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Abstract
The 4T1 mammary carcinoma cell line produces TSLP. We had hypothesized that TSLP promotes
the development of a permissive environment for the growth and metastasis of primary tumor and
that this is associated with a Th2 polarized anti-tumor immune response. We found that, in
Tslpr−/− mice, the mean tumor diameters were smaller from days 27–40 and relatively fewer
tumor cells were present in the lung, compared to wild type mice. Polarization of the Th2 cytokine
profile was also diminished in Tslpr−/− mice. These findings confirmed those reported previously
by others. Here, we further show that primary tumors are established less often in Tslpr−\− mice
and that, unexpectedly, the relative number of tumor cells in the brain is greater in Tslpr−/− mice
compared to wild type mice. Findings from our cytotoxicity assays show that 4T1-directed lysis is
undetectable in both WT and Tslpr−/− mice, ruling out the possibility that altered cytotoxic
responses in Tslpr−/− mice are responsible for the differences we observed. In a human tissue
microarray, positive staining for TSLP was seen in tumor cells from breast cancer tissue but it was
also seen in normal glandular epithelial cells from normal breast tissue, which has not been shown
before. Thus, our findings provide new insight into the effects of TSLP in metastatic breast cancer.
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1.0 Introduction
The nature of the developing anti-tumor immune response is important in shaping the
evolution of cancer. Both the innate and adaptive immune responses have the ability to
either inhibit tumor development or generate a permissive environment in which tumor cells
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can thrive[1]. Chronic inflammation also plays an important role in the pathogenesis of
cancer, including carcinoma of the breast[2–4]. Thymic stromal lymphopoietin (TSLP) is a
cytokine that is made primarily by epithelial cells and has the ability to promote a Th2-
mediated, inflammatory immune response[5–8]. The purpose of this study was to determine
whether TSLP helps to create a permissive environment for the establishment, growth and
metastasis of the primary tumor in the 4T1 mouse model of metastatic breast cancer.

TSLP is an IL-7-like cytokine derived primarily from epithelial cells. Although murine and
human TSLP show only 43% amino acid identity, this cytokine performs similar functions
in both species[9, 10]. Murine TSLP, originally identified in the supernatant from a murine
thymic epithelial cell line, was found to support the growth of early T and B cell
progenitors[11]. The functional TSLP receptor (Tslpr) consists of the IL-7Rα chain and a
unique Tslpr chain. The latter can alone bind to TSLP with low affinity, [10, 12, 13] but
when combined with IL-7Rα binds with higher affinity. Functional TSLP receptors are
expressed on a range of cell lineages, including dendritic cells[14], CD4+ T cells[15–17],
CD8+ T cells[18], and pro-B cells[19–21]. Several studies have shown that TSLP can
promote the development of immune responses in which Th2 cytokines are dominant[15,
22–26]. Interestingly, human dendritic cells activated by TSLP can prime naïve CD4+ T
helper cells to differentiate into Th2 cells that produce the pro-inflammatory cytokine,
TNFα, in addition to classic Th2 cytokines[5]. Several studies have demonstrated that TSLP
has a prominent role in inflammation. For example, chronic, systemic inflammation is seen
in TSLP transgenic mice[6, 7] and atopic diseases in humans are associated with increased
TSLP expression levels[5, 27, 28]. The latter has also been demonstrated in mouse models
in which augmented TSLP expression in the skin is associated with an inflammatory
response dominated by Th2 cytokines, as well as the histological features resembling atopic
dermatitis in humans[29]. Several studies have shown that TSLP is an important mediator in
the development of allergy-associated airway inflammation in mouse models. One study
showed that Tslpr-deficient mice are resistant to the development of inflammation in the
ovalbumin-plus-alum priming model and that reconstitution of Tslpr-deficient mice with T
cells from Tslpr-expressing mice restores features of the inflammatory disease[16, 30].
These findings provide evidence that TSLP promotes an inflammatory response in which
Th2-cytokines predominate.

