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The Journal of Immunology

Targeting Stat3 Induces Senescence in Tumor Cells and
Elicits Prophylactic and Therapeutic Immune Responses
against Breast Cancer Growth Mediated by NK Cells and
CD4+ T Cells

Mercedes Tkach,* Lorena Coria,† Cinthia Rosemblit,* Martı́n A. Rivas,*,1 Cecilia J. Proietti,*

Marı́a Celeste Dı́az Flaqué,* Wendy Beguelin,* Isabel Frahm,‡ Eduardo H. Charreau,*

Juliana Cassataro,† Patricia V. Elizalde,* and Roxana Schillaci*

Aberrant Stat3 activation and signaling contribute to malignant transformation by promoting cell cycle progression, inhibiting

apoptosis, and mediating tumor immune evasion. Stat3 inhibition in tumor cells induces the expression of chemokines and proin-

flammatory cytokines, so we proposed to apply Stat3-inhibited breast cancer cells as a source of immunogens to induce an antitumor

immune response. Studies were performed in two murine breast cancer models in which Stat3 is activated: progestin-dependent

C4HD cells and 4T1 cells. We immunized BALB/c mice with irradiated cancer cells previously transfected with a dominant-negative

Stat3 vector (Stat3Y705F) in either a prophylactic or a therapeutic manner. Prophylactic administration of breast cancer cells

transfected with Stat3Y705F (Stat3Y705F-breast cancer cells) inhibited primary tumor growth compared with administration

of empty vector-transfected cells in both models. In the 4T1 model, 50% of the challenged mice were tumor free, and the incidence

of metastasis decreased by 90%. In vivo assays of C4HD tumors showed that the antitumor immune response involves the par-

ticipation of CD4+ T cells and cytotoxic NK cells. Therapeutic immunization with Stat3Y705F-breast cancer cells inhibited tumor

growth, promoted tumor cell differentiation, and decreased metastasis. Furthermore, inhibition of Stat3 activation in breast

cancer cells induced cellular senescence, contributing to their immunogenic phenotype. In this work, we provide preclinical proof

of concept that ablating Stat3 signaling in breast cancer cells results in an effective immunotherapy against breast cancer growth

and metastasis. Moreover, our findings showing that Stat3 inactivation results in induction of a cellular senescence program

disclose a potential mechanism for immunotherapy research. The Journal of Immunology, 2012, 189: 000–000.

S
tat3 controls genes are involved in cell proliferation and
in the production of angiogenic and antiapoptotic factors
(1, 2). Moreover, Stat3 has recently been shown to mediate

tumor-induced immunosuppression at many levels (3, 4). Stat3
activation in tumor cells not only inhibits the production of
immunostimulatory mediators but also promotes the secretion of
immunosuppressive factors that, in turn, activate Stat3 in tumor-
interacting cells (5). This feed-forward mechanism leads to tumor
immune evasion through the suppression of innate and adaptive
antitumor immune responses (6).
Numerous studies have reported persistent activation of Stat3

in a wide variety of human tumors (7); in particular, Stat3 plays
a key role in mammary cancer by promoting breast tumorigenesis

(8) and conferring resistance to apoptosis (9). Stat3 is also asso-
ciated with breast cancer chemotherapeutic resistance (10). Taken
together, these findings highlight Stat3 as an interesting molecular
target for breast cancer immunotherapy.
Current immunotherapy protocols are based on immunization

with one of the few characterized cancer Ags or with whole cancer
cells that have been engineered to modify the expression of
cytokines and/or costimulatory molecules and thereby render them
immunogenic. Even with these protocols, the addition of adjuvants
is sometimes necessary to promote nonspecific inflammation. We
hypothesized that blocking Stat3 in breast cancer cells would re-
sult in a useful cell-based immunogen capable of activating innate
and adaptive antitumor immune responses. Thus, we designed an

*Laboratorio de Mecanismos Moleculares de Carcinogénesis, Instituto de Biologı́a y
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immunotherapy approach based on serial inoculation of murine
breast cancer cells transfected with the dominant-negative (DN)
Stat3 expression vector Stat3Y705F. Our results showed that this
immunization protocol inhibited wild-type tumor growth in vivo in
BALB/c mice through the activation of cellular immune responses
involving CD4+ T cells and cytotoxic NK cells. Immunization
with Stat3Y705F-breast cancer cells developed an antitumor im-
mune memory able to inhibit not only parental tumor growth but
also other syngeneic mammary tumor and non-organ–related tu-
mor. Interestingly, this immunotherapy also overcame the immune
tolerance induced by tumor cells to decrease the growth of an
established breast cancer and to prevent metastasis.
It has been shown that oncogene inactivation induces cellular

senescence and the secretion of proinflammatory cytokines in
diverse tumor types (11, 12). Because Stat3 is a signaling node for
multiple oncogenic pathways, we wondered whether Stat3 inhi-
bition was associated with cellular senescence. Interestingly, we
observed that inhibition of Stat3 was associated with upregulation
of senescence markers such as acidic b-galactosidase (b-gal)
staining, induction of p16INK4a and p15INK4b expression, and
changes in chromatin structure such as increased methylation
of histone H3. To our knowledge, these findings provide the first
evidence that inhibition of Stat3 activation induces a cellular se-
nescence program, likely creating a completely different tumor
microenvironment. By blocking Stat3 activation in tumor cells,
we have developed an effective whole-cell vaccine capable of in-
ducing an antitumor immune response leading to the inhibition of
tumor growth and metastasis.

Materials and Methods
Animals and tumors

Experiments were carried out in virgin female BALB/c mice, raised at the
Institute of Biology and Experimental Medicine of Buenos Aires or in NIH
(S)-nude mice obtained from National University of La Plata (Buenos
Aires, Argentina), and were maintained in pathogen-free conditions. All
animal studies were conducted as previously described (13), in accordance
with the highest standards of animal care as outlined by the National
Institutes of Health’s Guide for the Care and Use of Laboratory Animals
(14), and were approved by the Institute of Biology and Experimental
Medicine Animal Research Committee. Hormone-dependent ductal tumor
line C4HD was originated in mice treated with 40 mg medroxy-
progesterone acetate (MPA; Gador, Buenos Aires, Argentina) every 3 mo
for 1 y and were maintained by serial transplantation in animals treated
with 40 mg s.c. depot–MPA in the opposite flank to tumor inoculum (15).

Cell culture

Primary cultures of epithelial cells from C4HD tumors growing in MPA-
treated mice were performed as described previously (13, 16, 17). C4HD
cells are sensitive to progestin; all the experiments were performed in
DMEM/F12 without phenol red (Sigma-Aldrich, St. Louis, MO) plus 2.5%
charcoal-stripped FCS supplemented with 10 nM MPA (Sigma-Aldrich).
4T1 mouse mammary tumor cells, CT26 mouse colon carcinoma, and
YAC-1 cell line were obtained from the American Type Culture Collection
(Manassas, VA), cultured in RPMI 1640 medium (Life Technologies,
Grand Island, NY), and supplemented with 10% FCS (Gen, Buenos Aires,
Argentina). In some experiments, 2 mM JSI-124 (Calbiochem, Gibbstown,
NJ) was used.

