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Abstract Female mice transgenic for the rat proto-onco-
gene c-erb-B2, under control of the mouse mammary tumor
virus (MMTYV) promoter (neuN), spontaneously develop
metastatic mammary carcinomas. The development of
these mammary tumors is associated with increased num-
ber of GR-1"CDI11b* myeloid derived suppressor cells
(MDSCs) in the peripheral blood (PB), spleen and tumor.
We report a complex relationship between tumor growth,
MDSCs and immune regulatory molecules in non-mutated
neu transgenic mice on a FVB background (FVB-neuN).
The first and second tumors in FVB-neuN mice develop at
a median of 265 (147-579) and 329 (161-523) days,
respectively, resulting in a median survival time (MST) of
432 (201 to >500) days. During tumor growth, significantly
increased number of MDSCs is observed in the PB and
spleen, as well as, in infiltrating the mammary tumors. Our
results demonstrate a direct correlation between tumor size
and the number of MDSCs infiltrating the tumor and an
inverse relationship between the frequency of CD4* T-cells
and MDSCs in the spleen. Quantitative reverse transcrip-
tion-polymerase chain reaction (QRT-PCR) assessment of
enzyme and cytokine transcript levels in the spleen, tumor,
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tumor-infiltrating non-parenchymal cells (NPCs) and mam-
mary glands revealed a significant increase in transcript
levels from grossly normal mammary glands and tumor-
infiltrating NPCs during tumor progression. Tumor NPCs,
as compared to spleen cells from wild-type (w/t) mice,
expressed significantly higher levels of arginase-1 (ARG-
1), nitric oxide synthase (NOS-2), vascular endothelial
growth factor (VEGF-A) and significantly lower levels of
interferon (IFN)-v, interleukin (IL)-2 and fms-like tyrosine
kinase-3 ligand (FIt3L) transcript levels. Transcript levels
in the spleens of tumor-bearing (TB) mice also differed
from normal mice, although to a lesser extent than tran-
script levels from tumor-infiltrating NPCs. Furthermore,
both spleen cells and NPCs from TB mice, but not control
mice, suppressed alloantigen responses by syngeneic con-
trol spleen cells. Correlative studies revealed that the num-
ber of MDSCs in the spleen was directly associated with
granulocyte colony stimulating factor (G-CSF) transcript
levels in the spleen; while the number of MDSCs in the
tumors was directly correlated with splenic granulocyte
macrophage stimulating factor (GM-CSF) transcript levels,
tumor volume and tumor cell number. Together our results
support a role for MDSCs in tumor initiation and progres-
sive, T-cell depression and loss of function provide evi-
dence which support multiple mechanisms of MDSC
expansion in a site-dependent manner.

Keywords MDSC - Mammary cancer - Transgenic - Neu

Introduction
During tumor progression and growth, Gr-1*CD11b* mye-

loid-derived suppressor cells (MDSCs) are frequently
increased within the circulation, spleen and tumor in
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response to tumor-secreted growth factors [1]. MDSCs may
facilitate tumor angiogenesis, progression and metastasis,
as well as, inhibit lymphocyte and dendritic cell expansion,
activation and function [2, 3]. Autochthonus tumors reca-
pitulate tumor induction, progression and metastasis and
provide a model for studying tumor pathobiology. Tumor-
associated expansion of MDSCs also inhibits T lymphocyte
number and function [4-6] both of which are reversed by
tumor excision [7]. Thus tumor-induced expansion of
MDSCs in BALB-neuT transgenic mice is associated with
a depression in T-cell mediated cytotoxicity suggesting a
role for MDSCs in immune evasion [8, 9] and tumor pro-
gression.