We began this study when we discovered that TSLP is secreted into supernatants collected
from cultures of 4T1 tumor cells. We hypothesized that this cytokine might therefore be a
factor involved in the growth and progression of breast cancer. Since we started our study,
two articles were published, also reporting a role for thymic stromal lymphopoietin (TSLP)
in the development of breast cancer[31, 32]. In the study by Pedroza-Gonzalez and
colleagues[31], supernatants from human breast tumor fragments showed a mixed Th1/Th2
cytokine profile but the levels of Th2 cytokines and TNFα were higher in these supernatants
than in those from the tissue surrounding the tumor. The percentage of infiltrating IL-4 and
IL-13-secreting CD4+CD3+ T cells was also higher in the tumor tissue. TSLP expression
was seen in both human breast cancer cell lines and malignant breast tissue from patients.
Using a xenogeneic mouse model, they further showed that neutralizing OX40L or TSLP
with specific antibodies inhibited breast cancer growth and IL-13 production. In the second
study, Olkhanud and colleagues[32] used the 4T1 mouse model of metastatic breast cancer
to show that TSLP induced the differentiation of CD4 cells into Th2 cytokine-producing
cells, which support cancer progression. The mean diameter of the primary tumor was
smaller in Tslpr−/− mice than in WT mice by day 26 post-injection and TSLP levels in the
sera correlated with the tumor growth in WT mice. Tumor growth and lung metastases were
not seen in mice that had been injected with 4T1 cells that were unable to produce TSLP,
suggesting that tumor-derived TSLP plays a pivotal role in tumor growth and metastasis in
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this model. Furthermore, metastatic foci in a lung biopsy from a patient with metastatic
breast cancer stained positively for TSLP.

In our study, we used the 4T1 mouse mammary tumor model to compare the establishment
and growth of the primary tumor, as well as its effect on the quantity of tumor cells in the
lungs and brains of WT and Tslpr−/− mice. Furthermore, we wanted to determine whether
TSLP responsiveness plays a role in shaping the de novo cytotoxic response and cytokine
profile, as well as the cytotoxic and cytokine responses that develop over time in tumor-
bearing mice. Although TSLP expression was previously shown in tumor tissue from
patients with breast cancer[32, 31], we also wished to determine whether it is expressed in
normal breast tissue. We therefore examined TSLP expression in a tissue microarray
consisting of both normal breast tissue and tissue from patients with breast cancer.

2.0 Materials and Methods
2.1 Mice

Wild type Balb/c mice and TSLP receptor-deficient (Tslpr−/−) mice with a Balb/c genetic
background were used. All mice were female and 8–10 weeks of age. Wild type mice were
obtained from the local colony in the Genetic Models Center at the University of Manitoba.
Tslpr−/− mice were generated as previously described[15]. Breeding pairs were provided by
Dr. W. Leonard, National Heart, Lung and Blood Institute, Bethesda, MD and bred in the
Genetic Models Center at the University of Manitoba. All of the experiments were
performed in accordance with the standards of the Canadian Council on Animal Care.

2.2 Cell lines
Cell lines were maintained in complete RPMI 1640 culture medium (Life Technologies,
Grand Island, NY) supplemented with 10% FBS (Gibco, Grand Island NY) and 1%
penicillin-streptomycin (Gibco; 10000 units/ml Penicillin, 10000 μg/ml Streptomycin). The
4T1 mouse mammary carcinoma cells (H-2d) used in this study were obtained from Dr.
Gary Sahagian at Tufts University, Boston, MA. This cell line, designated 4T1-12B, was
derived by co-transfecting 4T1 cells with a firefly luciferase-containing vector and a
puromycin resistance-vector [33]. 4T1-12B cells were derived from 4T1 cell obtained from
Dr. Fred Miller at Karmanos Cancer Institute. The Moloney virus-induced lymphoma cell
line, YAC-1 (H-2k/d) was obtained from the American Type Culture Collection (Rockville,
MD). 4T1-12B cells were treated with 0.25% Trypsin-EDTA (Gibco) for two minutes and
washed once in culture medium prior to being passaged.

