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Abstract Recent studies in patients with breast cancer
suggest the immune microenvironment influences response to
therapy. We aimed to evaluate the relationship between
growth rates of tumors in common spontaneous mammary
tumor models and immune biomarkers evaluated in the tumor
and blood. TgMMTV-neu and C3(1)-Tag transgenic mice
were followed longitudinally from birth, and MPA-DMBA-
treated mice from the time of carcinogen administration, for
the development of mammary tumors. Tumor-infiltrating
CD4" and CD8* T-cells, FOXP3" T-regulatory cells, and
myeloid-derived suppressor cells were assessed by flow
cytometry. Serum cytokines were evaluated in subsets of
mice. Fine needle aspirates of tumors were collected and RNA
was isolated to determine levels of immune and proliferation
markers. Age of tumor onset and kinetics of tumor growth
were significantly different among the models. Mammary
tumors from TgMMT V-neu contained a lower CD8/CD4 ratio
than that of other models (p < 0.05). MPA-DMBA-induced
tumors contained a higher percentage of FOXP3" CD4"
T-cells (p < 0.01) and MDSC (p < 0.001) compared with the
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other models. Individuals with significantly slower tumor
growth demonstrated higher levels of Type I serum cytokines
prior to the development of lesions compared to those with
rapid tumor growth. Moreover, the tumors of animals with
more rapid tumor growth demonstrated a significant increase
in the expression of genes associated with Type I immunity
than those with slower-progressing tumors. These data pro-
vide a foundation for the development of in vivo models to
explore the relationship between endogenous immunity and
response to standard therapies for breast cancer.
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Introduction

Breast cancer growth and progression is heterogeneous and
is influenced by the tumor microenvironment. For suc-
cessful translation of new breast cancer therapies from
in vivo models to the clinic, pre-clinical models should
reflect the same heterogeneity and diverse tumor-infiltrat-
ing cell types as human disease. Many mouse mammary
tumor models have been designed to mimic the genetic
alterations found in human breast cancer and have been
used to better understand cancer development, prevention,
and response to therapy [1, 2]. Importantly, these models
are immune competent and develop tumors spontaneously
over longer periods of time, allowing for the influx of
numerous infiltrating immune cell populations which may
impact tumor growth and response to therapy.

There are many similarities between certain murine
mammary tumor models and human breast cancer including
similar pathologic progression from hyperplasia, to carcinoma
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in situ, to invasive disease [3—5]. Genomic signatures classi-
fying human breast cancer subtypes have also been repro-
duced in several mouse mammary tumor models. Tumors
from the transgenic mouse, TgMMTV-neu, demonstrate
genetic patterns similar to human luminal B breast cancers,
and C3(1)-Tag mice have a similar gene expression pattern as
human basal-like breast cancers [1]. A 7,12-dimethyl-
benz[a]anthracene (DMBA) chemically induced mammary
tumor displays a more heterogeneous genetic expression
pattern overlapping both basal-like and luminal human breast
cancer subtypes and is hormone receptor positive [6].

Although selected mouse mammary tumors have been
genetically characterized, the natural history of tumor ini-
tiation and progression, frequency, and localization of
primary tumors and metastases, and characterization of the
infiltrating T-cells in the tumor microenvironment has not
been extensively studied across a population of animals.
Studies presented here provide a detailed phenotype of
tumor growth and progression in three common models of
mammary tumors and identify distinct immune phenotypes
that may influence tumor growth.

Methods and materials
Mouse mammary tumor models

TgMMTV-neu mice [strain name: FVB/N-Tg(MMTV-
neu)202Mul/J, strain #002376] were purchased from the
Jackson Laboratory and maintained under strict inbreeding
conditions [7]. C3(1)-Tag mice [strain name: FVB-Tg(C3-
1-TAg)cleg/Jeg] male mice (provided by Dr. Jeff Green,
NCI) were maintained by breeding to FVB/nJ parental
females (Jackson Laboratory, strain #001800) [8]. All ani-
mals were housed in a specific pathogen-free facility at the
University of Washington. To induce tumors in the MPA—
DMBA model, FVB/n]J parental mice were treated with
15 mg of Medroxyprogesterone 17-acetate (MPA) (Sigma)
subcutaneously at 6-8 weeks of age, followed by four
weekly doses of 1 mg 7,12-Dimethylbenz[a]anthracene
(DMBA) (Sigma) by oral gavage [6, 9]. All procedure were
done in accordance with the University of Washington
Institutional Animal Care and Use Committee guidelines.