In addition to neoplastic diseases, MDSCs are increased
in numerous pathologic conditions including: chronic
infections, inflammatory diseases, graft-versus-host disease
and traumatic stress [8, 10, 11]. They were initially
described in 1983 when they were identified as natural
suppressor cells and defined as cells without lymphocyte-
lineage markers that could suppress lymphocyte responses
[12—-14]. MDSCs in mice are Gr-1"CD11b* cells [15, 16]
and have been reported to variably express Ly6, CD31 [17],
CD124, the interleukin (IL)-4 receptor-o chain [18] and
CDI115 (the macrophage-colony stimulating factor (M-
CSF) receptor [19]). Tumor growth results in the expansion
of this heterogeneous cellular population, which can inhibit
not only the activation of T-cells by anti-CD3 and superan-
tigens, but also the antigen-specific CD4* and CD8" T-cell
responses [20-23]. The mechanism(s) of MDSC immuno-
suppression are diverse including: up-regulation of reactive
oxygen species (ROS), nitric oxide (NO), and L-arginine
metabolism, as well as, the secretion of immunosuppressive
cytokines [10, 21].

In previous studies, we have reported that the size of
transplantable murine mammary tumors are directly related
to the expansion of MDSCs, tumor infiltration and gene
expression, along with inverse relationship to T-cell
number [23]. Tumor non-parenchymal cells (NPCs) in
transplantable tumor models have increased levels of
cyclooxygenase-2 (COX-2), arginase-1 (ARG-1) and nitric
oxide synthase-2 (NOS-2) providing multiple mechanisms
for T-cell suppression [23]. We report herein, that non-
mutated neu transgenic mice on a FVB background (FVB-
neuN) mice have multiple mechanisms regulating MDSCs
expansion in the spleen and tumor. Transcript levels of
granulocyte colony stimulating factor (G-CSF) in the
spleen and granulocyte monocyte colony stimulating factor
(GM-CSF) transcript levels in tumor NPCs are directly cor-
related with the number of MDSC:s in the spleen and tumor,
respectively. We suggest, based on these results in FVB-
neulN mice and their mammary tumors [24], that there are
multiple regulatory mechanisms for MDSC expansion that
are organ/site dependent.
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Materials and methods
Transgenic mice

Female FVB mice with the rat neu gene under control of
the mouse mammary tumor virus (MMTYV) promoter were
a kind gift from Dr. K.U. Wagner (University of Nebraska
Medical Center, Omaha, NE) and were bred in our animal
facility at the University of Nebraska Medical Center. The
mice were bred at 6 weeks of age and used as monoparous
in these studies. All mice were treated according to the
guidelines of Institutional Animal Care and Use Committee
Requirements. The mice received irradiated feed from Har-
lan Teklad Lab and acetated water ad libitum.

Model

In this study, immune surrogates were analyzed by flow
cytometry (FCM) and quantitative real-time polymerase
chain reaction (QRT-PCR) at 2, 4 and 6 months of age and
in mice bearing one or more gross tumors. Time to devel-
opment of the first and second tumors as well as the total
number of tumors at death was assessed. The primary and
secondary tumors were measured twice a week from ini-
tial palpation to mortality. At necropsy we assessed the
sites of metastasis, quantitated their number, confirmed
the lesions as tumors histologically and studied the effect
of tumor burden on white blood cell (WBC) counts in the
blood, spleen and tumors following collagenase digestion.
Tissues from grossly normal mammary glands were also
obtained for qRT-PCR analysis. Non-necrotic tumor frag-
ments, spleen cells and grossly normal mammary tissue
were flash frozen and stored at —90°C for qRT-PCR anal-
ysis.

Cell isolation

Tumor NPCs and PB mononuclear cells (PBMCs) were
prepared as described previously [25]. Briefly following
tumor resection, tumors were washed in sterile Dulbecco’s
modified eagle’s medium (DMEM) and scalpels used to cut
them into 1 mm? fragments in a solution of type IV collage-
nase (1.4 mg/ml) (Sigma) and DNase (0.3 KU/ml) (Sigma,
St. Louis, MO). The fragments were incubated in trypsin-
ization flasks with slow, continuous shaking at 37°C for
30 min, single cell suspensions removed and fresh enzyme
added for three cycles of digestion. Cell suspensions were
passed through Nytex filters and the mononuclear cells iso-
lated by layering the washed cells over Lympholyte-M
(Cedarlane). After centrifugation, tumor-infiltrating leuko-
cytes were collected from the interphase. Spleen cells were
obtained by mechanical disruption and prepared by osmotic
lysis of red blood cells for flow analysis and WBC numbers
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were determined using a Scil Vet ABC Hematology Ana-
lyzer (Scil Animal Care Co, Grayslake, IL).