Tumor experiments

Cell transfection and immunization protocol. C4HD and 4T1 cells plated in
100-mm dishes were transiently transfected for 48 h with 11 mg of the DN
Stat3 expression vector, Stat3Y705F (18, 19) with FugeneHD transfection
reagent (Roche Biochemicals, Indianapolis, IN). C4HD and 4T1 cells were
then inactivated by irradiation with 50 or 100 Gy 60Co, respectively. Mice
(BALB/c or nude, n = 5) were injected s.c. in the right flank with 2 3 106

irradiated Stat3Y705F-transfected C4HD or 4T1 cells at 6, 4, and 2 wk
prior to challenge with a fragment of C4HD tumor or with 1 3 104 4T1
cells implanted into the fourth mammary gland or with 4 3 105 CT26
cells. Simultaneously to C4HD tumor challenge, mice were inoculated

with depot–MPA. Control groups included mice injected with PBS, with
2 3 106 cells or with 2 3 106 cells transfected with empty pcDNA3.1
vector and then irradiated. Animals were monitored, and tumor growth
was measured three times a week as described previously (13).

Evaluation of pulmonary metastasis. BALB/c mice (n = 8) bearing 4T1
tumors were sacrificed, lungs were fixed with Bouin, and the number of
superficial lung colonies was counted by an investigator who was blind to
the experimental arm.

In vivo lymphocyte subset depletion. Immunized animals were depleted of
CD4+ and CD8+ lymphocytes by i.p. administration of 0.5 mg mAbs/
mouse against CD4 (clone YTS 191.1), CD8 (clone YTS 169.4), both
from American Type Culture Collection, at days 21, 0, 1, 8, 15, and 22,
relative to tumor inoculation (day 0). For NK cell depletion, mice were
injected with 0.25 mg anti–asialo-GM1 Abs/mouse (Wako, Richmond,
VA) on days 21, 7, 14, and 21. Control mice received equivalent amounts
of normal rat or rabbit IgG at the same days. Depletions were confirmed in
peripheral blood cells 7 d after tumor challenge by flow cytometry using
non-cross–reactive Abs.

Delayed-type hypersensitivity assay. Delayed-type hypersensitivity assay
(DTH) response was performed 1 wk after the last immunization injecting
3 3 105 cells in the left footpad and PBS in the right footpad as described
previously (20).

Therapeutic immunization. In C4HD model, mice (n = 5) were challenged
with a fragment of C4HD tumor and inoculated with depot–MPA and
immunized with 2 3 106 irradiated C4HD cells transfected with Stat3 DN
vector, Stat3Y705F (Stat3Y705F-C4HD) cells or control cells by s.c. in-
jection on days 6 and 18. In the 4T1 model, mice (n = 5) were inoculated
with 1 3 104 cells by s.c. injection and immunized with 1 3 106 irradiated
4T1 cells transfected with Stat3 DN vector, Stat3Y705F (Stat3Y705F-4T1)
cells on days 4, 11, and 18.

Cytokine production

Mitomycin C-inactivated C4HD cells (8 3 104/ml) were cocultured with
splenocytes (4 3 106/ml) isolated from immunized animals for 48 h. Eval-
uation of cytokine production (IFN-g, IL-2, IL-10, and IL-4) was quantified
by sandwich ELISA using paired cytokine-specific mAbs according to the
manufacturer’s instructions (BD Pharmingen, San Diego, CA).

For intracellular IFN-g detection, splenocytes (2 3 106 cells/ml) were
plated in complete RPMI 1640 medium with 10 U/ml human rIL-2
(PeproTech, Rocky Hill, NJ) in the presence or absence of mitomycin C-
treated C4HD cells for 18 h or in the presence of 1 ng/ml IL-12 (PeproTech).
Monensin (10 mg/ml; Sigma-Aldrich) was added to the cells for the last 4 h
of culture. Cells were stained with different combinations of fluorochrome-
coupled Abs against CD4 (FITC), CD3 (PE), and DX5 (allophycocyanin)
(eBioscience, San Diego, CA). To determine IFN-g production, cells
were additionally labeled with anti–IFN-g (PercpCy5.5) (eBioscience) after
treatment with a Fixation and Permeabilization kit (eBioscience), according
to the manufacturer’s instructions. Isotype-matched Abs were incubated in
parallel with all experimental samples. Flow cytometry acquisition was done
on a FACSAria (BD Biosciences, San Jose, CA) and analyzed using FlowJo
software (Tree Star).

Cytokine Ab arrays for detecting cultured C4HD cytokine secretion after
Stat3 activation blockage were developed according to the manufacturer’s
protocol (Panomics, Redwood City, CA).

Evaluation of tumor-infiltrating lymphocytes

4T1 or C4HD primary tumors were removed frommice (n = 5) and digested
in 400 U/ml collagenase type II (Invitrogen Life Technologies, Carlsbad,
CA) and 50 U/ml DNase I (Thermo Scientific, Pittsburgh, PA) solution for
1 h at 37˚C. Cells were incubated for 30 min with CD16/32 (Fc block;
eBioscience), and tumor-infiltrating cells were directly stained with con-
jugated Abs for phenotype characterization by flow cytometry. The fol-
lowing Abs were used: CD45 (allophycocyanin), CD3 (FITC or PeCy5),
DX5 (allophycocyanin), CD4 (FITC), CD8 (PE), Foxp3 (PE), and CD25
(allophycocyanin) (eBioscience).

CD69 expression and IFN-g production in CD4+ T and NK cells were
determined in infiltrating cell suspensions stimulated with 10 ng/ml PMA
for 5 h. Monensin was added together with the stimuli, and at the end of
the culture, IFN-g was measured by intracellular flow cytometry as de-
scribed above. Membrane expression of CD69 was performed by direct
immunofluorescence using anti-CD69 (PE) Ab (eBioscience), followed by
flow cytometry analysis.

NK cells isolation, cytotoxicity, and degranulation assay

Splenocytes orNK cell-mediated cytotoxicity was analyzed by a standard [51Cr]
release assay as described previously (20). Briefly, target C4HD or YAC-1
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(1 3 104 cells), labeled with 100 uCi Na2
51CrO4 (NEN, Waltham, MA),

were mixed with splenocytes previously cocultured for 5 d with wild-type
mitomycin C-treated C4HD cells at different ratios for 4 h. In the case of
in vitro effector lymphocyte subset depletion, splenocytes were depleted of
CD4+ or CD8+ cells using Dynabeads Mouse CD4 (L3T4) or Mouse CD8
(L3T8), respectively (Dynal Biotech, Invitrogen) or of NK cells using
EasySep Mouse panNK (CD49b) Positive Selection Kit (StemCell Tech-
nologies, Vancouver, BC, Canada), according to the manufacturer’s
instructions. In the case of NK cell cytotoxicity assay, NK cells were
purified by negative selection using the Mouse NK Cell Enrichment
Set-DM (BD Biosciences). Then, C4HD or YAC-1 target cells labeled with
[51Cr] were added. After incubation, radioactivity released was counted in
a gamma counter. The percentage of specific lysis was calculated as fol-
lows: percent-specific lysis = [(experimental cpm 2 spontaneous cpm)/
(maximal cpm 2 spontaneous cpm)].

For degranulation evaluation, splenocytes were cultured alone or with
mitomycin C-treated C4HD overnight at 37˚C. During the last 4 h, CD107a
mAb was added. Cells were harvested and stained with CD3 and DX5 Abs
to gate NK cells (CD32DX5+ cells) and to determine the percentage of
CD107a+ cells by flow cytometry.

b-Gal activity at pH 6

Cells were washed twice in PBS, fixed in 3% formaldehyde, and washed
again in PBS. The cells were incubated overnight at 37˚C (without CO2)
with freshly prepared b-gal staining solution (21).

