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Abstract Increased evidence indicates that chemo-
kines are involved in tumor growth. ITAC, a key mem-
ber of chemokines, possesses the ability to recruit T
cells and enhance immune responses. Therefore, ITAC
might contribute to antitumor immunity. In this study,
we evaluated the relationship between the expression
of ITAC and human breast cancer advancement. We
further investigated whether forced expression of ITAC
in tumor sites could mediate enhanced antitumor
immunity in a murine breast cancer model. Results
showed that ITAC expression level was down-regu-
lated in 31 breast cancer specimens compared to nor-
mal mammary tissues, and associated negatively with

the stages of breast cancer. Contrarily, forced expres-
sion of ITAC in murine 4T1 tumor cells resulted in
tumor regression after initial growth upon injection
into naïve Balb/c mice. More lymphocytes were
recruited to the site of tumor inoculated by 4T1-ITAC
and more than 80% of these T cells expressed the
ITAC receptor, CXCR3. ITAC-recruited TILs exhib-
ited 4T1-speciWc proliferation and cytotoxicity, and
an increased IFN-� but decreased IL-4 production.
Importantly, forced expression of ITAC in 4T1 tumor
nodules inhibited tumor growth. These Wndings dem-
onstrated that the decreased expression of ITAC is
associated with the advancement of breast cancer in
patients. Forced expression of ITAC in tumor site not
only induces increased T cell-recruitment and elicits a
speciWc antitumor immunity, but also mediates regres-
sion of established 4T1 tumors, indicating the potential
application of ITAC-expressing tumor cells in cancer
immunotherapy and vaccine designing.
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Introduction

Breast cancer is one of the most common cancers.
There is an urgent need to develop eVective therapies
for breast cancer [1, 2]. Immunotherapy based on can-
cer vaccines is one of the most promising therapeutic
strategies [3, 4]. However, an eVective antitumor
immunity depends on eYcient tumor inWltration by
antigen-speciWc lymphocytes [5, 6]. Therefore, mole-
cules involved in the recruitment of lymphocytes may
be strong candidates for designing new breast cancer
vaccines.

The large chemokine family consists of more than
twenty small, structurally related heparin-binding pro-
teins, which are classiWed as C, CXC, CC, and CX3C
chemokines according to the cysteine residues found
in their primary amino acid sequences [7]. One of the
characteristic biological eVects of chemokines is their
ability to recruit leukocytes into tissues [7, 8]. The
IFN-�-inducible T cell � chemoattractant (ITAC), a
member of the CXC chemokine family, is produced by
activated monocytes, Wbroblasts, endothelial cells and
keratinocytes [9]. It strongly induces migration of acti-
vated but not naïve T cells, because the only receptor
of ITAC (CXCR3) is usually expressed solely on the
surface of activated T lymphocytes [10–12]. It has
been shown that ITAC plays a pivotal role in attract-
ing eVector T cells into the sites of Th1-type inXamma-
tion and is critically involved in the development of
multiple Th1-type inXammatory diseases [13, 14]. It
has also been reported that ITAC has potent antitu-
mor activity by attracting CD8+ T lymphocytes [15].
However, the expression of ITAC in breast tumor
masses of clinical specimens and the eVects of its
over-expression by tumor cells has not been carefully
examined.

In this study, we analyzed the relationship between
the expression of ITAC in breast cancer specimens and
the magnitude of tumor growth. We found that ITAC
expression is negatively associated with the stages of
breast cancer. ITAC expression is lower both in human
and murine breast cancer cell lines. Thus, we hypothe-
sized that increased expression of ITAC by tumor cells
may limit tumor progression. To test this hypothesis,
we transfected the murine 4T1 breast cancer cell line
with a plasmid vector encoding the ITAC gene (termed
4T1-ITAC), and studied tumor growth of 4T1-ITAC
after it was injected into naïve Balb/c mice. We found a
complete tumor regression of 4T1-ITAC tumors but of
neither 4T1-pcDNA nor 4T1 tumor. More T lympho-
cytes were recruited into the tumor masses. An
enhanced antitumor immune response against 4T1
tumor cell was induced in the ITAC-expressing tumor

environment. Notably, inoculation of 4T1-ITAC into
parental 4T1-tumor-bearing mice mediated the rejec-
tion of pre-existing tumor burden.