2.3 Experimental Design
We used the 4T1 mouse mammary tumor model to determine how TSLP responsiveness
affects the establishment, growth and metastasis of primary tumors, as well as certain
aspects of the anti-tumor immune response. Two experimental groups were established, one
in which 4T1-12B cells were injected into WT Balb/c mice and another in which 4T1-12B
cells were injected into Tslpr−/− mice on a Balb/c genetic background. Wild type and
Tslpr−/− mice were injected in the right mammary fat pad with 7 × 10−3 4T1-12B cells s.c.,
based on the protocol described by Pulaski and Ostrand-Rosenberg[34]. The effect of TSLP
responsiveness on the establishment and growth of the primary tumor was studied by
palpating the injection site and measuring the diameter of the primary tumor every 3–4 days
using digital vernier calipers. In another series of experiments, we euthanized tumor-bearing
mice from the two experimental groups at several time points and compared the cytokine
profiles and 4T1-12B-directed lysis in both WT and Tslpr−/− mice bearing tumors. De novo
cytokine and cytotoxic responses were also studied by co-culturing splenocytes from naive
WT and Tslpr−/− mice with 4T1-12B cells at various ratios. Some mice in each group were
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allowed to reach their humane end point, as described in our animal use protocol. The
relative number of tumor cells in the lung and brain were compared at these late time points.
Controls for these experiments consisted of age and gender-matched WT and Tslpr−/− Balb/
c mice that had not been injected with 4T1-12B tumor cells.

2.4 Determining the relative quantities of tumor cells in the lung and brain
In WT and Tslpr−/− mice that had reached their humane end point (mean=day 55 p.i.), we
compared the relative quantities of tumor cells at two sites of metastasis, the lung and brain.
Because the 4T1-12B cells contain a luciferase construct, we used the number of photons
emitted per second in whole organ lysates that had been treated with luciferin as an indicator
of the relative number of tumor cells present. Briefly, the tissue was snap frozen in liquid
nitrogen and stored at −80°C until analysis. Frozen tissue was homogenized mechanically,
mixed with cell culture lysis reagent (CCLR; Promega, Madison, WI, USA), vortexed for 15
minutes, subjected to three freeze-thaw cycles and then centrifuged at 13 000 rpm for 3
minutes at 4°C. The lysis procedure was then repeated for each cell pellet, without the
freeze-thaw cycles. The supernatants from each sample were combined, adjusted to a
volume of 1 ml and stored at −80°C until analysis. This method is described in greater detail
elsewhere[35]. A Lowry protein quantification assay (BioRad Laboratories, Inc.,
Mississauga, ON, Canada) was used to determine the concentration of protein in the lysate.
The Luciferase Assay System (Promega, Madison, WI, USA) was used to quantify free
firefly luciferase in the tissue lysates. Lysates were adjusted to a concentration of 30 mg/ml
of protein to ensure that readings were taken in the optimal range that had been determined
in our validation assays, and two-fold serial dilutions were performed in CCLR. Twenty
microliters of the resulting lysates were added to the wells of a white, opaque, 96-well,
round-bottomed Costar microtiter plate (Corning Inc., Corning, NY). One hundred
microliters of Luciferase Assay Reagent (Promega) were added to each well immediately
before reading. Plates were read for 2 seconds using the BioTek Synergy 4 microplate reader
(BioTek Instruments, Inc., Winooski, VT). Lysate from 4T1-12B cells was used as a
positive control. CCLR alone was used as a negative control. To determine the relative
luciferase signal for each whole organ, we multiplied the numbers of photons/second
emitted by each sample by the dilution factor that was used earlier when adjusting the
lysates to a protein concentration of 30 mg/ml.

2.5 Measuring cytokine levels in tumor-bearing mice
Spleens were harvested from WT and Tslpr−/− mice on days 7, 14, 21, 28 and 60 following
tumor cell injection. The organs were minced with scissors, pressed through a stainless steel
wire mesh to obtain a single-cell suspension and counted. Suspensions were then placed in a
24-well culture plate at a concentration of 1 × 107 cells/ml in avolume of 2 ml and incubated
at 37° in 5% CO2. Supernatants were collected 48 hours later and stored at −20°C until the
ELISAs were performed. Suspensions of splenocytes were prepared and cultured in
complete RPMI-1640 supplemented with 5% FBS and 1% penicillin-streptomycin. OptEIA
ELISA kits (BD Biosciences, San Diego, CA) were used to measure IFN-, IL-4, IL-12(p40).
A DuoSet ELISA Development System (R&D Systems, Minneapolis, MN) was used to
measure TSLP. All ELISAs were performed according to the manufacturer’s instructions.