Splenocyte proliferation assay

Two weeks after last immunization, splenocytes were isolated and plated
into 96-well plate, and its proliferation was performed by [3H]thymidine
incorporation assay by quadruplicate as described previously (20).

Activation of splenic dendritic cells

In vitro induction of dendritic cells (DCs) activation was evaluated by
measuring the expression of various surface markers by flow cytometry.
Splenocytes from immunized animals were cocultured with mitomycin C-
treated C4HD cells for 48 h and then stained with conjugated Abs specific
for CD11c (FITC), CD40 (allophycocyanin), CD86 (PE), and MHC class II
(PeCy5) or isotype control (eBioscience). After staining, cells were fixed
and analyzed by flow cytometry, using a FACSAria (BD Biosciences).
Data were analyzed using FlowJo software (Tree Star).

For ex vivo analysis of DC activation, cell suspensions were obtained
from draining lymph nodes, and spleens were stained as described above.

Expression of retinoic acid early inducible-1 and H-60

C4HD cells growing in 10 nM MPAwere harvested and stained with anti-
mouse H-60–PE and anti-mouse retinoic acid early inducible-1 (RAE-1)–
allophycocyanin or with the corresponding isotype control (R&D Systems)
and analyzed by flow cytometry.

Western blot analysis

Protein extracts were analyzed by Western blot performed as previously
described (20) using the following Abs: phospho-Stat3 (Tyr705) (B-7),
total Stat3 (C-20), p16INK4a (M-156), and p15INK4b (K-18) all from
Santa Cruz Biotechnology (Santa Cruz, CA); FLAG-M2 mAb from
Sigma-Aldrich; and trimethyl K9 histone H3 from Millipore (Billerica,
MA).

Histopathological analysis

Tumors were excised and fixed in 10% buffered formalin. Representative
fragments were embedded in paraffin, and 5-mm sections were obtained and
stained with H&E for microscopic observations.

Immunofluorescence detection of trimethyl K9 histone H3

Transfected cells grown on glass coverslips were fixed and permeabilized
in ice-cold methanol and were then blocked with PBS–1% BSA. Trimethyl
K9 histone H3 was detected using a rabbit mAb (Millipore), followed
by incubation with a goat anti-rabbit IgG–Alexa 488 (Molecular Probes,
Eugene, OR) secondary Ab. Cells were analyzed by using a Nikon Eclipse
E800 confocal laser microscopy system.

Statistical analysis

The differences between control and experimental groups were analyzed
by ANOVA, followed by Tukey t test between groups. Linear regres-
sion analysis was performed on tumor growth curves, and the slopes were

compared using ANOVA, followed by a parallelism test to evaluate the
statistical significance of the differences. A p value, 0.05 was accepted as
statistically significant. Comparison of the number of lung metastasis
among different groups was done by the nonparametric Mann–Whitney U
test. Kaplan–Meier curves were generated by using GraphPad Prism
software and analyzed with log-rank test.

Results
Inhibition of Stat3 induces cellular senescence and secretion of
proinflammatory cytokines and chemokines in breast cancer
cells

In this study, we used primary cultures of epithelial cells from the
progestin-dependent C4HD tumor and the murine cell line 4T1. In
a previous study, we demonstrated that progestins induce Stat3
activation in C4HD cells and that the presence of activated Stat3 is
required for progestin stimulation of breast cancer growth (19). The
4T1 cell line, which is derived from a BALB/c mouse mammary
carcinoma (22, 23), displays constitutive activation of Stat3 (24).
Tumors derived from this cell line are widely used in immuno-
therapy studies. These tumors resemble stage IV human mammary
cancers and have a high incidence of lung and liver metastasis (22,
23). In addition, both C4HD cells and 4T1 cells are poorly im-
munogenic (20, 22, 23).

FIGURE 1. Inhibition of Stat3 activation induces expression of cellular

senescence markers and changes in chromatin structure in vitro. (A) SA-

b-gal staining was performed in C4HD and 4T1 cell lines transfected with

pcDNA3.1 or Stat3Y705F. Data are presented as the means 6 SE of the

percentages of SA-b-gal–positive cells. Original magnification 3400.

**p , 0.01. (B) Cell lysates of C4HD and 4T1 cells transfected with

pcDNA3.1 or Stat3Y705F were analyzed by Western blotting for p16INK4a

and p15INKb expression. (C) Immunofluorescence staining with anti–

trimethyl-K9 histone H3 Ab upon pcDNA3.1 or Stat3Y705F transfection

of C4HD cells by confocal microscopy. (D) Western blots for pcDNA3.1-

transfected and Stat3Y705F-transfected 4T1 cells probed with Abs specific

for trimethyl-K9 histone H3 and b-tubulin.

The Journal of Immunology 3
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Stat3 signaling in cancer cells negatively regulates the cells’
ability to express inflammatory mediators. To study whether in-
hibition of Stat3 activation in C4HD cells could alter this tumor
phenotype, we transfected C4HD cells cultured in 10 nM MPA
with the Stat3Y705F expression vector to generate Stat3Y705F-
C4HD cells or treated C4HD cells with 2 mM JSI-124, a phar-
macological inhibitor of Stat3 phosphorylation (25) (Supplemen-
tal Fig. 1A). We then detected changes in cytokine and chemokine
secretion using an Ab array. Similar to previous results for B16,
SCK, and CT26 cells (6), inhibition of Stat3 activation in C4HD
cells resulted in a strong upregulation of proinflammatory cyto-
kines, including IL-6, IL-5, TNF-a, and IFN-g, and chemokines,
including IFN-g–inducible protein-10 (IP-10) and RANTES
(Supplemental Fig. 1B, 1C).
Cellular senescence is an important mechanism of tumor re-

gression upon oncogene inactivation (11), and this process leads
to the secretion of proinflammatory cytokines (12); therefore, we
wondered whether in addition to inducing apoptosis (9, 19), Stat3

inhibition could also drive a senescence program. To address this
question, we performed several senescence assays in tumor cells
transfected with Stat3Y705F. Suppression of Stat3 activation in
C4HD and 4T1 cells resulted in senescence-associated acidic b-gal
(SA-b-Gal) staining (Fig. 1A) and increased expression of the
senescence-associated markers p15INK4b and p16INK4a (Fig. 1B).
Cellular senescence is also associated with global changes in
chromatin structure such as histone methylation. We observed that
Stat3Y705F-C4HD and Stat3Y705F-4T1 cells showed a marked
increase in trimethyl-K4 histone H3 (Fig. 1C, 1D, respectively)
when compared with control cells. These findings suggest that
breast cancer cells undergo senescence and secrete proinflammatory
cytokines and chemokines upon Stat3 inhibition.

Immunization with tumor cells expressing a DN Stat3 protein
induces an antitumor immune response

Because cytokines and chemokines are important for immune cell
activation, cancer cell lines expressing a DN Stat3 protein provide

FIGURE 2. Induction of antitumor immunity against wild-type tumor growth in mice immunized with Stat3Y705-transfected C4HD cells or 4T1 cells.

(A) BALB/c mice (n = 5) were injected s.c. with 2 3 106 irradiated Stat3Y705F- or pcDNA3.1-transfected C4HD cells or with wild-type C4HD cells or

PBS 6, 4, and 2 wk prior to challenge with C4HD tumor cells. At the time of C4HD tumor challenge, mice were implanted with depot–MPA. ***p, 0.001.