Polymerase chain reaction

All C3(1)-Tag mice were tested for the SV40 Tag transgene
at 3—4 weeks of age and all nontumor-bearing TgMMTV-
neu mice were assessed for the presence of the neu transgene.
Genomic DNA was prepared by the “HotSHOT” method
from tail or ear tissue samples [10]. Lyophilized primers, for
SV40, neu, or nonspecific internal control (Integrated DNA
Technologies), were resuspended to a final concentration of
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20 puM using sterile water (Supplemental Table S1). PCR
reactions were performed using GoTaq Green Master Mix
2X (Promega), according to manufacturer’s instructions for a
25-pl reaction. After preparation, samples were placed in a
GeneAmp PCR System 9700 thermocycler (Applied Bio-
systems) initialized at 94 °C for 3 m, then run for 35 cycles
first at 94 °C for 30 s and followed by 55 °C for 30 s, and
finally at 72 °C for 60 s. A final extension cycle of 72 °C for
2 m was performed, and the samples were held at 4-10 °C
until analysis. Products were run in a Tris—acetate-EDTA
(TAE) buffer (in house) on a 1.5 % agarose gel (Genesee
Scientific) stained with ethidium bromide (VWR).

Assessment of tumor development and growth rate

TgMMTV-neu and C3(1)-Tag mice were enrolled into an
observational study at the time of birth. Sixty-nine
TgMMTV-neu, 57 C3(1)-Tag, and 19 MPA-DMBA tumor-
induced mice were available for analysis. Two C3(1)-Tag
mice were excluded from all analyses described below due to
the development of chondral abnormalities resulting in
abnormally large pinnae and other defects [8]. Age of tumor
onset was calculated as the ([date of first palpable tumor
observation]—[mouse date of birth]), £2 days. Mice were
observed for tumor development two to three times per week,
by the same operator, from 6 weeks of age until sacrifice.
Tumor volumes were calculated from raw measurements by
the standard volume calculation for an ellipsoid: [(length) x
(width) x (depth) x (7/6)] and reported as mm?®. If a mouse
developed more than one tumor, tumors were tracked and
measured individually. Mice were sacrificed by CO,
asphyxiation once tumor(s) reached a cumulative volume
greater than 1,000 mm3, if a tumor became ulcerated, or at
1 year of age, regardless of the presence or absence of pal-
pable mammary tumors. Mice that died without clinically
palpable tumors within 47 weeks of age in TgMMTV-neu or
24 weeks of age in C3(1)-Tag mice were excluded from
evaluation (n = 7 TgMMTV-neu, n = 12 C3(1)-Tag). This
time frame was determined by calculating [Mean age of
tumor onset + (2 x Standard Deviation of tumor onset)].
Tumor growth rates were calculated by determining the
change in volume between subsequent measurements and
dividing by the number of days between the measurements,
resulting in a rate value of mm*/day. The tumor kinetics of
each mouse was plotted by volume (mm?) per day.