2.6 Measuring cytotoxic activity in tumor-bearing mice
A 4-hour chromium-51 release assay was used to measure the levels of 4T1-12B-directed
lysis in splenocytes from WT and Tslpr−/− tumor-bearing mice on days 7, 21, and 35. This
method is described in detail elsewhere[36]. Briefly, spleens were harvested, minced with
scissors and pressed through a stainless steel mesh to obtain a single cell suspension. Cells
were counted, adjusted to a concentration of 107 cells/ml, and serially diluted 4 times to
provide effector-to-target (E:T) cell ratios ranging from 100:1 to 12.5:1. 4T1-12B and
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YAC-1 target cells were labeled with chromium-51 radionuclide, sodium chromate in
normal saline (Perkin Elmer, Woodbridge, Ontario, Canada) at a dose of 50 μCi/1 × 106

cells for 60 min. Cells were then washed three times in RPMI 1640 supplemented with 5%
FBS, and adjusted to a final concentration of 105 cells/ml. Cytotoxicity was measured at
each E:T cell ratio in triplicate cultures consisting of 100 μl of effector cell suspension and
100 μl of target cell suspension combined in wells of a plastic 96-well V-bottom microtiter
plate. After centrifugation, 100 μl of supernatant was harvested from each well and counted
for 2 min in a Wallac Wizard2 Automatic Gamma (Perkin Elmer, Waltam, MA).
Spontaneous release of chromium-51 was measured by taking 100 μl of supernatant from
cultures containing of 100 μl of target cells and 100 μl of medium without effector cells.
Maximum chromium-51 release was measured re-suspending cultures containing 100 μl of
target cells and 100 μl of medium and removing 100 μl of the cell suspension. The plates
were incubated at 37°C for 4 h in 5% CO2. The percent lysis for each sample was calculated
as follows:

The SE of the mean percent lysis for each triplicate was calculated, and dose-response
curves were drawn. The number of lytic units per 107) effector cells (LU5/107) was
calculated using exponential fit as described by Pross et al[37].

2.7 Measuring de novo cytokine and cytotoxicity responses
Spleens were harvested from normal WT and Tslpr−/− control mice without tumors. The
organs were minced with scissors, pressed through a stainless steel wire mesh to obtain a
single-cell suspension. The cells were counted, the suspension was adjusted to a
concentration of 1×107 splenocytes/ml in complete RPMI 1640 medium supplemented with
5% FBS and 1% penicillin/streptomycin and two-fold serial dilutions were performed. The
resulting suspensions were added to a 24-well cell culture plate at a volume of 1 ml/well.
Confluent 4T1-12B cells were harvested by treatment with trypsin-EDTA, as described
above, adjusted to a concentration of 1×105 cells/ml in RPMI/5% FBS and added to the
splenocytes at a volume of 1 ml/well. Suspensions of splenocytes were prepared and
cultured in complete RPMI-1640 supplemented with 5% FBS and 1% penicillin-
streptomycin. Controls consisted of WT or Tslpr−/− splenocytes only at a concentration of 1
× 107 cells/ml or 4T1-12B cells only at a concentration of 1 × 105 and supernatants were
collected 24 or cells/ml. Plates were incubated at 37° C in 5% CO2 48 hours later. Cytokines
were measured in supernatants by ELISA, as described above.

A 4-hour chromium-51 release assay was used to measure splenic cytotoxic activity directed
against tumor cells by splenocytes from naïve WT and naïve Tslpr−/− control mice. Spleens
were harvested and a splenocyte suspension was prepared as described above. Cells were
counted, adjusted to a concentration of 107 cells/ml, and serially diluted 4 times to obtain the
following effector-to-target cell ratios: 100:1, 50:1, 25:1, 12.5:1. 4T1-12B and YAC-1 target
cells were labeled with chromium-51 radionuclide, as described above and adjusted to a
final concentration of 105 cells/ml. Cytotoxicity at each E:T cell ratio was measured in
triplicate cultures consisting of 100 μl of effector cell suspension and 100 μl of target cell
suspension combined in wells of a plastic 96-well V-bottom microtiter plate. Spontaneous
release and maximum chromium-51 release were measured as described above. The plates
were incubated and 100 μl of supernatant was harvested from each well and counted as
described above. The percent lysis and SE for each triplicate sample were calculated and
dose-response curves were drawn. The number of lytic units per 107 effector cells
(LU5/107)were calculated as described above.
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2.8 Detecting TSLP expression in normal human breast tissue and human breast cancer
samples