Similar results were obtained in four independent experiments. (B) Histopathological analysis of C4HD tumors. Tissue sections of C4HD tumors obtained

from mice immunized with pcDNA3.1-C4HD cells (upper panels). Ductal mammary carcinoma composed of pseudolobules of highly cohesive glandular

cells separated by scanty vascular stroma (H&E, original magnification 3100). Several mitotic figures are indicated by arrows in the higher magnification

image (inset, H&E, original magnification, 3400). Tissue sections of C4HD tumors obtained from mice immunized with Stat3Y705F-C4HD cells (lower

panels). The tumor shows necrosis, apoptosis, and hyalinization (left panel, H&E, original magnification3100). In a nonnecrotic area, the tumor shows few

mitotic figures (inset, H&E, original magnification 3400). These tumors display a high degree of lymphocyte infiltration (right panel, H&E, original

magnification 3100), as indicated by the arrowhead in the inset (H&E, original magnification 3400) Mitotic count per high-power field, original mag-

nification 3400, 10.5 6 0.5 versus 3.8 6 0.3; p , 0.01. (C) BALB/c mice were immunized with 4T1 cells transfected with Stat3Y705F or pcDNA3.1 as

described above. Mice were then challenged with 13 104 4T1 cells. Each point represents the mean tumor volume of tumor-bearing mice (seven tumors6
SE of mice immunized with pcDNA3.1-4T1 cells versus four tumors 6 SE of mice immunized with Stat3Y705F-4T1 cells). *p , 0.05, ***p , 0.001. (D)

Tumor weight at the end of the experiment. *p , 0.05. (E) Percentage of tumor-free mice after 4T1 challenge of mice immunized with Stat3Y705F-4T1 or

pcDNA3-4T1 cells. Data were evaluated using a Kaplan–Meier survival curve and log-rank test. p , 0.01. (F) Immunized mice were sacrificed, lungs were

harvested and fixed, and the number of 4T1 tumor nodules was counted. Values represent mean numbers of colonies 6 SE (n = 8). *p , 0.05. Repre-

sentative photos of lungs excised from both groups are shown. Bouin staining, original magnification 31.2. Similar results were obtained in three inde-

pendent experiments. (A and C) Mice were assessed for the formation of tumors three times a week.

4 IMMUNOTHERAPY AGAINST BREAST CANCER TARGETING Stat3
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a potential immunogen able to induce an antitumor immune re-
sponse. Thus, we designed an immunization protocol using
Stat3Y705F-transfected cells and assessed the ability of this pro-
tocol to provide protection against wild-type tumor challenge.
To this end, BALB/c mice were injected with Stat3Y705F-C4HD
cells inactivated by irradiation 6, 4, and 2 wk before challenge
with untransfected C4HD tumor cells. Mice were implanted with
depot–MPA at the time of tumor challenge. As controls, mice
were injected with PBS, C4HD cells treated with MPA (referred
to as wild-type C4HD cells) or C4HD cells transfected with the
empty pcDNA3.1 vector (referred to as pcDNA3.1-C4HD cells)
treated with MPA and thereafter irradiated. On day 23, the mean
volumes and growth rates of tumors that developed in mice
injected with Stat3Y705F-C4HD cells were significantly lower
than those of tumors from the control groups (p , 0.001; Fig. 2A,
Table I). Histopathological analysis of C4HD tumors grown in
mice injected with Stat3Y705F-C4HD cells showed extensive fi-
brotic and necrotic areas and lymphocyte infiltration (Fig. 2B).
Moreover, these tumors also displayed a marked decrease in mi-
totic figures when compared with tumors from animals injected
with pcDNA3.1-C4HD cells (Fig. 2B).
To test whether this immunization protocol is effective in other

breast cancer models, we used the 4T1 mammary carcinoma cell
line (22, 23). Immunization with irradiated 4T1 cells transfected
in vitro with Stat3Y705F (Stat3Y705F-4T1 cells; Supplemental
Fig. 1A) strongly inhibited wild-type 4T1 tumor growth (p ,
0.001; Fig. 2C), decreased tumor weight (p , 0.05; Fig. 2D), and
decreased the number of tumor-bearing mice (p , 0.01; Fig. 2E)
compared with mice injected with pcDNA3.1-4T1 cells (Table I).
Moreover, visible metastatic lesions and extensive dissemination
were observed in the lungs of mice immunized with pcDNA3.1-
4T1 cells, whereas a strong inhibition of lung metastasis was
observed in Stat3Y705F-4T1–immunized animals (p , 0.05; Fig.
2F). Our findings indicate that immunization with Stat3Y705F-
transfected breast cancer cells confers protection not only by de-
creasing tumor incidence and primary tumor growth but also by
reducing the frequency of spontaneous lung metastasis.

CD4+ T cells and NK cells are involved in the antitumor
immune response elicited by Stat3Y705F–breast cancer cell
immunization

Our results strongly suggested that immunization with Stat3Y705F-
C4HD or Stat3Y705F-4T1 cells elicits a cellular immune response

against parental tumor challenge in vivo. To confirm this, we assessed
the DTH response. As shown in Fig. 3A, a marked increase in
DTH reactivity was observed in mice injected with Stat3Y705F-
C4HD cells when compared with control mice. To establish a re-
quirement for T cells in the protective antitumor response in im-
munocompetent BALB/c mice, we repeated the immunization
experiments following the exact experimental protocol described
above in nude mice. Immunization of nude mice with Stat3Y705F-
C4HD cells did not prevent C4HD tumor formation, and animals
from all groups developed tumors at an equal rate (Fig. 3B). These
results clearly show that T cells are involved in the antitumor
effect observed in BALB/c mice immunized with Stat3Y705F-
C4HD cells. To directly determine which immune cells mediate
the antitumor effect observed, we performed in vivo experiments
involving Ab-mediated depletion of CD8+T cells, CD4+ T cells, or
NK cells before challenge with wild-type C4HD tumor cells. Flow
cytometric analysis confirmed the depletion of the CD3+CD4+,
CD3+CD8+, or NK (CD32DX5+) cell populations (Supplemental
Fig. 2). Depletion of CD4+ T cells or NK cells abrogated the
antitumor effect of Stat3Y705F-C4HD cell immunization,
whereas depletion of CD8+ T cells had no significant effect (Fig.
3C). Interestingly, we observed an increase in NK cells in the
peripheral blood in Stat3Y705F-C4HD–immunized animals 1 wk
after tumor challenge (Supplemental Fig. 2) and in draining lymph
nodes after immunization (Fig. 3D). Because CD4+ T cells were
involved in the antitumor effect, we studied whether memory
T cells were developed during the immunization protocol. Flow
cytometry analysis showed that immunization with Stat3Y705F-
C4HD cells significantly increased the CD4+CD44+ T cells
memory population with respect to mice immunized with
pcDNA3.1-C4HD cells (Fig. 3E). This increase was also observed
in mice immunized with Stat3Y705F-4T1 cells when compared
with control mice (data not shown). We observed an increase in
the expression of CD86 and MHC class II in ex vivo DCs from
spleen and lymph nodes of Stat3Y705F-C4HD–immunized ani-
mals when compared with the pcDNA3.1-C4HD cells group (Fig.
3F). Moreover, we also detected an augmentation in CD86 and
MHC class II expression in DCs from spleen of Stat3Y705F-
C4HD–immunized mice after coculture with C4HD cells (Fig.
3F). In ex vivo and in in vitro experiments, DCs showed no
modification of CD40 expression (Fig. 3F). Next, we evaluated
whether Stat3Y705F-4T1 cell immunization modulates the tumor
milieu. Mice immunized with Stat3Y705F-4T1 cells displayed an