Histologic evaluation of metastatic disease and primary
tumors

The brain, liver, lung, and femur were collected in 10 % neutral
buffered formalin, and select primary tumors were harvested
and frozen in OCT media (VWR). Formalin-fixed samples
were processed routinely, embedded in paraffin, stained with
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hematoxylin and eosin (H&E), and examined by a board-cer-
tified veterinary pathologist (PMT) for histologic evidence of
metastasis. Intravenous (IV) and parenchymal (outside of
vascular system) foci of carcinoma were noted. Frozen samples
were sectioned, stained with H&E, and primary mammary
tumors were histologically confirmed and classified [11].
Immunohistochemical staining was performed on the
Leica Bond Automated Immunostainer using Leica Bond
solutions and EDTA antigen retrieval with antibodies as
listed in Supplemental Table 1. Murine antibodies anti-
SV40 large T antigen and c-erbB2/HER2/neu (Biocare
Medical), and Mouse on Mouse HRP-Polymer kits were
used to document tissue of origin (BioCare Medical
“PromARK” Cat No. MM510G). Secondary detection was
performed using Bond Polymer Refine Detection kit (Leica
Biosystems, Cat No. DS9800) followed by DAB substrate
detection. The sections were counter-stained with Mayer
Hematoxylin solution (Newcomer Supply, Cat No. 1202).

Flow cytometric evaluation of immune infiltrates

The immune phenotype of splenocytes and tumor-infiltrating
lymphocytes (TIL) were analyzed in all the three models by
flow cytometry. TILs were isolated as previously described
[12]. Splenocytes were processed for analysis according to our
previously published methods [13]. For FOXP3 and CD4/
CDS8 evaluation, 1 pg anti-mouse CD16/CD32 (BD Pharm-
ingen) was used to block nonspecific binding for 30 min at
room temperature; then 0.4 pg each of PE anti-CD3 (BD
Pharmingen, clone #145-2C11), PE/Cy5 anti-CD4 (BioLeg-
end, clone #GK1.5), and PE-Cy7 anti-CD8 (eBioscience,
clone #53-6.7) were added. After overnight permeabilization
of the cells, 1 ng anti-FOXP3 Alexa488 (eBioscience, clone
#FJK.16 s) was added for 30 min. For myeloid-derived sup-
pressor cell (MDSC) evaluation, 0.4 pg of GR-1 (BD
Pharmingen, clone #RB6-8C5) and anti-mouse CD11b were
added and incubated for 30 min at room temperature (eBio-
science clone #M1/70). After the appropriate antibodies were
applied to each single cell suspension of tumor or spleen for 30
min at room temperature, the stained cells were acquired using
FACSCanto flow cytometer (BD Bioscience) and analyzed
using FlowJo software (Tree Star Inc.). Results are reported as
mean + SEM of the total percentage of a cell population or
ratio of cell quantities, as indicated.

Fine needle aspirates and real-time PCR

mRNA was made from fine needle aspirates (FNA) of
TgMMTV-neu mouse tumors growing at different rates and
obtained when all tumors were of volumes ranging from
120-300 mm®. RNA was isolated using the RNAqueous-
4PCR kit (Ambion). RNA quality was evaluated by both
electroporating the RNA in formaldehyde loading dye

(evaluating for 28S and 18S ribosomal RNA bands) and by
UV absorbance quantification (A,g0/A2g0 ratio between 1.8
and 2.1) using the nanodrop spectrometer (Thermoscien-
tific). cDNA was generated from 500 ng of RNA using
Superscript III transcriptase with oligo DT primers (Life
Technologies). Real-time PCR was performed in 384-well
thin-walled PCR plates using an ABI Prism 7900 HT
(Applied Biosystems) under the following conditions: ini-
tial extension 50 °C for 2 min and denaturation 95 °C for
15 s; then 40 cycles of denaturation 95 °C for 15 s; and
annealing/extension 60 °C for 1 min. Amplification was
performed using the TagMan Gene Expression master mix
(Invitrogen) and array primers (Applied Biosystems), listed
in Supplemental Table S1. Data analysis was performed
using SDS 2.4.1 (Applied Biosystems). mRNA expression
levels were normalized to mouse f-actin using the ACT
method. Level of expression = 2~ (Cttarget=Ctfactin) - ¢ jg
the cycle threshold at which the fluorescence signal crosses
an arbitrary value.

Serum cytokine analysis

Mouse sera were collected from female TeMMTV-neu mice
as previously described [14]. Sera from 3-4 time points
immediately prior to tumor development were analyzed for
mice with significantly faster tumor progression compared to
those with significantly slower tumor progression within a
population (rn = 8 mice). Thirty-two cytokines (Supple-
mental Table 2) were measured in duplicate using a Milli-
plex kit (Millipore) on a Luminex instrument (Qiagen)
according to the manufacturer’s instruction.