Materials and methods

Specimens, animals and cell lines

Tissue samples from patients with primary breast can-
cer were obtained during the period between Septem-
ber 2004 and April 2005, with informed consent from
Zhongshan Hospital of Shanghai. The stage of each
specimen was determined by histopathologic diagnosis.
Patients were divided into two groups—early breast
cancer (stage I and stage II) or advanced breast cancer
(stage III and stage IV). Normal mammary tissue was
derived from tissues adjacent to the cancer tissue.
Female BALB/c mice aged 6–8 weeks were purchased
from the Center of Experimental Animal, Fudan Uni-
versity (Shanghai, China). All animals were housed in
pathogen-free conditions, and all animal experiments
were performed according to the Guidelines for the
Care and Use of Laboratory Animals (Ministry of
Health, Peoples Republic of China, 1998). 4T1 and
EMT-6 are murine breast cancer cell lines (kindly pro-
vided by Dr. Hu, Earle A. Chiles Research Institute,
Portland, OR, USA). SKBR3, MCF-7, MDA-MB-231
and MDA-MD-453 (kindly provided by Dr. Disis,
Seattle, USA) are human breast cancer cell lines. THP-
1 is a human monocytic cell line and L929 is a murine
Wbroblast cell line (ATCC, USA). All cell lines were
cultured at 37°C under 5% CO2 in complete RPMI
1640 (GIBICO, Grand land, NY, USA) medium con-
taining 10% heat-inactivated fetal bovine serum, 2 mM
glutamine, 100 IU/ml penicillin, and 100 �g/ml strepto-
mycin sulfate.

Real-time PCR

Total cellular RNA from cell lines or tissues was pre-
pared by the guanidinium thiocyanate-acid phenol
method. Residual DNA was eliminated with DNase I.
Reverse transcription was carried out as described by
the manufacturer [16]. The resulting cDNA was quan-
titatively analyzed by real-time PCR using LightCycler
Instrument (Roche Molecular Biochemicals, Mann-
heim, Germany). For relative quantitative analysis,
housekeeper genes (human �-actin or murine
GAPDH) were used as internal controls. Relative
quantity of ITAC mRNA was represented by the ratio
of the level of expression of ITAC to that of human
�-actin or murine GAPDH (termed normalized
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expression of ITAC). DNA was ampliWed with speciWc
primers (Table 1). The reaction mixture consists of 2 �l
of LightCyclerTM DNA Master SYBR Green I (Roche
Diagnostic Company, Mannheim, Germany). The
cycling program comprises a 10 min initial denatur-
ation at 95°C followed by 40 cycles of instant denatur-
ation at 95°C, annealing at 60°C for 10 s and elongation
at 72°C for 12 s, with a transition rate of 20°C/s
between each temperature plateau. QuantiWcation data
was analyzed using the LightCycler analysis software
version 4.5.

ITAC gene transfection to 4T1 cell line

Total RNA was extracted from IFN-� (1,000 U/ml)
(R&D systems, Minneapolis, USA)-stimulated L929
cell line with Trizol (Invitrogen, San Diego, CA, USA).
ITAC gene (EMBL AF178676) was ampliWed with
RT-PCR subsequently. Primers were listed in Table 1.
The ITAC gene was then subcloned into the EcoRI
and XhoI sites of the mammalian expression vector
pcDNA3 (Invitrogen, San Diego, USA). 1 £ 106 4T1
cells were transfected with the pcDNA3 control vector
or pcDNA3-ITAC target gene by electroporation
(280 V and 7 ms) in a 400 �l medium and stable clones
were selected in complete RPMI1640 medium contain-
ing 0.8 mg/ml G418 (Sigma, St Louis, USA). The indi-
vidual G418-resistant, stably transfected clones obtained
by limiting dilution were expanded.

ELISA

The detection of ITAC expression from the cultured
supernatant of 4T1-ITAC, 4T1-pcDNA3 and 4T1 was
performed by ELISA. All reagents for ELISA were
purchased from R&D systems (Mineapolis, MN, USA)
and were performed according to the manufacturer’s
protocol. The results were determined by using a
microplate reader set to 450 nm to determine the con-
centration of ITAC from the supernatant according to
the mITAC standard curve.