Table I. Prophylactic whole-cell vaccine

Protocol and
Treatment

Mean Tumor Volume
6 SEM (mm3)

Mean Growth Rate 6 SEM
(mm3/d)

% Growth
Inhibition

C4HD immunization
PBS 639.5 6 54.3a 16.1 6 1.8a

Wild-type-C4HD 534.1 6 116.6a 18.7 6 3.7a

pcDNA3.1-C4HD 662.6 6 164.7a 21.4 6 2.9a

Stat3Y705F-C4HD 157.2 6 37.3b 5.6 6 1.4b 77.3,c 74.3,d and 78.2e

4T1 immunization
pcDNA3.1-4T1 594.0 6 259.0a 12.9 6 1.8a

Stat3Y705F-4T1 112.8 6 79.8b 1.9 6 0.5b 81.0f

Growth rates were calculated as the slopes of growth curves. Volume and percentage of growth inhibition in tumors from
mice immunized with Stat3Y705F-C4HD cells with respect to mice immunized with control pcDNA3.1-C4HD cells or wild
type-C4HD cells or injected with PBS were calculated at day 23. Volume and percentage of growth inhibition in tumors from
mice immunized with Stat3Y705F-4T1 cells with respect to mice immunized with control pcDNA3.1-4T1 cells were calculated
at day 33, as described in Materials and Methods.

aversus b, p , 0.001.
cWith respect to PBS, for growth inhibition, p , 0.001.
dWith respect to wild type-C4HD cells, for growth inhibition, p , 0.001.
eWith respect to pcDNA3.1-C4HD cells, for growth inhibition, p , 0.001.
fWith respect to pcDNA3.1-4T1 cells, for growth inhibition, p , 0.001.
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increase in the number of tumor-infiltrating NK cells and a de-
crease in tumor-infiltrating T regulatory lymphocytes (Tregs)
(CD4+CD25+Foxp3+) when compared with pcDNA3.1-4T1–im-
munized mice (Fig. 3G). Taken together, these results indicate that
vaccination with Stat3Y705F-transfected breast cancer cells leads
to NK cell tumor infiltration and that both NK cells and CD4+

T cells are necessary to elicit the antitumor effect observed fol-
lowing immunization. Moreover, MHC class II and CD86 up-
regulation in DCs and increase in the CD4+ T memory cells,
suggest that immunization with Stat3Y705F-transfected breast
cancer cells promotes DCs maturation and retains the antitumor
effect through CD4+ T memory cell population.

To evaluate whether the protective antitumor activity following
Stat3Y705F-breast cancer cell immunization was specific, we chal-
lengedmice immunizedwith Stat3Y705F-4T1 cells with C4HD cells,
or with CT26 murine colon carcinoma cells, which are non-organ–
related tumor cells. Interestingly, we observed that Stat3Y705F-4T1
cells immunization protected mice from the development of C4HD
and CT26 tumors. This was reflected by a striking inhibition in tumor
growthwhen comparedwith pcDNA3.1-4T1 cell-immunized animals
(Fig. 3H). These results suggest that the immune memory de-
veloped by mice immunized with Stat3Y705F-4T1 cells induced
cross-protection against other syngeneic breast tumor cells and
against non-organ–related tumor cells.

FIGURE 3. Cell-mediated immunity triggered by immunization with Stat3Y705F-breast cancer cells. (A) A DTH was performed in immunized BALB/c

mice (n = 5) 1 wk after the last immunization. Data are presented as the mean6 SE of the footpad swelling index (FPS). ***p, 0.001. (B) Nude mice (n =

5) were immunized and challenged as described in Fig. 2A. (C) Selective depletion of the CD4+ T cell, CD8+ T cell, or NK cell subsets was performed by

i.p. injection of BALB/c immunized mice (n = 5) with mAbs specific for CD4, CD8, or NK cells as described inMaterials and Methods. Control mice were

injected with rat IgG or rabbit IgG. *p , 0.05, **p , 0.01, ***p , 0.001 (Stat3Y705F-C4HD cells versus pcDNA3.1-C4HD cells). Similar results were

obtained in two independent experiments. (D) NK cells were determined as CD32DX5+ population in lymph nodes using fluorescent Abs. The fluorescence

was analyzed by flow cytometry, and the percentage of NK cells of each experimental group is shown. **p , 0.01. (E) Spleen cells from mice immunized

with Stat3Y705F-C4HD cells or pcDNA3.1-C4HD cells were stained with Abs specific to CD3, CD4, and CD44 and were then subjected to flow cytometry

analysis to calculate the frequencies of memory T cells. Number in the upper quadrant represents the percentages of CD3+CD4+CD44+. (F) Activation of

DCs from spleen and lymph nodes. Ex vivo splenic and lymph node CD11c+ DCs from immunized animals were analyzed for their activation status by

assessing the surface expression of CD40, CD86, and MHC class II molecules by flow cytometry. Splenic DCs from immunized mice were analyzed for

in vitro stimulation after coculture with mitomycin C-treated C4HD cells. (G) Tumor-infiltrating lymphocytes from 4T1-transfected cells immunized

animals (Fig. 2C) were analyzed by flow cytometry. The percentage of NK cells (CD32DX5+) among total leukocytes and the frequency of Tregs (CD4+

CD25+Foxp3+) among CD4+ T lymphocytes in tumors from mice immunized with Stat3Y705F-4T1–transfected or pcDNA3.1-transfected cells are shown

(numbers in the upper left quadrants and upper right quadrants, respectively). Percentage of NK cells and Tregs of each experimental group is shown. *p ,
0.05 (n = 5). (H) Immunization with Stat3Y70F-4T1 cells provides cross-protection to C4HD and CT26 tumor challenge. BALB/c mice were immunized

with 4T1 cells transfected with Stat3Y705F or pcDNA3.1 as described previously. Mice were then challenged with 104 4T1 cells (left panel), a fragment of

C4HD tumor and injected with a depot–MPA (center panel), or with 4 3 105 CT26 cells (right panel). Each point represents the mean volume6 SE of five

independent tumors. Similar results were obtained in two experiments. *p , 0.05, **p , 0.01, ***p , 0.001.
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Increased proliferation and cytokine production in splenocytes
from Stat3Y705F-C4HD cell-immunized mice

To further investigate these in vivo findings, we performed several
in vitro assays. We first assessed the capacity of splenocytes from
immunized mice to proliferate in response to C4HD wild-type
cells. Splenocytes from mice injected with Stat3Y705F-C4HD
cells proliferated strongly in response to mitomycin C-treated
C4HD cells. In contrast, splenocytes from pcDNA3.1-C4HD
cells remained unresponsive (Fig. 4A). There were no differ-
ences between the total number of CD4+ T cells and NK cells in
the spleens of both experimental groups (data not shown). Using
similar culture conditions, we assessed cytokine production by
splenocytes after 48 h of coculture with C4HD cells. Splenocytes
from mice immunized with Stat3Y705F-C4HD cells secreted
higher levels of IFN-g, IL-2, and IL-4 than splenocytes from mice
immunized with pcDNA3.1-C4HD cells, whereas IL-10 levels
were not altered (Fig. 4B). We next determined the lymphocyte
population responsible for Stat3Y705F-C4HD cell immunization-
induced IFN-g production. Intracellular staining of IFN-g showed
that only Stat3Y705F-C4HD–immunized mice displayed an in-
crease in the number of IFN-g–producing CD4+ T cells and NK
cells upon activation of splenocytes by C4HD cells (Fig. 4C, 4D).
Stimulation of splenocytes derived from animals immunized with
Stat3Y705F-C4HD cells with IL-12 resulted in a higher percent-

age of IFN-g–secreting NK cells than that observed upon stim-
ulation of cells from pcDNA3.1-C4HD cell-immunized mice