Statistical analysis

Graphs, linear regression analysis, and ANOVA compari-
sons were completed using GraphPad Prism v5.03 soft-
ware. A one-way ANOVA with Tukey’s post-test was used
for comparisons of one variable between the three models,
and a Two-Way ANOVA with Bonferroni’s post-test was
used for grouped comparisons between the three models.
A Student’s unpaired ¢ test was used in rtPCR analysis,
with a Welch’s correction applied when appropriate. Sig-
nificance was considered at p < 0.05 for all statistical tests.

Results

Mouse mammary tumor models demonstrated
significant differences in the age of tumor onset

The mean age of spontaneous tumor development across

the models was variable. The mean age for the develop-
ment of palpable tumor in the TgMMTV-neu mice was
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«Fig. 1 Mouse mammary tumor models demonstrated significant

differences in the age of tumor onset. Shown is the number of mice,
y-axis, at age in weeks at first detection of palpable tumor (black bars)
or sacrifice with no detectable tumor (white bars), x-axis, for models,
A TgMMTV-neu (n = 69), B C3(1)-Tag (n = 57), and C MPA-
DMBA induced (n = 19) as measured from administration of MPA
(day 0)

development in the MPA-DMBA-induced model occurred
at 10.3 £ 2.97 weeks after MPA administration (95 % CI:
8.91, 11.8) (Fig. 1C). The TgMMTV-neu mice had sig-
nificantly later-onset tumors compared to both C3(1)-Tag
and MPA-DMBA mice (p < 0.001). In addition, the age at
tumor onset of C3(1)-Tag mice was significantly later than
the time-to-tumor onset in the MPA-DMBA-induced
model (p < 0.001). The age range of tumor onset in C3(1)-
Tag mice was more uniform than that of the TgMMTV-neu
strain; the majority of C3(1)-Tag mice developed
tumors & 5.7 weeks of the mean onset age, whereas the
majority of TgMMTV-neu mice developed tumors + 11.8
weeks of the mean onset age. All MPA-DMBA-induced
mice developed tumors within 16 weeks of MPA admin-
istration (Fig. 1C). Of note, 7 of 69 TgMMTV-neu (10 %)
and 1 of 57 C3(1)-Tag (2 %) did not develop palpable
tumors during the observation period, despite the docu-
mented presence of the appropriate transgene (Fig. 1A, B).

Marked heterogeneity in the rate of tumor growth is
observed between genetically engineered mouse
mammary tumor models and is not associated with age
of tumor onset

TgMMTV-neu primary tumors progressed more slowly,
with an average growth rate of 73.6 mm*/week (Fig. 2A),
compared to C3(1)-Tag tumors, 150.8 mm>/week
(»p <0.01) (Fig. 2B), and MPA-DMBA-induced mice,
163.9 mm’/week (p < 0.01) (Fig. 2C). There was no sig-
nificant difference in the rates of tumor growth between the
MPA-DMBA-induced lesions and the C3(1)-Tag tumors
(p = 0.73). A linear regression analysis comparing median
growth rate with age of tumor onset in each of the mouse
models demonstrated that age of tumor onset is not asso-
ciated with rate of tumor growth within these populations;
TgMMTV-neu; p = 0.286, R* = 0.0190 (Fig. 2D), C3(1)-
Tag; p = 0.274, R*=0.0221 (Fig. 2E), and MPA-
DMBA; p = 0.268, R* = 0.0715 (Fig. 2F). Further, the
rate of tumor growth was not associated with date of birth
in the two spontaneous models (p = 0.88 TgMMTV-neu,
p = 0.68 C3(1)-Tag). The association of tumor growth rate
with date of birth was not evaluated in the MPA-DMBA
model, as all mice were commercially provided and had the
same date of birth reported.
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Fig. 2 Marked heterogeneity in the rate of tumor growth is observed
between genetically engineered mouse mammary tumor models and
is not associated with age of tumor onset. Shown is the median tumor
growth rate (mm*/week), y-axis, by individual animal ranked from the
lowest (1) to the highest rate (n), y-axis, for, A TgMMTV-neu