Chemotaxis assay

Chemotaxis assay was performed as previously
described [17]. In brief, supernatants harvested from
the cultures of 4T1-ITAC, 4T1-pcDNA3 or parental
4T1 cells were added in triplicate into the lower cham-
ber of a 48-well chemotaxis plate with 5-�m pores
(Corning Costar, Corning, NY, USA). RPMI-1640
media containing 0.1% BSA was used as the negative
control. Recombinant ITAC protein purchased from
Pepro Tech (New Jersey, USA) was used as the posi-
tive control (1 ng/ml). The upper chambers of the
chemotaxis plate were Wlled with 50 �l of IL-2-stimu-
lated splenocytes (1 £ 107 cells/ml) in the presence or
absence of 10 �g/ml mITAC-speciWc Ab (R&D). The
chemotaxis plate was incubated at 37°C. Four hours
later, the numbers of cells that migrated into the lower
chambers were numerated. Chemotaxis index (CI)
was calculated by dividing the number of cells
migrated in response to testing supernatants by the
number of cells migrated in response to the negative
control medium.

Experiment of tumorigenesis

BALB/c mice (n = 6 per group) were subcutaneously
(s.c.) injected with 1 £ 105 4T1-ITAC cells, 4T1-
pcDNA3 or parental 4T1 cells, respectively. Mice were
monitored for evidence of tumor growth by palpation
and inspection, and tumor size was measured with a
digital caliper every 2 or 3 days. The survival of the
tumor-bearing mice was observed by daily assessment
over 60 days.

Long-term protection experiments

Survived mice from several independent experiments
that received the same treatment were pooled and re-
challenged with 1 £ 105 live 4T1 cells subcutaneously.
Naïve mice that were injected with the same number of
tumor cells on the same day served as control. Tumor

Table 1 The primers for human and murine ITAC

F forward, R reverse

Genes Primer sequence PCR products (bps)

Human ITAC F: 5-GGGGTAAAAGCAGTGAAAGTGGC
R: 5-GAAAGCACTTTGTAAACTCCGA

492

Human �-actin F:5�TCACCCACACTGTGCCCATCTACGA 3�
R:5�CAGCGGAACCGCTCATTGCCAATGG 3�

399

Murine ITAC F: 5-CGGAATTCAAGAGAGATCTCCAAAGCCCA
R:5-ATAAGAATGCGGCCGCCAATGCATCCACTGTAACCA

594

Murine GAPDH F:5-CTGCACCACCAACTGCTTAG-3
R:5-GTCTGGGATGGAAATTGTGA

660
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growth was measured as described above. Mice sur-
vival was observed over 90 days.

Cell isolation from tumor tissue

Fourteen days after subcutaneous injection of 1 £ 105

4T1-ITAC cells, 4T1-pcDNA3 or parental 4T1 cells,
tumors were resected and cut into pieces, and then sus-
pended in RPMI1640 containing 1.5 mg/ml collagenase
IV for 2 h at room temperature with shaking. The
resultant single cell suspension was loaded onto Ficoll
gradient and tumor-inWltrating lymphocytes were iso-
lated from the interface of gradient after centrifuga-
tion.

Flow cytometric assay

One million lymphocytes were stained with goat anti-
mouse CXCR3 antibody and PE-conjugated hamster
anti-mouse CD3 antibody for analysis of CXCR3+
CD3+ T cell population by Xow cytometry. Goat anti-
mouse CXCR3 antibody, FITC-conjugated donkey
anti-goat IgG, PE-conjugated hamster anti-mouse CD8
antibody (53–6.7), and PerCP-conjugated hamster anti-
mouse CD4 antibody (RM4-5) (BD, PharMingen, CA,
USA) were used in some of the experiments.

Cell proliferation assay

5 £ 105 lymphocytes were seeded in a 96-well plate and
incubated for 3 days with Mitomycin C (MMC)-treated
parental 4T1 cells for tumor-speciWc stimulation or
with MMC-treated Renca cells to serve as negative
control (at tumor:eVector cell ratio of 0:1, 1:10, 1:100,
1:1,000). Lymphocytes stimulated with concanavalin A
(ConA) were used as a positive control. 3H-thymidine
(Shanghai Atomic Energy Institute, Chinese academy
of Science) was added at 1 �Ci per well for the last 18 h
of the 3-day culture. 3H-thymidine incorporation was
measured in a liquid scintillation counter (Shanghai
Atomic Energy Institute, Chinese Academy of Sci-
ence). Results are represented as count per minute
(cpm).

