph nodes [51]. In addition, the inhibition of Treg

expansion in LM3 tumor-bearing mice has been proposed

to mediate the antitumor immunomodulatory effect of type

2 ribosome-inactivating protein Pulchellin [11]. IL-12-

producing tumor cell vaccines also induced a tumor-

specific Th1 response, leading to antitumor efficacy and

CD8? T cell-mediated immunological memory in LM3

tumor-bearing mice [1]. Our previous findings indicate that

prophylactic DC vaccines exert antitumor and antimeta-

static efficacy in mice bearing LM3 tumors, which develop

long-term antitumor immunological memory [29]. The 4T1

Fig. 5 Foxp3 blockade in murine breast cancer cell lines in vitro.

LM3 (left panel) and 4T1 (right panel) cells were cultured in the

presence of 50 lM control peptide P301 or Foxp3 blocking peptide

(P60) for 24 h. a Viability was evaluated by MTT assay. b Prolifer-

ation was measured by BrDu incorporation and assessed by ELISA.

c The content of IL-10 was evaluated in cell culture supernatants by

ELISA. *p\ 0.05 versus P301 (Student’s t test)

Fig. 6 Foxp3 blockade in immunosuppressed mice bearing LM3

tumors. a Nude mice were inoculated with murine LM3 mammary

cancer cells. At day 10 post tumor inoculation, mice started receiving

daily i.p. injections of 100 lg Foxp3 blocking peptide (P60) or

control peptide (P301) for 7 days. b Tumor Foxp3 protein levels were

evaluated by western blot at day 16 post tumor inoculation.

Representative blots are displayed. *p\ 0.05 (Student’s t test).

c Tumor growth was measured with caliper 3 times a week. *p\ 0.05

(Multiple regression analysis) n = 12. d Kaplan Meyer survival

curves
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tumor model has been extensively employed for the pre-

clinical evaluation of antitumor immunotherapy. 4T1 is

considered an immunogenic tumor model, because it

exhibits upregulation of T cell and DC activation markers

[22]. This immunogenic profile correlates with a strong

response to immunotherapeutic strategies, such as admin-

istration of tumor targeted chemokine CCL16 combined

with metronomic chemotherapy and antitumor DC vacci-

nes, when evaluated within a panel of high and low

immunogenic tumor models [22]. T cell-mediated antitu-

mor efficacy has also been reported in 4T1 tumor-bearing

mice treated by attenuated Listeria vaccines [21] and

irradiated tumor cell vaccines [45].

When we evaluated the immune cell infiltrates, we

found that all immune cell populations studied were pre-

sent in tumor samples from both breast tumor models. The

presence of TILs in breast tumors has been lately consid-

ered an indicator of immunogenicity and warrants the use

of immunotherapeutic approaches in such patients [28].

When we assessed the efficacy of antitumor vaccines

combined with Foxp3 blockade, higher antitumor efficacy

was achieved in LM3 tumor-bearing mice than in animals

bearing 4T1 tumors. We have previously reported that

LM3 tumor-bearing mice also respond better than 4T1

tumor-bearing mice to prophylactic antitumor vaccines

[29]. Since clinical investigation has lately shown that

breast tumors that are infiltrated with T lymphocytes and

Tregs have increased expression of immunological check-

point PD-L1 [28], it is likely that its inhibition using

blocking antibodies would further improve the efficacy of

antitumor vaccines combined with P60 administration. 4T1

tumor cells up-regulate PD-L1 during tumor progression

[16] and treatment of 4T1 tumor-bearing mice with specific

anti-PD-L1 antibodies leads to an expansion of tumor

antigen specific T cells accompanied by tumor regression

when combined with radiotherapy [40] and antibodies with

agonistic activity towards the T cell costimulatory mole-

cule CD137 [16]. In addition, other immune cell

Fig. 7 Foxp3 in human breast cancer cells. a Expression of Foxp3

was assessed in MCF7 and MDA-MB-231 cells by immunofluores-

cence. Representative microphotographs show Foxp3 expression

(green). Nuclei were counterstained with DAPI (blue). b MCF7 and

MDA-MB-231 cells were incubated in presence of 50 lM control

peptide (P301) or Foxp3 blocking peptide (P60) for 24 h. Viability

was assayed by MTT. *p\ 0.05 versus P301 (Student’s t test)
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populations have also been implicated in the reduced effi-

cacy of immunotherapeutic strategies in 4T1 tumor models.