Tumor microarrays were prepared using tissue samples from the Manitoba Breast Tumor
Bank, which operates with the approval of the Faculty of Medicine, University of Manitoba,
Research Ethics Board[38]. Core tissue samples (0.6 mm diameter; 50 from patients with
breast cancer and 50 from normal breast tissue obtained from mammoplasty reduction
surgery) were taken from selected areas using a tissue arrayer instrument (Beecher
Instruments, Silver Spring, MD). Serial sections of TMAs were de-waxed, rehydrated and
submitted to heat-induced antigen retrieval for 8 min, in the presence of citrate buffer using
an automated tissue immmunostainer (Discovery Staining Module, Ventana Medical
Systems, Tucson, Arizona). Immunohistochemical staining for TSLP was performed using
anti-human TSLP antibody (ab79493; Abcam, Cambridge, MA) at a dilution of 1:100, as
described elsewhere[39]. The entire glass slide containing the tissue microarray was scanned
at room temperature using an Aperio ScanScope system (Leica Biosystems, Vista,
California) and Aperio Spectrum acquisition software (Version 11.1.1.765). A composite
figure (Figure 7) containing six images of representative tissue cores (40X magnification)
was prepared using iPhoto ’09 software (Version 8.1.2, Apple Inc., Cupertino, CA).

3.0 Results
3.1 TSLP production by 4T1-12B tumor cells

Cultures of 4T1-12B cells have the ability to produce TSLP in vitro. In our study, the TSLP
concentrations were elevated in 4T1-12B cells, whereas other cytokines such as IFN-γ, IL-4,
IL-12, IL-10 and IL-13 were not detected (Figure 1A). Our findings also show that the
primary tumors that developed in WT and Tslpr−/− mice following the injection of 4T1-12B
cells retain the ability to produce TSLP ex vivo. There was no significant difference in the
TSLP concentrations in supernatants from WT and Tslpr−/− mice (p>0.05). It is noteworthy
that the concentration of IL-12(p40) was significantly higher in cultures obtained from the
Tslpr−/− group (p<0.05). In both groups, the concentrations of IFNγ, IL-4, IL-10 and IL-13
were below the level of detection.

3.2 Establishment and Growth of Primary Tumors
In these experiments, we determined whether the number of mice that established a primary
tumor was different in WT and Tslpr−/− mice. Of the 19 WT and 18 Tslpr−/− mice that were
injected with 4T1-12B tumor cells, the number in which primary tumors were successfully
established was 18 and 11, respectively (Table 1; p<0.05). We then compared the diameters
of the primary tumors in WT and Tslpr−/− mice at several time points and found that the
mean primary tumor diameters were significantly higher in WT mice compared to Tslpr−/−

mice from days 27 to 40 (p<0.05). These findings show that TSLP unresponsiveness is
associated with slower tumor growth (Figure 2).

3.3 Relative quantities of tumor cells present in the lung and brain
It was previously shown that pulmonary metastasis of 4T1 tumor cells is diminished in
Tslpr−/− mice[32]. In our study, we wished to determine the relative quantities of tumor cells
in the lungs and brains of WT and Tslpr−/−. Figure 3 shows that the median number of
photons/sec measured was higher in the lung in WT mice (55) compared to Tslpr−/− mice,
(9 ; p<0.05). Conversely, the median number of photons/sec detected in the brain was lower
in WT mice (12) than in Tslpr−/− mice (31; p<0.05). These findings show that TSLP
responsiveness is associated with the presence of more tumor cells in the lung and,
surprisingly, relatively fewer tumor cells in the brain.
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3.4 Cytokine Profiles
Because TSLP has been shown to promote the development of immune responses in which
Th2 cytokines dominate, we compared the cytokine responses to 4T1-12B cells in
splenocytes from WT and Tslpr−/− mice. Splenocytes were derived from both naïve and
tumor-bearing mice. The de novo cytokine response to 4T1-12B tumor cells was shifted
towards a greater level of Th1 cytokine production when splenocytes from Tslpr−/− mice
were used (Figure 4). IFNγ was present in significantly higher concentrations in cultures
containing Tslpr−/− splenocytes, compared to WT splenocytes, when the splenocytes
concentration was 107 cells/ml (p<0.001), 5 × 106 cells/ml (p<0.001), and 25 × 104 cells /ml
(p<0.01). IL-4 was only detectable in cultures containing splenocytes from WT mice at a
splenocyte concentration of 107 cells/ml. It was not detectable in any of the other cultures
tested. The concentration of IL-12 was significantly higher in cultures containing
splenocytes from Tslpr−/− mice at the highest splenocyte concentration (p<0.05). The
concentrations of TSLP in cultures containing splenocytes from either WT or Tslpr−/− mice
were similar to those seen in cultures containing 4T1-12B alone (p>0.05 by ANOVA).