(Fig. 4D). We did not detect any changes in either basal or

C4HD-induced IFN-g production in CD3+CD8+ T cells (data

not shown). To determine whether tumor-infiltrating NK cells

and CD4+ T cells from mice immunized with Stat3Y705F-4T1

cells were also able to produce more IFN-g and to become more

activated than that from pcDNA3.1-4T1–immunized mice, we

evaluated the expression of this cytokine and CD69 activation

marker in both cell populations. We observed an augment of the

number of NK cell- and CD4+ T cell-producing IFN-g (Fig. 4E). In

agreement with this result, CD69 expression was upregulated in NK

cells and CD4+ T cells from mice immunized with Stat3Y705F-4T1

cells versus cells from pcDNA3.1-4T1–immunized mice (Fig. 4E).

These findings reveal that IFN-g secretion in Stat3Y705F-breast

cancer cell-immunized animals depends on CD4+ T cells and NK

cells that reside in spleen and in tumor milieu.

NK cells are responsible for the antitumor cytotoxicity induced
by immunization with Stat3Y705F-C4HD cells

To evaluate the cytotoxic potential of splenocytes from mice im-
munized with Stat3Y705F-C4HD cells, we cocultured splenocytes
from the experimental groups for 5 d in the presence ofmitomycin C-
treated C4HD cells. We then performed a [51Cr] release assay using

FIGURE 4. Splenocyte proliferation and cytokine secretion induced by immunization with Stat3Y705F-C4HD cells. (A) BALB/c mice were immunized

as described in Fig. 2A, and 2 wk after the last injection, splenocytes were isolated and cultured at a density of 2 3 106/ml for 5 d in the presence (+) or

absence (2) of 43 104 mitomycin C-treated C4HD cells/ml. During the last 16 h of culture, cells were pulsed with 0.5 mCi [3H]thymidine. Cells were then

harvested, and the incorporation of [3H]thymidine was used as a measure of DNA synthesis. Data are presented as mean 6 SE. ***p , 0.001. (B)

Splenocytes obtained from immunized mice (n = 5) were cocultured with mitomycin C-treated C4HD cells for 48 h. The supernatants were evaluated for

the presence of IFN-g, IL-2, IL-10, and IL-4. ***p , 0.001. The results presented were obtained in a single experiment and are representative of two

independent experiments. (C and D) Flow cytometry analysis of intracellular IFN-g production by CD4+ T cells and NK cells. Splenocytes from immunized

mice were incubated for 18 h in the presence or absence of C4HD cells. Graph bar shows mean percentage of IFN-g–producing cells from five mice. *p ,
0.05. (C) Cells were stained with Abs specific for CD4, CD3, and IFN-g. Numbers in the upper right quadrants represent the percentage of CD3+CD4+ cells

positive for IFN-g. (D) NK cells were also stimulated with IL-12. Cells were stained with anti-CD3, -DX5, and –IFN-g. Percentage of NK cells (CD32

DX5+) positive for IFN-g is shown in the upper right quadrant. (C and D) Graph bar represents shows mean percentage of IFN-g–producing cells from five

mice. **p, 0.01, ***p, 0.001. (E) Tumor-infiltrating lymphocytes from 4T1-transfected cells immunized animals (Fig. 2C) were stimulated ex vivo with

10 ng/ml PMA and incubated with monensin for 5 h. IFN-g and CD69 expression were analyzed in CD3+CD4+ and in CD3+DX5+ cells by flow cytometry.

Data shown were obtained from a pool of five mice.
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C4HD cells as targets. Fig. 5A shows that splenocytes from
Stat3Y705F-C4HD cell-immunized animals displayed a much
higher cytotoxicity than those from the control animals. To identify
the cell subset(s) responsible for the cytotoxic effect, we depleted
the CD4+ T cell, CD8+ T cell, or NK cell populations from mouse
splenocytes by immunomagnetic separation. We observed that only
NK cell depletion abolished the cytotoxic activity of splenocytes
from mice immunized with Stat3Y705F-C4HD cells (Fig. 5B).
Moreover, enrichment of NK cells after 5 d of splenocyte-C4HD cell
coculture by immunomagnetic negative selection demonstrated that
NK cells from Stat3Y705F-C4HD cell-immunized animals were
effective at killing not only the YAC-1 target cells (Fig. 5C) but also
C4HD cells (Fig. 5D). Despite these findings, we did not detect
cytotoxicity against C4HD cells in freshly isolated NK cell pop-

ulations (data not shown). These data suggest that NK cells acquire
cytotoxic activity after CD4+ T cells contact the tumor cells. Because
CD107a cell surface expression predicts cytolytic activity, we further
investigated the expression of this marker on NK cells. As shown in
Fig. 5E, NK cells from Stat3Y705F-C4HD cell–immunized mice
cultured in the presence of C4HD cells displayed higher surface
expression of CD107a than NK cells from pcDNA3.1-C4HD cell-
immunized mice. NK cell cytotoxicity depends on the balance be-
tween stimulatory and inhibitory receptor signaling; therefore, we
next asked whether C4HD cells express ligands that induce NK cell-
mediated C4HD cell lysis. Flow cytometric analysis showed positive
staining for H-60 and dim staining for RAE-1, both of which are
ligands for the stimulating receptor NKG2D, in C4HD cells (Sup-
plemental Fig. 3). Stat3Y705F-C4HDor Stat3Y705F-4T1 cells show
no modulation on H-60 or RAE-1 expression in comparison with
pcDNA3.1-transfected counterparts (data not shown). These results
strongly indicate that the cytotoxic effector function induced by
immunization with Stat3Y705F-C4HD cells is restricted to NK cells
and that C4HD and 4T1 cells are suitable NK cell targets.

Immunization with Stat3Y705F-breast cancer cells is effective
in therapeutic administration

The strong inhibition of tumor growth observed after immuni-
zation with Stat3Y705F-Stat3 C4HD cells prompted us to study
whether this protocol could be applied in a therapeutic manner
mirroring the clinical situation in patients with cancer. We chal-
lenged mice with C4HD tumors in the presence of depot–MPA,
and when tumors were palpable (25 mm3) on day 6, the animals
were injected with irradiated Stat3Y705F-transfected C4HD cells
or with pcDNA3.1-transfected C4HD cells. The injections were
repeated on day 18. Immunization with Stat3Y705F-C4HD cells
inhibited tumor growth (Fig. 6A, Table II) and resulted in decreased
tumor weight (Fig. 6B) when compared with mice injected with
pcDNA3.1-C4HD cells. Histopathological analysis revealed that
tumors from mice immunized with Stat3Y705F-C4HD cells
showed a significantly lower histological grade (grade 2) and dis-
played more extensive necrotic and fibrotic areas with fewer
mitotic figures per field than did tumors from animals injected
with pcDNA3.1-C4HD cells. These tumors showed a histological
grade of 3 and displayed an elevated number of mitotic figures
(Supplemental Fig. 4A). We also examined whether immunization
with Stat3Y705F-C4HD cells could recruit lymphocytes within
the tumor microenvironment. Flow cytometric analysis of tumor-
infiltrating lymphocytes showed an increase in NK cells when
compared with pcDNA3.1-C4HD cell-immunized mice. CD4+