Quantitation of speciWc lysis by CFSE/7-AAD 
cytotoxicity assay

Cytotoxicity assay was performed as previously
described with minor modiWcation [18]. BrieXy, 14 days
after subcutaneous injection of 1 £ 105 4T1-ITAC
cells, 4T1-pcDNA3 or parental 4T1 cells, tumors were
resected. Lymphocytes isolated from the tumors were
stimulated with MMC-treated 4T1 parent tumor cells

for 4 days and the resulting T cells were used as eVec-
tor cells. Target 4T1 cells were labeled with 5 �M 5-
and 6-carboxyXuorescein diacetate succinimydyl ester
(CFSE, Fluka, Switzerland) as described before [19].
After that, the tumor inWltrating lymphocytes (TILs)
were seeded with 4T1 cells (1 £ 104 /well) in 96-well
plates. The ratios of eVector versus target cells (E:T)
were 10:1, 20:1 and 40:1. In parallel, target cells were
incubated alone to measure basal apoptosis. Six hours
after culture, cells were collected and incubated in
PBS/1% BSA containing 20 �g/ml 7-AAD (Sigma) for
20 min at 4°C in the dark. These cells were then Wxed in
4% raformaldehyde (Sigma) followed by Xow cytome-
try analysis. CFSE Xuorescence and 7-ADD emission
were detected in the FL-1 and FL-3 channels, respec-
tively. For each E:T ratio, 20,000 target cells were
acquired. Analysis was performed with Cell Quest soft-
ware (BDIS). The formula for calculating the percent-
age of speciWc target cell lysis is: % speciWc lysis =
100 £ (% sample lysis ¡ % basal lysis)/(100 ¡ % basal
lysis).

Cytokine detection assay

Release of IFN-� and IL-4 was determined by sand-
wich ELISA according to the manufacturer’s instruc-
tion (BD pharmingen, San Diago, USA). In brief,
immunoassay plates, which had been coated with anti-
mouse IFN-� or IL-4 capture antibodies, were incu-
bated with cell culture supernatants at room temperature
for 2 h. Recombinant mouse IFN-� and IL-4 were used
for standard titration curves. Plates were subsequently
incubated with HRP-conjugated streptavidin followed
by addition of substrates (H2O2 and ABTS). Absor-
bance was measured at 450 nm in a microplate reader
to analyze the generated data. The sensitivity of IFN-�
and IL-4 ELISA was 16 pg/ml.

Therapeutic vaccination with 4T1-ITAC

Naïve mice were subcutaneously injected with 1 £ 105

live 4T1 tumor cells. Subsequently on day 6, after the
tumor has established, either 1 £ 106 4T1-ITAC tumor
cells or 1 £ 106 4T1-pcDNA3 were injected intratu-
morally. 4T1 tumor-bearing mice which do not receive
intratumoral injection of 4T1-ITAC or 4T1-pcDNA3
were used as control. Tumor growth was measured as
described above.

Statistical analysis

Statistical analyses of the data were performed with the
aid of analysis programs (SPSS11.5 software). Statistical
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evaluation was performed using two-way analysis of
variance ANOVA; using the program PRISM version
4 (GraphPad Software, Inc., San Diego, CA), a “P”
value less than 0.05 is considered as signiWcant.

Results

Expression of ITAC is down-regulated in both breast 
cancer specimens and cell lines

ITAC is a key chemokine that attracts T cells, espe-
cially activated T lymphocytes. To investigate whether
ITAC was expressed in breast cancer specimens or cell
lines, ITAC mRNA expression was evaluated by quan-
titative RT-PCR in 31 breast cancer specimens and 10
adjacent normal breast tissues. Results showed a sig-
niWcant down-regulation of ITAC mRNA in breast
cancer specimens compared to normal breast tissues
(Fig. 1a, P < 0.05). Moreover, a decreased expression
of ITAC was associated with the advancement of
breast cancer (Table 2).

Then we examined four human breast cancer cell
lines (SKBR3, MCF-7, MDA-MB-231 and MDA-MD-
453) for the expression of ITAC at a transcription level.
Human monocytic cell line THP-1, which expresses
ITAC served as positive control. All cell lines expresses
less ITAC compared to the THP-1 control (Fig. 1b,
P < 0.01). Likewise, we surveyed two murine breast

tumor cell lines (EMT-6 and 4T1) for ITAC expression.
Fibroblast cell line L929 stimulated with 1,000 U/ml
IFN-� served as positive control. Less expression of
ITAC could be detected in these two breast cancer cell
lines (Fig. 1c, P < 0.05). The results indicated that both
breast cancer specimens and breast cell lines expressed
less ITAC as compared to normal tissues.