It has been described that myeloid-derived suppressor cells

facilitate 4T1 tumor progression [10], and thus, this cell

population could constitute an additional therapeutic target

to improve the therapeutic efficacy of antitumor vaccines

and other immunotherapeutic approaches. Expression of

immunosuppressive molecules has also been detected in

4T1 tumors, such as IDO [22], which is upregulated by

IFN-gamma [17]. In fact, IDO blockade leads to synergistic

antitumor effect when combined with immunological

checkpoint blockade in 4T1 tumor-bearing mice [17].

Taken together, these findings support the notion that

combinatorial immunotherapeutic approaches that boost

antitumor immunity while inhibiting immunosuppressive

targets are required for antitumor efficacy in breast cancer.

Monotherapy with P60 inhibited tumor growth in all the

tumor models evaluated. The antitumor effect of P60 can

be explained, at least in part, by the blockade of Tregs that

infiltrate the tumors in immunocompetent mice [34]. In

addition, our findings indicate that P60 could exert a direct

inhibitory effect on tumor cells that express Foxp3. Tumor

cells seem to resemble Tregs in terms of their expression of

Foxp3 and their ability to secrete IL-10, one of the main

immunosuppressive cytokines in the tumor microenviron-

ment. In LM3 cells, IL-10 secretion was inhibited by 80%

when Foxp3 was blocked with P60. Tallying with our

findings, a correlation between the expression levels of

Foxp3 and immunosuppressive cytokines, including IL-10

and TGF-b, has been reported in human cell lines of colon

and breast cancer, melanoma, and acute erythroid leukemia

[20]. It is interesting to mention that Hinz et al. showed that

Foxp3-expressing human pancreatic cell lines are able to

inhibit the proliferation of anti-CD3/anti-CD28-activated T

cells [15]. All these results suggest that tumor cells can

resemble Tregs, and that blocking tumor Foxp3 may inhibit

the maintenance of an immunosuppressive tumor

microenvironment.

Lately, Foxp3 has been detected in different types of

tumor cells and cancer specimens. Although there is

enough consensus on the role of Foxp3 in normal mam-

mary gland, where Foxp3 appears to act as a tumor sup-

pressor factor [38], its function in cancer cells remains

controversial. Preclinical studies suggest that Foxp3 plays a

tumor suppressor role in breast, prostate, and ovarian

cancer [20]. However, the expression of Foxp3 in tumor

cells has also been postulated as a mechanism that facili-

tates the progression of various types of tumors. Foxp3

expression correlates with tumor growth in preclinical

models of melanoma [27]. In addition, the transcriptional

inhibition of Foxp3 in melanoma cells reduces tumor

growth and inhibits the maintenance of the immunosup-

pressive microenvironment [12, 47]. Foxp3 expression in

pancreatic carcinoma cells has been involved in the sup-

pression of effector T cells [15]. Analysis of human car-

cinoma biopsies has found a strong association between the

expression of Foxp3 in tumor cells and poor prognosis

[54]. Foxp3 expression in breast cancer biopsies has also

been associated with worse chance of overall survival [26].

These authors proposed that the expression of Foxp3 could

be linked to the metastatic potential of the tumor and not to

suppression of antitumor immunity [26]. On the other hand,

our findings indicate that P60 treatment transiently inhibits

tumor growth, but it does not improve long-term survival in

nude mice, an effect that it was observed in immunocom-

petent mice. This observation suggests that the immune-

mediated effects of this therapy are required to achieve

appropriate antitumor efficacy.

The cellular location of Foxp3 has been proposed to

ultimately determine if this transcription factor indicates

good or bad prognosis in cancer patients [44]. Further

studies are required to understand the role of Foxp3 in the

pathogenesis of breast cancer, such as its complete tran-

scriptional network in tumor cells. The evidence that

blocking this transcription factor with shRNA [12, 47] or

P60 leads to direct antitumor effects in vitro and in pre-

clinical in vivo cancer models, suggests that Foxp3

blockade could hold therapeutic potential in Foxp3-ex-

pressing tumors. The fact that tumor cells express Foxp3

suggests caution when analyzing Foxp3 expression in

tumor specimens. Increased levels of Foxp3 mRNA in

tumor biopsies may not only reflect an influx of Tregs, but

also an increase in the expression of Foxp3 in tumor cells.

Also, therapies that target Foxp3 can also affect the tumor

cells themselves, in which Foxp3 function seems to depend

on the type of tumor [25].

Our findings suggest that Foxp3 blockade with P60

could neutralize the immunosuppressive tumor microen-

vironment and boost antitumor immunity. Thus, this

strategy could improve the therapeutic efficacy of antitu-

mor vaccines as well as other immunotherapeutic approa-

ches that are counteracted by Treg-mediated

immunosuppression.
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