Tumor growth rates can be significantly different
within a specific mouse mammary tumor model

The rates of growth, calculated from tumor onset through
sacrifice, between individual animals within a mouse model
were variable. The growth rates between the slowest 10 %
and fastest growing 10 % of tumors for TgMMTV-neu
(Fig. 3A, B) and C3(1)-Tag (Fig. 3C, D) differed signifi-
cantly (p = 0.0016 and p < 0.0001 respectively). In the
TgMMTV-neu FNAs, we observed significant differences in
tumor gene expressions between mice eventually catego-
rized as having slower versus faster growing tumors for
Cyclin D1 (p = 0.0105) and SatBl (p = 0.0012) with
higher expression of these proliferation markers being found
in rapidly progressing disease (Fig. 3E, F). No significant
difference was found in Ki67 (Supplemental Fig. S1A).

Models vary significantly in the number of mammary
tumors, but have a similar incidence and pattern
of metastasis

In the TgMMTV-neu model, 10 % of mice did not develop
palpable mammary tumors, 49 % of TgMMTV-neu mice

Age (weeks)

Time (weeks)

(n=62), B C3(1)-Tag (n =56), and C MPA-DMBA induced
(n = 19). Median growth rate (mm3/week), y-axis, related to age at
tumor onset, x-axis for D TgMMTV-neu, E C3(1)-Tag, and F MPA—
DMBA-induced mammary tumors. Solid lines show linear regression
of median growth rate on age of tumor onset

developed one palpable mammary tumor, 19 % developed
two tumors, and 22 % developed more than three palpable
tumors during their lifespan (Fig. 4A). C3(1)-Tag mice had
significantly more tumors than TgMMTV-neu mice
(p <0.001) and MPA-DMBA-induced mice (p < 0.01),
with 2 % of mice developing no palpable tumor; 28 %
developing one tumor; 24 % two tumors; and 45 % three or
more mammary tumors in their lifespan (Fig. 4A). The
majority of MPA-DMBA-induced mice (70 %) developed
only one primary tumor, whereas 15 % developed two tumors
and 15 % three or more tumors in their lifespan (Fig. 4A). No
statistical differences in intravascular (IV) and parenchymal
metastases were noted in the models. The lung was the pre-
dominant metastatic site in all three mouse models, with 28 %
IV metastases and 3 % parenchymal metastases in
TgMMTV-neu, 13 %IV and 7 % parenchymal in C3(1)-Tag,
and 6 % IV and 17 % parenchymal in MPA-DMBA-induced
mice (Fig. 4B and Supplemental Table 3). Mammary origin
of the metastatic foci was confirmed via immunohistochem-
ical staining and morphology (Supplementary Fig. S2). As
DMBA is systemically administered, other non-mammary
organs developed primary neoplastic lesions including the
lung (11 %) and stomach (5 %). The animal with the

@ Springer



506

Breast Cancer Res Treat (2014) 148:501-510

Fig. 3 Tumor growth rate can A
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suspected gastric carcinoma had a small IV and parenchymal
foci of undifferentiated carcinoma, and the site of origin could
not be determined by morphology but was excluded as pri-
mary lung by prosurfactant-c immunohistochemistry.

Mouse mammary tumor models demonstrate distinct
tumor immune phenotypes

We observed a significantly lower CD81/CD4" ratio of
CD3™ cells in the TgMMTV-neu model compared to both