ModiWcation of 4T1 with ITAC-coding gene results 
in an increased expression of ITAC and a stronger 
chemoattractant ability

To determine whether the expression of ITAC in
tumor cells could attract T cells, murine breast cancer
4T1 cells was transfected with a plasmid harboring
the gene encoding for ITAC or with an empty vector
plasmid pcDNA3. G418-resistant, ITAC-transfected
4T1 cell clones (4T1-ITAC) were selected, and the
expression of ITAC was determined by RT-PCR. As
shown in Fig. 2a, 4T1-ITAC tumor cells expressed a
higher level of ITAC mRNA, compared to 4T1 and

Fig. 1 Expression of ITAC in breast cancer specimens and cell
lines. Total RNA was extracted from 31 human breast cancer tis-
sues and 10 adjacent normal tissues, as well as 4 human and 2 mu-
rine breast cancer cell lines. ITAC expression was detected by
RT-PCR and was normalized with GAPDH (mouse) or �-actin
(human). a Human normal breast tissue and cancer tissue.

*P < 0.05. b Human breast cancer cell lines: SKBR3, MCF-7,
MDA-MB-231 and MDA-MD-453. Human monocytic cell line
THP-1 served as a positive control. *P < 0.01. c Murine breast
cancer cell lines: 4T1 and EMT-6. Murine Wbroblast cell line L929
stimulated with IFN-� served as a positive control. *P < 0.05

Table 2 Histological grade and ITAC expression intensities

Histological grade ITAC expression intensities P

Low High

I–II 2 19 <0.01
III–IV 9 1 <0.05
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4T1 transfected with pcDNA3 vector (4T1-pcDNA3)
(P < 0.01). Moreover, 4T1-ITAC tumor xenograft
derived from Balb/c mice also expressed a higher level
of ITAC mRNA, compared to 4T1 or 4T1-pcDNA3
xenografts (Fig. 2b, P < 0.01). The supernatants from
1 £ 106 4T1-ITAC cells cultured for 24 h in vitro were
collected to measure their secretion of ITAC with
ELISA. Approximately 550 ng/ml ITAC could be
detected in the culture supernatant of 4T1-ITAC
tumor cells. Less secretion of ITAC were detected in
the culture supernatant from either 4T1-pcDNA3 or
4T1 parent tumor cells (Fig. 2c, P < 0.01). Next, the
chemotactic activity of 4T1-ITAC cell culture superna-
tant was tested using IL-2-stimulated activated T lym-
phocytes that expressed high level of CXCR3 (the
receptor of ITAC) as the responder cells in an in vitro
chemotactic assay. Supernatants derived from 4T1-
ITAC cells chemoattracted as many IL-2-stimulated
CXCR3+ T lymphocytes as the positive control rITAC,
and is about three times more than the supernatants
derived from parental 4T1 or 4T1-pcDNA3 cells
(Fig. 2d, P < 0.05). A signiWcant decrease in chemotaxis
index was observed after the addition of anti-ITAC
neutralizing antibody (Fig. 2e, P < 0.05), indicating that
the chemotatic activity of the supernatant derived from
4T1-ITAC cell was indeed mediated by ITAC.

To determine the inXuence of ITAC target gene
transfection per se on the behavior of 4T1 cells growth,
4T1-ITAC, 4T1-pcDNA3 and 4T1 cells were cultured
in vitro under the same culture condition. Expression
of ITAC did not alter the growth pattern of 4T1 cells
in vitro (Fig. 2f, P > 0.05). Thus, we have established a
stable cell line, which expresses functional ITAC and
the expression of ITAC did not change tumorigenecity
of 4T1 tumor cells in vitro.

Forced expression of ITAC enhances the recruitment 
of CXCR3+ T lymphocytes into tumor site

To determine whether 4T1-ITAC tumor enhanced the
recruitment of CXCR3+ T lymphocytes into tumor site,
TILs were isolated from 4T1-ITAC, 4T1-pcDNA3 and
4T1 tumors at day 15 after tumor cells inoculation. The
number of TILs per gram weight of tumor was mea-
sured. Compared to the 4T1-pcDNA3 and 4T1 inocu-
lated tumors, a great increase in the number of TILs
per gram of tumor was found in 4T1-ITAC tumor
(Fig. 3a, P < 0.05). Almost 83% of TILs found in 4T1-
ITAC tumors were CXCR3+CD3+ T cells; however,
less than 20% of TILs in either 4T1 or 4T1-pcDNA3
tumors were CXCR3+CD3+ T cells, suggesting that
expression of ITAC by tumor cells enhanced the