The cytokine profile in tumor-bearing Tslpr−/− mice was shifted away from Th2-dominated
immunity over the course of the disease (Figure 5). The concentrations of IFN were
significantly higher in splenocytes cultures from Tslpr−/− mice on days 21, 28 and 60,
compared to those seen in cultures from WT mice (p<0.05). IL-4 reached higher levels in
splenocyte cultures from WT mice compared to Tslpr−/− mice at each time point tested. This
difference was significant on day 7 (p<0.05). There were no significant differences in the
levels of IL-12(p40) observed in the two groups at any of the time points tested. The
concentration of TSLP was significantly higher in cultures from WT mice on day 21
(p<0.001) but the levels were relatively low (<60 pg/ml). Higher levels of TSLP were seen
on day 60 but the concentrations in cultures from WT and Tslpr−/− mice were not
significantly different (p>0.05). Collectively, our findings show that TSLP responsiveness
promotes the development of a Th2-polarized cytokine profile in immune responses to
4T1-12B tumor cells that develop in both naïve and tumor-bearing mice.

3.5 Cytotoxicity Responses
Whether TSLP can influence the development of cytotoxic responses to 4T1 tumor cells has
not been studied previously. We therefore compared both the cytotoxicity responses to
4T1-12B cells in splenocytes from WT and Tslpr−/− mice that were either naïve or bearing
tumors. Figure 6 shows the dose-response curves for splenic effector cells harvested from
individual, naïve WT mice and Tslpr−/− mice. YAC-1-directed lysis was seen in both WT
and Tslpr−/− mice indicating that the absence of TSLP-responsiveness does not inhibit the
spontaneous lytic response directed against an NK-sensitive tumor target cell line. 4T1-12B-
directed lysis was undetectable when naïve splenocytes from either WT or Tslpr−/− mice
were used, which is consistent with previous observations that 4T1-12B cells are poorly
immunogenic[40]. Table 2 shows that 4T1-12B-directed cytotoxicity was also undetectable
in both the WT and Tslpr−/− mice bearing tumors. In addition, the levels of YAC-1 directed
cytotoxicity decreased in both WT and Tslpr−/− over time and were consistently lower than
those seen in control mice.

3.6 TSLP expression in human breast tissue
To verify previously reported findings that TSLP is expressed in human breast tumors, we
obtained tissue microarrays from the Manitoba Breast Tumor Bank to determine whether
TSLP is expressed by epithelial cells from normal human breast tissue and/or by tumor cells
in tissue biopsies from patients with breast cancer. Figure 7 shows representative images of
positive staining for TSLP in breast tumors from three patients (T1, T2 and T3) and in
normal breast tissue from three individuals (N1, N2 and N3). Tumor cells in the cores from
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breast cancer patients stained positively (T1-T3). Interestingly, normal glandular epithelial
cells (N1-N3) from normal human breast tissue also stained positively. Some faint staining
was observed in the stroma, which may be related to the fact that TSLP is a secreted protein.

4.0 Discussion
In this study, we confirmed findings from other investigators showing that the mouse
mammary carcinoma cell line 4T1 produces TSLP in vitro and that the primary tumors that
develop following the injection of these cells into Balb/c mice continue to produce this
cytokine. Our findings further show that primary tumors from Tslpr−/− mice are smaller
between days 27 and 40 compared to WT mice. Cytokine responses by splenocytes from
either naïve or tumor-bearing WT mice are dominated by Th2 cytokines. As we had
expected, the cytokine profile was shifted away from Th2 polarization when Tslpr−/− mice
are used. Collectively, these findings indicate that TSLP facilitates the development of a
permissive environment that promotes the growth of the primary tumor, which is consistent
with the findings of others[32, 31].