@ Springer

the MPA-DMBA-induced model (p < 0.001) and the
C3(1)-Tag model (p < 0.05). There was significantly
higher CD8'/CD4* ratio in the MPA-DMBA-induced
model than in the C3(1)-Tag mice (p < 0.05) (Fig. 5A). No
significant difference was found in the CD8"/CD4™ ratio
of CD3" in the spleens of the three models (Fig. 5B).
Increased percentages of FOXP3" Treg cells have been
found in several types of cancers [15-17]. The MPA-
DMBA-induced mouse model demonstrated a significantly
higher % of FOXP3" CD4™" cells compared to TeMMTV-
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Fig. 4 Models vary significantly in the number of mammary tumors,
but have a similar incidence and pattern of metastasis. Number of
mammary tumors at the time of sacrifice, y-axis; 0 (white), 1 (light
grey), 2 (dark grey), or more than 3 (black) for, x-axis, A TgMMTV-
neu (n=69), C3(1)-Tag (n =57), and MPA-DMBA induced
(n=19). B Percent incidence of tumor in lung, y-axis, for
TgMMTV-neu (n =29), C3(1)-Tag (n = 30), and MPA-DMBA
induced (n = 18) by origin and location, x-axis; metastatic mammary
IV (white), metastatic mammary parenchymal (light grey), primary
lung parenchymal (dark grey) or metastatic poorly differentiated
carcinoma, favoring  gastric  origin  (black). **p < 0.01,
#HEEp < 0.0001

neu (p < 0.01) and C3(1)-Tag mice (p < 0.01) (Fig. 5C).
No difference in the FOXP3" CD4™" cells were detected
between the C3(1)-Tag and TgMMTV-neu tumors or in the
spleens of all three models (Fig. 5C, D). MDSC frequently
accumulate as tumor burden increases resulting in immune
suppression [18]. Although there were no significant dif-
ferences in MDSC in the spleen of the three mouse models
(Fig. 5F), we observed significantly higher MDSC levels in
the tumors of MPA-DMBA-induced mice compared to the
TgMMTV-neu (p <0.001) and the C3(1)-Tag mice
(p < 0.01) (Fig. SE). There was no significant difference in
MDSC between the TeMMTV-neu and C3(1)-Tag mice. A

representative result from flow cytometry analyses in the
three mouse models is shown in Supplementary Fig. S3.

In addition, an analysis of immune infiltrates in spleen
and TIL as related to tumor volume was performed. The
only positive relationship was found in the C3(1)-Tag
model. The total CD4% T-cell number (p = 0.038,
R* = 0.397) (Supplemental Fig. S4.A) and level of MDSC
(p = 0.029, R* = 0.426) (Supplemental Fig. S4.B) proved
to be significantly higher with greater tumor volumes.
Immune infiltrates in spleen and TIL were not significantly
correlated with tumor volume for any cell type studied in
the other models (all p > 0.05).

Significant elevation of Type I serum cytokines

and tumor expression of genes associated with Type II
immunity define slow and rapid progressors,
respectively

Several Thl cytokines, including IL-2 (mean + SE: slow
0.6 £ 0.2, vs. rapid, 0.1 &£ 0.1; p = 0.017), TNF-a (3.7 &+
0.2 vs. 2.9 + 0.3; p = 0.038), and M-CSF (7.0 & 0.7 vs.
4.7 £ 0.8; p = 0.044) were significantly elevated in mice
with slower-progressing tumors than those with rapidly
progressing tumors. Two chemo-attractant cytokines, mac-
rophage inflammatory protein 2 (MIP-2; 102.9 4 11.0 vs.
55.1 £ 8.5; p = 0.002) and monocyte chemotactic protein-
1 (MCP-1; 11.7 & 1.0 vs. 7.5 £ 0.9; p = 0.005) were also
significantly higher in slower-growing tumors. In contrast,
IL-1-a was significantly decreased in the slower-progressing
compared to rapidly progressing tumors (416.5 &+ 71.7 vs.
642.3 + 63.6; p = 0.027) (Supplemental Table 2). PCR
analysis demonstrated significantly higher expression of
immunosuppressive markers TGFB (p < 0.01) and Gata3
(p < 0.05) in the more rapidly progressing tumors (Supple-
mental Fig. S1B, C). In addition, there was a trend toward
greater expression of FOXP3 in the fast compared to slow-
growing tumors (p = 0.099) (Supplemental Fig. S1D).