Fig. 2 Functional studies of ITAC on 4T1 tumor cells. Total
RNA was extracted and reverse transcribed with random prim-
ers. The cDNA was subjected to RT-PCR. a ITAC expression in
parental 4T1 cells (open bars), 4T1-pcDNA3 cells (hatched bars)
and 4T1-ITAC cells (closed bars) which was normalized to the
level of GAPDH. *P < 0.01. b 14 days after tumor cells injection,
ITAC expression in 4T1 tumor tissue (open bars), 4T1-pcDNA3
tumor tissue (hatched bars) and 4T1-ITAC tumor tissue (closed
bars) was detected *P < 0.01. c ITAC protein (pg/ml) from the
supernatant of 1 £ 106 4T1 (open bars), 4T1-pcDNA3 (hatched
bar) and 4T1-ITAC (black bar) cultured for 48h. *P < 0.01. d
Chemotaxis index (CI) of naïve (open bars) and IL-2-stimulated

lymphocytes (closed bars) in response to cultured supernatants of
parental 4T1, 4T1-pcDNA3,4T1-ITAC cells and recombinant
ITAC (rITAC) was detected and calculated by chemotaxis assay.
*P < 0.05. e Chemotaxis assay of IL-2-stimulated lymphocytes
pre-incubated with anti-ITAC antibody (black bars), isotype IgG
(hatched bars) in response to the cultured supernatants of paren-
tal 4T1, 4T1-pcDNA3 and 4T1-ITAC cells was performed.
*P < 0.05. f The in vitro culture of parental 4T1, 4T1-pcDNA3
and 4T1-ITAC cells were harvested and cell numbers were count-
ed at the designated time points (P > 0.05). These experiments
were repeated for three times. Data represent mean and SD
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recruitment of CXCR3+CD3+ T lymphocytes into the
tumor sites (Fig. 3b, P < 0.05). On analysis of the sub-
sets of CXCR3+CD3+ T cells by staining these cells
with CD4+ and CD8+ antibodies, we found that both
CD4+ and CD8+ T cells were remarkably increased in
the 4T1-ITAC tumor sites compared to the 4T1 or 4T1-
pcDNA3 tumors. These results also indicate that both
CD4+ and CD8+ T cells might play roles in antitumor
immunity (Fig. 3c).

Tumor growth is reduced in 4T1-ITAC inoculated 
tumor

To examine the eVect of forced expression of ITAC by
4T1 tumor cells, naïve Balb/c mice were injected with
1 £ 105 4T1-ITAC, 4T1-pcDNA3 or 4T1 tumor cells
and tumor size was recorded every 2 or 3 days after

tumor inoculation. Mice receiving either 4T1 or 4T1-
pcDNA3 cells developed progressively growing tumors,
whereas the growth of 4T1-ITAC tumor cells in all mice
was dramatically inhibited around 15 days and totally
regressed 33 days post tumor inoculation (Fig. 4a,
P < 0.01). All mice receiving 4T1-ITAC tumor cells sur-
vived over 90 days without tumors, whereas all control
mice that received either parental 4T1 or 4T1-pcDNA3
succumbed to the tumor by day 38 after tumor inocula-
tion (Fig. 4b, P < 0.01). To further determine whether
those mice that rejected 4T1-ITAC developed antitu-
mor memory responses, 4T1 parental tumor cells were
inoculated into those mice that survived after 4T1-
ITAC challenge. Tumor grew in 0/6 of the mice in the
experiment group with previous 4T1-ITAC challenge,
while tumor grew in 6/6 of the control mice that did not
receive 4T1-ITAC challenge (Table 3, P < 0.01). These

Fig. 3 In situ expression of 
ITAC enhanced the recruit-
ment of CXCR3+ T lympho-
cytes into tumors. Day 14 
after tumor cell inoculation, 
the amount of TILs isolated 
from 4T1 (open bars), 4T1-
pcDNA3 (hatched bar) and 
4T1-ITAC (black bar) per 
gram tumor were counted and 
normalized to tumor mass (a). 
*P < 0.05. The CXCR3+CD3+ 
T cells were further stained 
and counted with Xow cyto-
metry (b). *P < 0.05. The 
percentages of CXCR3+CD4+ 
and CXCR3+CD8+ T cells in 
TILs were assessed by Xow 
cytometry (c). Experiments 
were performed for three 
times

Fig. 4 The eVect of 4T1-ITAC tumor cells on inhibiting tumor
growth in vivo. a BALB/c immunocompetent mice (n = 6 per
group) were injected with 1 £ 105 parental 4T1 cells (open trian-
gle), 4T1-pcDNA3 cells (open circle) or 4T1-ITAC cells (closed
square). Tumor diameters were expressed as an average of the

longest and perpendicular diameter §SD. P < 0.01. b Survival of
tumor-bearing immunocompetent mice was observed by daily
assessment for 90 days. P < 0.01. Experiments were repeated for
three times
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results demonstrated that 4T1-ITAC not only induced
complete rejection of tumor but also a long-term antitu-
mor memory response.