T cell infiltration was evident in many but not in all mice, whereas
CD8+ T cells remained unchanged (Supplemental Fig. 4B).
We next challenged BALB/c mice with 4T1 cells on day 0, and

when tumors were palpable (20 mm3) on day 4, we immunized
them with irradiated Stat3Y705F-4T1 or pcDNA3.1-4T1 cells. The
immunizations were repeated on days 11 and 18. On day 35, we
observed significant inhibition of tumor growth (Fig. 6C) and de-
creased tumor weight (Fig. 6D) in Stat3Y705F-4T1 cell-immunized
animals when compared with mice immunized with pcDNA3.1-
4T1 cells (p , 0.05; Table II). A decrease in metastasis was also
observed (p , 0.05; Fig. 6E). Histopathological studies of tumors
from mice immunized with Stat3Y705F-4T1 cells showed a sig-
nificantly lower histological grade, with a decrease in anisokaryosis
and fewer mitotic figures per field than the observed in tumors from
animals injected with pcDNA3.1-4T1 cells (data not shown). These
findings demonstrate for the first time, to our knowledge, that
Stat3Y705F-breast cancer cell immunization is effective, even
in the presence of an established primary tumor, suggesting the
therapeutic potential of this cancer cell immunization protocol.

FIGURE 5. In vitro analysis of splenocyte and NK cell cytotoxicity

against C4HD tumor cells. (A) Splenocytes obtained from immunized mice

(n = 5/group) were cocultured with mitomycin C-treated C4HD cells for

5 d, and a standard chromium release assay was performed. C4HD cells

were used as target cells (1 3 104 cells/well) at different E:T ratios. (B)

Splenocytes (1 3 106 cells) were depleted of CD4+ T cells, CD8+ T cells,

or NK cells by immunomagnetic separation or left undepleted (total) be-

fore the addition of C4HD target cells (1 3 104 cells/well) (**p , 0.01,

***p , 0.001). (C and D) In vitro NK cell cytotoxic activity. The cytolytic

activity of purified NK cells from mice immunized with Stat3Y705F-

C4HD or pcDNA3.1-C4HD cells against the NK cell-sensitive target cell

line YAC-1 (C) or C4HD cells (D) was tested in a standard 4-h chromium

release assay. NK cells were isolated by immunomagnetic separation using

negative selection. **p , 0.01, ***p , 0.001. (E) Degranulation of NK

cells triggered by C4HD cells. Splenocytes from immunized mice were

cultured alone or with mitomycin C-treated C4HD cells, and the expres-

sion of CD107a was evaluated in the NK cell population (CD32DX5+).

Percentage of NK cells positive for CD107a of each experimental group is

shown. Results correspond to one of three independent experiments (data

are expressed as mean 6 SE). *p , 0.05.
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Discussion
Our findings demonstrate that inhibition of Stat3 activation in
tumor cells results in a shift from a tumor-enhancing phenotype
to an inflammatory antitumor phenotype that can be successfully

applied as an immunotherapy against breast cancer in either
a prophylactic or a therapeutic manner. Our studies in primary
breast cancer C4HD cells, in which Stat3 activation is induced
by MPA, and in 4T1 cells, which display constitutive activation
of Stat3, show that immunization with DN Stat3-transfected cells
results in inhibition of tumor growth and prevention of metastasis.
Moreover, we demonstrated that mice immunized with DN Stat3-
4T1 cells developed an antitumor immune response that provided
cross-protection against other sygenenic breast cancer, such as
C4HD, cells and against CT26 colon carcinoma cells. Further-
more, we have demonstrated for the first time, to our knowledge,
that similar to the effects of MYC inactivation (11), Stat3 inacti-
vation results in cellular senescence.
Stat3 activation is tightly controlled in normal cells, because

preventing its hyperactivation is necessary to maintain immune
homeostasis. In contrast, Stat3 is constitutively active in cancer
cells, resulting in dampened immune responses and leading to
tumor evasion. In accord with previous reports on melanoma, colon
carcinoma, sarcoma, and diffuse large B cell lymphoma cell lines
(6, 26, 27), our results show that blocking Stat3 signaling in breast
cancer cells, by transfection with the Stat3Y705F vector or by
treatment with the pharmacological inhibitor JSI-124, induces
upregulation of the proinflammatory cytokines TNF-a, IFN-g, IL-
6, and IL-5, as well as chemokines, including IP-10 and RANTES.
Thus, transfection with a DN Stat3 vector results in a tumor cell
that potentially has the ability to neutralize immunosuppressive
signals derived from parental tumors, creating a favorable mi-
croenvironment for immune recognition. Wang et al. (6) demon-
strated that supernatant from v-Src–transformed BALB/c 3T3
fibroblasts expressing a DN Stat3 vector induced DC maturation.
In addition, inhibition of Stat3 signaling in DCs by JSI-124
treatment resulted in a maturation of these cells in the presence
of tumor-derived factors (28). In line with this evidence, in this
work, we demonstrated that DCs from mice immunized with
Stat3Y705F-C4HD cells cocultivated with C4HD cells were able
to upregulate CD86 and MHC class II molecules, markers of DC
maturation. Importantly, tumor cells transfected with DN Stat3
vector or treated with JSI-124 released TNF-a and IFN-g, which
can act synergistically to induce signaling in Ag-specific CD4+

T cells that prevents tumor angiogenesis, tumor cell proliferation,
and multistage carcinogenesis (29). In addition, these cells pro-
duced RANTES, which is involved in T cell migration and NK
cell recruitment to tumors (30), and IP-10, which is a chemo-
attractant for resting NK cells and activated T cells (31).
Through depletion experiments, we found that the loss of CD4+

T cells or NK cells but not the loss of CD8+ T cells was sufficient to
impede the antitumor effect of immunization with Stat3Y705F-

Table II. Therapeutic whole-cell vaccine

Protocol and
Treatment

Mean Tumor
Volume 6 SEM (mm3)

Mean Growth
Rate 6 SEM (mm3/d)

% Growth
Inhibition

C4HD immunization
pcDNA3.1-C4HD 1025.0 6 333.4a 32.4 6 2.2a

Stat3Y705F-C4HD 762.3 6 140.1b 19.2 6 1.2b 46.6c

4T1 immunization
pcDNA3.1-4T1 522.5 6 44.1a 27.3 6 2.9a

Stat3Y705F-4T1 326.6 6 56.33b 18.4 6 1.4b 37.5d

Growth rates were calculated as the slopes of growth curves. Volume and percentage of growth inhibition in tumors from
mice immunized with Stat3Y705F-C4HD cells with respect to mice immunized with control pcDNA3.1-C4HD cells were
calculated at day 38. Volume and percentage of growth inhibition in tumors from mice immunized with Stat3Y705F-4T1 cells
with respect to mice immunized with control pcDNA3.1-4T1 cells were calculated at day 33, as described in Materials and
Methods.

aversus b, p , 0.001.
cWith respect to pcDNA3.1-C4HD cells, for growth inhibition, p , 0.001.
dWith respect to pcDNA3.1-4T1 cells, for growth inhibition, p , 0.01.