Discussion

We evaluated the natural evolution of spontaneous mouse
mammary tumors in three commonly used murine models of
breast cancer: TgMMTV-neu, C3(1)-Tag, and MPA-
DMBA-induced mammary tumors from in the FVB/N strain.
The tumor growths were heterogenic both within and across
models. The most rapidly progressive tumors within a single
model demonstrated significant upregulation of genes asso-
ciated with proliferation and Type II immunity compared to
slower-progressing lesions, whereas Type I cytokines were
elevated in the serum of individuals with slower-progressing
tumors. Finally, the levels and phenotype of tumor-infil-
trating immune cells differed significantly between models.
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Mice engineered to develop cancer from a limited series
of genetic alterations have been thought not to adequately
reflect the heterogeneity of human malignancy. Recent
studies have demonstrated the complex heterogeneity of
the genomic landscape within individual cancer patients. A
detailed genomic analysis of human renal cell carcinomas
revealed significant heterogeneity of mutations across
several samples taken from the same lesion within a single

@ Springer

individual [19]. Analyses evaluating mammary tumors
which arose in the MMTV-Myc model have demonstrated
significant genetic heterogeneity and histologic differences
in tumors derived from the same breeding colony [20]. A
recent investigation reported that the genetic profiles of
primary tumors, residual tumors remaining after chemo-
therapy, and lung metastases were quite different from each
other in the MMTV-PyMT mammary tumor model [21].
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The varied kinetics of tumor growth we observed within
the transgenic models would suggest that there is a genetic
or environmental heterogeneity influencing tumor pro-
gression. These models may be useful for assessing
response to therapies in both primary lesions and metas-
tasis. The longer growth rate we observed could potentially
allow for the assessment of the development of resistance
to novel therapies.

With standard approaches for therapeutic modeling in
mice, xenographs in immunodeficient mice or syngeneic
implants, tumors do not have robust immune infiltrates.
Investigations have demonstrated that tumor cell lines
implanted subcutaneously into a syngeneic host have sig-
nificantly fewer infiltrating immune cells than tumors that
arise spontaneously in genetically engineered mice [22].
Recent studies suggest that immune cell infiltrates, present
in breast cancers, affect prognosis as well as response to
treatment. In an evaluation of over 1,000 patients, the
percent of intratumoral lymphocytes was an independent
predictor for the development of a pathologic complete
response [23]. Moreover, high levels of infiltrating
CD4"FOXP3" Tregs are associated with a poor clinical
outcome in breast cancer [24]. Several subsequent studies
have validated that specific tumor immune infiltrates sig-
nificantly impact disease-free and overall survival [25-27].
The strongest evidence for a beneficial role of immune
infiltration in human breast cancer is seen in ER-negative
tumors with increased CD8" TILs conferring a signifi-
cantly improved prognosis and superior response to therapy
rivaling that of ER-positive tumors [27-29]. Similar to
what is seen in the human, the intratumoral CD8/CD4 ratio
is greater in C3(1)-Tag tumors, which are similar to triple-
negative breast tumors, than in the TgMMTV-neu lesions,
which are similar to luminal B breast tumors (p < 0.05).
The importance of CD8' immune infiltration on prognosis
is less apparent in hormone receptor-positive disease;
however the presence of increased FOXP3™ T-cells pre-
dicts a worse prognosis [24]. The hormone receptor-posi-
tive model we studied had the highest levels of both
FOXP3" and MDSCs. Gene expression data obtained from
low-volume tumors suggest that immune regulation may
play a role in modulating the diverse growth rates observed
in these murine mammary tumors. The significant variation
in both adaptive and innate immune cell infiltrates between
models may provide a tool for addressing the role of
immunity in modulating clinical response to standard and
experimental therapies.

Spontaneous mammary tumor models offer several
benefits in translational oncology: the heterogeneity of
disease more closely mirrors cancer patients and the slower
rate of disease progression and multiplicity of lesions
provides a unique model system to address the roles of
drug selection and immune modulation in treatment

response or failure. Studies, such as the one described here,
should provide a baseline for the development of experi-
mental designs for the evaluation of the role of immunity in
influencing the response to breast cancer therapy.
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