ITAC-recruited TILs dominates 4T1-speciWc cellular 
immune responses

To determine whether the T cells recruited by 4T1-
ITAC could exhibit tumor-speciWc antitumor immune
responses, tumor inWltrating lymphocytes were isolated
from 4T1-ITAC, 4T1-pcDNA3, and 4T1 respectively
and cultured in the presence of MMC-treated 4T1
tumor cells for measurement of cell proliferation, cyto-
kine secretion and cytotoxic activity in vitro. As shown
in Fig. 5a, TILs from 4T1-ITAC tumors proliferated
signiWcantly faster than TILs from parental 4T1 cells or
control 4T1-pcDNA3 cells in response to MMC-treated
4T1 tumor cells (P < 0.05). SpeciWc cytotoxicity assay
showed that TILs from 4T1-ITAC tumors displayed
more potent cytolytic killing activity against 4T1 target

cells compared to TILs derived from parental 4T1
tumors or 4T1-pcDNA3 tumors (Fig. 5b, P < 0.05). Fur-
thermore, a higher level of IFN-� was detected in the
culture supernatant of TILs isolated from 4T1-ITAC
cells than those of TILs derived from 4T1 or control
4T1-pcDNA3 tumor cells (Fig. 5c, P < 0.05). Interest-
ingly, a reduced level of IL-4 was found in the culture
supernatant of TILs isolated from 4T1-ITAC tumors
compared to those found in parental 4T1 or 4T1
pcDNA3 tumors (Fig. 5d, P < 0.05). These results sug-
gest that ITAC derived from 4T1-ITAC tumor cells not
only enhances the traYcking of tumor-speciWc TILs
into tumor sites, but also augmented Th1 while dimin-
ished Th2 cytokine responses in tumor sites.

Inoculation of 4T1-ITAC cells in tumors leads 
to rejection of pre-existing 4T1 tumor

To examine if ITAC-transfected 4T1 tumors have
impacts on pre-existing parental 4T1 tumors, 1 £ 105

4T1 parental tumor cells were subcutaneously injected
into Balb/c mice and allowed to establish into tumor
xenografts for 14 days. Subsequently, 1 £ 106 4T1-
ITAC tumor cells were injected into the parental 4T1
tumors. After injection of 4T1-ITAC, tumors grew for
another 5–8 days before the onset of regression and
tumors gradually disappeared in all mice around
70 days post inoculation of 4T1 parental tumors
(Fig. 6). On the contrary, tumor grew aggressively if

Table 3 Mice that experienced complete 4T1-ITAC tumor
regression were protected against 4T1 parent tumor rechallenge

*P<0.01

Mice 4T1 
rechallenge

Incidences of 
tumor growth (%)*

Navie 1 £ 105 10/10 (100)
Survival 1 £ 105 0/20 (0)

Fig. 5 TILs recruited by 4T1-ITAC elicited anti-4T1 speciWc
cellular immune responses in vitro. Fourteen days after 4T1, 4T1-
pcDNA3 and 4T1-ITAC tumor cell inoculation, TILs were iso-
lated. a 5 £ 105 TILs were cultured with 5 £ 103 inactivated 4T1
in vitro for 72 h, proliferation of the TILs was determined by
[3H]-thymidine incorporation. *P < 0.05. b Cytotoxic activity of

TILs against speciWc target 4T1 cells at diVerent ratio of eVector
versus target cells was assessed with CFSE/7-AAD method.
*P < 0.05. c IFN-� and d IL-4 release from the 72 h-cultured
supernatant were measured by ELISA. *P < 0.05. Experiments
were repeated twice
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tumor-bearing mice were injected with 1 £ 106 4T1-
pcDNA3 tumor cells (Fig. 6, P < 0.01). The result
showed that ITAC-transfected tumor cells can mediate
the rejection of established parental tumors when
introduced into the tumor xenografts. Therefore,
ITAC-expressing tumor cell lines could serve as a
potential tumor vaccine to facilitate the rejection of
parental tumors.