FIGURE 6. Induction of an antitumor immune response after thera-

peutic administration of Stat3Y705F-breast cancer cells. (A) On day 0,

BALB/c mice (n = 5) were inoculated s.c. with C4HD wild-type tumor

cells and implanted with depot–MPA. The mice were then treated with 23
106 irradiated C4HD-Stat3Y705F cells or pcDNA3.1-C4HD cells on days

6 and 18. *p, 0.05, mice immunized with Stat3Y705F-C4HD cells versus

control mice. Similar results were obtained in three independent experi-

ments. (B) Final tumor weight of mice immunized with Stat3Y705F-C4HD

cells or pcDNA3.1-C4HD cells. (C) On day 0, BALB/c mice (n = 8) were

inoculated with 1 3 104 4T1 cells. The mice were then treated with 1 3
106 irradiated Stat3Y705F-4T1 cells or pcDNA3.1-4T1 cells on days 4, 11,

and 18. The mice were assessed for the formation of tumors three times

a week. (D) Final tumor weights of mice immunized with Stat3Y705F-4T1

cells or pcDNA3.1-4T1 cells. (E) The immunized mice were sacrificed,

lungs were harvested and fixed, and the number of 4T1 tumor nodules was

counted. Values represent means 6 SE (n = 8). Similar results were ob-

tained in three independent experiments. *p , 0.05.
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transfected cells in BALB/c mice. We further determined that only
NK cells from Stat3Y705F-C4HD–immunized mice had the ability

to degranulate and to lyse parental C4HD cells. We also observed

a strong increase in IFN-g secretion by splenocytes from Sta-

t3Y705F-C4HD–immunized animals upon coculture with C4HD

cells and found that CD4+ T cells and NK cells were the main

source of IFN-g production. In contrast, immunization of nude mice

demonstrated no significant inhibition of tumor growth. Our data

also reveal the generation of CD4+ memory T cells and activation of

DCs along Stat3Y705F-breast cancer cell immunization. Taken as

a whole, the studies presented in this work support the notion that

CD4+ T cells, activated by DCs, are required for the antitumor

immune response elicited by immunization with Stat3Y705F-breast

cancer cells and in them reside the immunological memory for

tumor recognition. NK cells are the effector/cytotoxic cells that

depend on CD4+ T cell activation/cooperation.
NK cell cytotoxic activity is regulated by the integration of

signals from inhibitory and activating receptors (32). Of particular

interest is the activating receptor NKG2D, which binds to several

cell surface glycoproteins in mice, including the RAE-1 proteins

and the minor histocompatibility Ag H-60 (33). In this work, we

showed that C4HD cells expressed RAE-1 and H-60, and previous

studies have demonstrated the expression of these Ags in 4T1 cells

(34), indicating that both cancer cell lines are capable of triggering

NK cell cytotoxic responses, resulting in tumor clearance.
The fact that DN-breast cancer immunotherapy confers cross-

protection against other breast cancers and against a different

type of cancer with respect to the parental one, turns it into a po-

tentially very attractive, more practical, and generic tumor vaccine.

Different immunization strategies have achieved an immune re-

sponse that provides tumor cross-protection, such as the admin-

istration of colon carcinoma CT26 cells transfected with an IL-12

plasmid, was able to reject the murine breast cancer line LM3

through the participation of CTLs (35), and immunization with

irradiated defined human embryonic stem cells was effective at

rejecting CT26 cells along with the induction of IFN-g–producing

CD4+ T cells (36). However, in vivo NK cell participation in these

works was not evaluated. Our findings hold that the antitumor

effect of DN-breast cancer immunization requires not only NK

cells as effectors, but also CD4+ T cells, suggesting that tumor

Ags shared by the different cell types might be targeted along this

therapy to achieve cross-protection activity.
To our knowledge, our data provide the first demonstration that

Stat3 inhibition induces a cellular senescence program. Seminal

findings of Wu et al. (11) showed that inactivation of the oncogene

MYC in different cancer cell types induces cellular senescence.

Later studies demonstrated that CD4+ T cells play a central role in

tumor regression upon MYC inactivation and that the secreted

cytokine profile of these cells resembles that observed upon Stat3

inactivation (12). Moreover, NK cells are suggested to function as

effector cells in tumor lysis in this model. It is widely known that

inhibition of Stat3 activation leads to apoptosis. In particular, we

have previously demonstrated that inhibition of Stat3 signaling

induces apoptosis in C4HD cells (19); however, we found that UV-

irradiated apoptotic C4HD cells were not able to trigger an anti-

tumor immune response (20). In this study, we have shown that

C4HD and 4T1 cells transfected with the Stat3Y705F vector un-

dergo senescence as determined by several characteristic molec-

ular features, including elevated SA-b-gal activity, increased

expression of the cell cycle inhibitors p15INK4b and p16INK4a,

and characteristic changes in chromatin structure, such as in-

creased histone H3 K9 methylation. Taken together, these findings

demonstrate that immunization with these senescent tumor cells

could contribute to the tumor phenotypic change that finally leads
to an effective antitumor immune response.
Experiments using 4T1 cells as a model of metastatic breast

cancer showed that immunization with Stat3Y705F-transfected
4T1 cells inhibits tumor growth and lung metastasis. Interest-
ingly, we found a decrease in the number of Tregs and an increase
in NK cells infiltrating tumors of Stat3Y705F-4T1 cell-immunized
animals when compared with pcDNA-4T1 cell-immunized ani-
mals. This inverse correlation between Tregs and NK cells is
supported by the findings of Olkhanud et al. (37) who demon-
strated that Tregs are necessary for 4T1 lung metastasis and that
protection against metastasis resides in the NK cell population.
Immunization with DN Stat3-transfected breast cancer cells

also proved effective for therapeutic administration. Interestingly,
tumors obtained frommice immunized with pcDNA3.1-transfected
cancer cells had higher histological grades and tumor sizes than
those from mice immunized with Stat3Y705F-transfected cancer
cells. A 10-y follow-up of breast cancer patients showed that tumor
size, nodal status, and tumor grade remained the most important
prognostic factors for long-term survival (38) and were also pre-
dictors for distant metastasis (39). Importantly, we found that
immunization with Stat3-inhibited breast cancer cells decreased
tumor grade, tumor growth, and metastasis, the most important
prognostic indicators in breast cancer.
Targeting Stat3 as a tool for cancer immunotherapy continues

to be explored using multiple strategies. These approaches, which
include in vivo blocking of Stat3 by using genetic deletions in tumor
cells or in tumor-infiltrating immune cells or by administration of
pharmacological inhibitors, have variable rates of success in stim-
ulating antitumor immune responses (5, 27, 40, 41); however, both
of these approaches have limited clinical application until target-
specific delivery is possible. To our knowledge, our study provides
the first report of the use of ex vivo Stat3-inactivated tumor cells
as an immunotherapy; this approach has the advantage of im-
munizing the host with the whole array of Ags expressed by the
tumor cells in a stimulatory microenvironment composed of mul-
tiple proinflammatory cytokines and chemokines to generate an
antitumor immune response.
In conclusion, we demonstrated that ablating Stat3 signaling in

breast cancer cells results in an effective immunogen able to ac-
tivate the immune surveillance system that inhibits breast cancer
growth and metastasis. To our knowledge, the induction of cellular
senescence after Stat3 inactivation is a novel finding that opens
new avenues for immunotherapy research and clinical application.
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