In our study, primary tumors became established less frequently in mice lacking the TSLP
receptor. Olkhanud et al previously reported that primary tumors did not become established
in this model when TSLP production had been abrogated in the tumor cells by shRNA.
These findings show that TSLP plays a pivotal role in the very early stages of the disease.
We found that a cytotoxic response to the tumor cells failed to develop in both WT and
Tslpr−/− mice bearing tumors. This novel finding indicates that the differences that we had
observed during the course of the disease are not a result of differences in the levels of
tumor-directed lysis. Although the relative quantity of tumor cells in the lung was
diminished in Tslpr−/− mice, we unexpectedly found that it was greater in the brain. This
novel but paradoxical observation suggests that TSLP mitigates metastasis to the brain. It
was established several decades ago that the brain is an “immunologically privileged” site, a
characteristic that helps to limit injury during inflammation in an organ with poor
regenerative capacity[41]. This feature of the central nervous system (CNS) may become
compromised if there is breakdown of the blood brain barrier (BBB)[41]. It is possible that
the intrinsic properties of the BBB inhibit the entry of blood-borne 4T1-12B cells into the
CNS in tumor-bearing WT mice. Since the anti-tumor response is shifted towards Th1
immunity in Tslpr−/− mice, it is possible that over production of Th1 cytokines may injure
the BBB, thereby facilitating the movement of 4T1-12B cells across the BBB and into the
brain more readily. This possibility is supported by studies showing that IFNγ and other Th1
cytokines increase BBB permeability and can enhance injury to the CNS, lending credence
to this idea[42–45].

Our human tissue microarray study showed that, in addition to malignant epithelial cells,
normal glandular epithelial cells also express TSLP protein. This novel finding suggests that
TSLP is not specific to malignant epithelial cells in the breast but it is possible that TSLP or
its receptor undergo either quantitative or qualitative changes in the microenvironment
during the development of breast cancer.

In summary, our findings, as well as recent findings from other investigators support the
idea that TSLP helps to create a permissive microenvironment for the development and
pulmonary metastasis of mammary carcinoma in a mouse model using implanted 4T1 tumor
cells. As such, they provide the rationale for new studies aimed at further evaluating the
mechanisms of action for TSLP, as well as its prognostic value in human breast cancer.
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Figure 1. 4T1-12B mouse mammary carcinoma cells secrete TSLP
4T1-12B cells were grown in culture and cytokine concentrations were measured in the
supernatant (A). Primary tumors from WT and Tslpr−/− mice were dissociated and the
resulting cells were counted (B). Equal numbers of cells were plated for each group and
cytokines levels were measured in the supernatants. Figure 1A shows that the mouse breast
cancer cell line 4T1-12B secretes large amounts TSLP protein in culture. Figure 1B shows
that TSLP is also produced by the primary tumor in both WT and Tslpr−/− mice bearing
primary tumors (B). Concentrations of cytokines were compared using a Student’s t test
(n=3).
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Figure 2. Primary tumors are smaller in Tslpr−/− mice than in WT mice 27–40 days after the
tumor cells are injected
Female Balb/c mice were injected with 7 × 103 4T1 cells, s.c., into the mammary fat pad, at
eight weeks of age. The mean tumor diameter (A) in WT (■) and Tslpr−/− (▲) mice was
calculated as follows: diameter = •(l × w), where l=length and w=width. The mean tumor
diameters were compared at each time point using a Student’s t test (n=8 mice/group).
Asterisks indicate significant differences in the means. P values are as follows: day 27,
p<0.05; day 30, p<0.03; day 35, p<0.02; day 38, p<0.05; and day 40 p<0.05. p.i: post-
injection
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Figure 3. The relative median number of tumor cells is lower in the lung and higher in the brain
in Tslpr−/− mice
Tumor-bearing mice that had reached their humane endpoint were euthanized and the lungs
and brains were assayed by chemiluminescence for the presence of 4T1-12B cells. Symbols
represent the number of photons/sec measured for a whole organ lysate obtained from an
individual WT (■) or Tslpr−/− (▲) mouse. Medians, denoted by a horizontal line, were
compared using a Mann-Whitney test. The number of mice in each group were as follows:
Lung: n=15 for WT and n=6 for Tslpr−/−. Brain: n= 14 for WT and n=6 for Tslpr−/− mice.
Data shown in Figures 6A and 6B are from three separate experiments, combined.
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Figure 4. The de novo immune response to 4T1-12B tumor cells by splenocytes from naïve
Tslpr−/− mice is shifted Away from Th1-dominated cytokine production
One hundred thousand 4T1-12B cells were co-cultured with four concentrations of naïve,
unstimulated splenocytes from WT or Tslpr−/− mice. Controls consisted of 1×107 WT or
Tslpr−/− splenocytes alone and 1×105 4T1-12B cells alone. Cultures were incubated for 48
hours and supernatants were assayed by ELISA to determine the concentration of IFNγ,
IL-4, IL-12(p40) and TSLP. Differences in the mean concentrations of cytokines in the WT
and Tslpr−/− groups were compared for each concentration of splenocytes, using a Student’s
t test (n=3/group/time-point). Data shown are from one representative experiment performed
twice.
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Figure 5. The cytokine profile in tumor-bearing Tslpr−/− mice is shifted away from Th2-
dominated immunity and towards Th1-dominated immunity over a 60-day period
Seven thousand 4T1-12B cells were injected into the mammary fat pad of 8-week female
WT or Tslpr−/− mice. Spleens were harvested every 7 days p.i. until day 28, and then again
on day 60 p.i. Splenocytes were cultured for 48 hours. ELISA was used to measure the
following cytokines in the supernatants: IFNγ, IL-4, IL-12(p40) and TSLP. Differences in
the mean concentrations of cytokines were compared in the WT and Tslpr−/− groups, at each
time point, using a Student’s t test (n=3/group/time-point). Data shown are from one
representative experiment performed twice.
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Figure 6. Splenocytes from naïve WT and Tslpr−/− mice do not exhibit 4 T1-12B-directed lytic
activity
Cell-mediated cytotoxicity was measured in a 4-hour chromium-51 release assay.
Unstimulated splenocytes from individual naïve WT (A) or Tslpr−/− (B) mice were
incubated for 4 hours with 51Cr-labeled 4T1-12B cells or YAC-1 cells at the following
effector to target ratios: 100:1, 50:1, 25:1 and 12.5:1. Lytic units (LU5) were calculated
using the exponential fit method, as described by Pross et al [46]. ND= not determined. n=3
mice/group/target. Symbols are representative of the following: ■: YAC-1-directed lysis by
splenocytes from individual WT mice; □ 4T1-12B-directed lysis by splenocytes from
individual WT mice; ▲: YAC-1-directed lysis by splenocytes from individual Tslpr−/− mice;
△: 4T1-12B-directed lysis by splenocytes from individual Tslpr−/− mice. Data shown are
from one representative experiment performed twice.
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Figure 7. TSLP is expressed in both breast cancer cells and in normal, glandular breast
epithelial cells
Tissue microarrays (TMA) were prepared from formalin-fixed, paraffin-embedded tissue
from the Manitoba Breast Tumor Bank. TSLP expression (staining brown) is present in both
breast tumors (T) and normal breast tissue (N) that had been procured from mammoplasty
reduction surgery. Representative cores from three different patients (T1, T2 and T3) are
shown, along with representative cores of normal breast tissue from three individuals (N1,
N2 and N3). A total of 50 normal breast tissue cores and 50 malignant breast tissue cores
were present in the TMA that was analyzed.
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Table 1