Discussion

In clinical settings, the major obstacle to successful
immunotherapy is the lack of eYcient T-cell inWltration
and activation in the tumor site [19–21]. A recent study
has also established that the density and type of T cells
in tumor sites is a better predictor of survival than the
traditional staging systems [22], suggesting that it may
have prognostic impacts by carefully analyzing local
antitumor immune responses. The traYcking of lym-
phocytes from the systemic circulation into tumor sites
is governed by the chemoattractant activity of various
chemokines [23]. In this study, we found that the
expression of the chemokine ITAC is down-regulated
both in primary breast specimens and breast cancer cell
lines, and that the level of ITAC expression is inversely
correlated with histological grading. Our results indi-
cate that down-regulation of ITAC in tumor tissues
might diminish the inWltration of tumor-reactive
lymphocytes and lead to tumor progression. The number
of inWltrating CXCR3+CD3+lymphocytes is less in
breast cancer tissues without ITAC expression compared

to the number of lymphocytes in breast tumor tissue
with ITAC expression (Fig. 3b), strongly suggesting
that ITAC expression in tumor sites played an impor-
tant role in the recruitment T cells into the tumor site.
These results is consistent with other reports which
showed that the CXCR3-targeting chemokine ITAC
has potent antitumor activity in vivo by attracting
CD8+ T lymphocytes into tumor sites [15] and that
ITAC has a distinctive CXCR3 binding site to chemo-
attract CXCR3-expressing T lymphocytes [24].

T cell stimulation in the absence of costimulation
can induce energy and apoptosis of antigen-speciWc T
cells [25–27]. Thus, it was strongly believed that prim-
ing of tumor-speciWc T cells does not occur in tumor
sites [25, 27]. However, direct priming of tumor-speciWc
T cells has been shown before when tumor cells were
forced to express certain cytokines (Light) or chemo-
kines (CCL7) that are capable to induce de novo gen-
eration of tertiary lymphoid-like tissues or organs [5,
28, 29]. In our study, we found that aside from the
rejection of ITAC-expressing tumors when injected
into naïve mice, ITAC also induced speciWc immune
responses against 4T1 parent tumor and rejection of
pre-existing tumors when injected directly into tumors.
4T1-ITAC induced an enhanced proliferation and
cytotoxicity against 4T1 tumor cells in addition to a
high level of IFN-� secretion in response to 4T1 cells
(Fig. 5). Because these eVects were exhibited only in
4T1-ITAC inoculated mice and not in 4T1 or 4T1-
pcDNA3 inoculated mice, our results indicated that
ITAC could potentially act like Light or CCL7 in prim-
ing and expanding the CXCR3+ lymphocytes aggregat-
ing in tumor environment. However, such possibility
remains to be examined in mice lacking secondary lym-
phoid tissues.

Tumor vaccination is a useful tool in antitumor
immunotherapy [30–32]. Tumor cells were modiWed
with various immune modulating molecules to gener-
ate eVective antitumor vaccine [33, 34]. Our Wndings
demonstrated that 4T1 transfected with ITAC could
eradicate the parent 4T1 tumor in 4T1 tumor-bearing
mice, indicating that ITAC expressing tumor cells
could serve as tumor vaccine to eliminate established
parent tumor. This result was conWrmed by intratu-
moral injection of puriWed ITAC protein (data not
shown). It will be worth exploring whether the local
expression of ITAC achieved by various delivery sys-
tems at tumor sites may induce better immune
responses in cancer patients.

In summary, we demonstrated that injection of
ITAC-expressing tumor cells can signiWcantly augment
T cell-mediated antitumor eVect in vivo. These Wndings
suggest that, in addition to the recruitment of CXCR3+

Fig. 6 Therapeutic vaccination with 4T1-ITAC. 1 £ 105 4T1
parental tumor cells were subcutaneously injected into Balb/c
mice and allowed to establish into tumors for 14 days. Subse-
quently, 1 £ 106 4T1-pcDNA3 or 4T1-ITAC tumor cells were
injected into the established 4T1 tumor. Tumor growth was mea-
sured by averaging the longest and perpendicular diameter § SD.
The experiment was repeated three times. P < 0.01
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T cells into tumor sites, ITAC also acts as a stimulator
to promote the proliferation of recruited T cells and
sustain the tumor-speciWc T cells in local tissues, lead-
ing to tumor regression. IdentiWcation of the multiple
functions of ITAC in T cell-mediated antitumor immu-
nity should yield further insight into novel chemokine-
based tumor therapy, and the molecular and cellular
mechanisms by which tumor-speciWc T cells eliminate
solid tumor.
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