Primary tumors are established more often in WT mice than in TSLPR−/− mice over a 60-day period

Number of mice with a primary tumor1 No. of mice with no tumor2 Total p-value

Wild-type 18 1 19 p<0.053

TSLPR−/− 11 7 18

Total 29 8 37

1
The presence of a primary tumor was defined as a palpable mass of any size in the abdomen at any point post-injection (p.i.).

2
The absence of a primary tumor was defined as no palpable mass of any size in the abdominal area at any time point p.i.

3
The difference in the number of mice that either did or did not establish a primary tumor in the WT and TSLPR−/− groups were compared using a

Fisher’s Exact test. Data shown is from three separate experiments, combined.
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Table 2

4T1-12B – directed cytotoxicity is undetectable in both WT and TSLPR−/− mice after the primary tumor has
been established

Wild-type mice (LU5)1 TSLPR−/− mice (LU5)

4T1-12B target cells YAC-1 target cells4 4T1-12B target cells YAC-1 target cells

Control mice2 ND3 2.6 ± 0.3 ND 3.1 ± 0.1

Day 7 p.i. ND 0.4 ± 0.2 ND ND

Day 21 p.i. ND 0.9 ± 0.9 ND 1.1 ± 0.6

Day 35 p.i. ND 0.8 ± 0.7 ND 0.3 ± 0.3

1
Lytic units were calculated according to the exponential fit as described in the Materials and Methods.

2
Age- and sex-matched WT or TSLPR−/− mice that had not been injected with tumor cells.

3
ND: LU5 not determined as percent lysis values were too low.

4
Positive control cell line.
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