Proliferation assays

Lymphocyte proliferation assays were carried out with six
replicates, using spleen cells cultured in RPMI-1640
medium and 15% FBS. The concanavalin-A (Con-A) mito-
genesis was observed for 72 h at 5 pg/ml of Con-A into
spleen cells. In the mixed lymphocyte reaction (MLR)
co-culture assay 1.5 x 10* spleen cells from FVB mice
(responders) were co-cultured with 5 x 10* irradiated
(10,000 rads) BALB/c mice as stimulators for 5 days. The
cultures were undertaken at 37°C in a 5% CO, atmosphere
with the addition of [methyl->H]-thymidine (1 pCi
[0.037 MBq] per well) (Amersham) for the last 18 h of
incubation. Cells were harvested with a Micromate 196 cell
harvester (Packard) and [*H]-thymidine incorporation was
counted using a liquid scintillation counter (TOPCOUNT,
Packard) and expressed as counts per minute (cpm).

Quantitative real-time polymerase chain reaction
(qRT-PCR)

Whole tissue samples, isolated spleen cells and collagenase
disassociated and ficoll hypaque isolated NPCs were used
for RNA extraction following manufacturer recommenda-
tions using Trizol (Sigma, St. Louis, MO) [17]. Reverse
transcription was with 5 pg RNA, Superscript II (Invitro-
gen, Carlsbad, CA) with (dT) 18 and random Hexamers
(Invitrogen). Primers were designed using Beacon Designer
6.0 (Premier Biosoft, Palo Alto, CA) and are shown in Sup-
plemental Table 1. qRT-PCR (2 ng of cDNA) was con-
ducted according to manufacturer’s recommendations
using iTaq Supermix (BioRad, Hercules, CA) and the iCy-
cler (BioRad), preheating at 95°C (10 min), and 40 cycles
of 15 s at 95°C, 30 s for annealing at 58—68°C, and 30 s at
72°C. Melt curves were 55-95°C for 30 s each. Specific
information for each amplimer is found in Supplemental
Table 1. Quantitation was during the 72°C portion of the
cycle with GAPDH as the control and analysis performed
by the 2724€T Livak Method [26].

Flow cytometric analysis

Single cell suspensions of spleen cells and tumor NPCs at a
concentration of 1 x 10° cells/ml were used in each tube in
the staining panel. Non-specific binding was blocked with
5% normal mouse serum. Cells were labeled with fluores-
cent isothiocyanate (FITC), phycoerythrin (PE), CyChrome™,
Per-CP-labeled fluorochrome or biotin-labeled Abs with
streptavidin-labeled allophycocyanin (APC) by incubation
on ice for 30 min. These included FITC conjugated CD11c

(eBiosciences), NK, Gr-1, CD25 (BD pharmagen), PE con-
jugated CD3, CDS8, CD83, Biotin/APC conjugated, CD4,
CDI11b (eBioscience) and CyChrome conjugated CDS,
B220, CD62L (BD pharmagen). Additional information on
the antibodies used is found in Supplemental Table 2. Cells
were washed, fixed and acquired with a FACScan Plus
(Becton Dickinson, Boston, MA). Forward and side scatter
were collected on a linear scale, while the florescent signals
were collected on a 4-decade log scale. Overlaps of emis-
sion spectra were electronically compensated and using the
threshold on forward scatter to eliminate debris, 70,000—
200,000 events were acquired and the frequency of subsets
determined with Attractors™ 3.0 software (Becton Dickin-
son, San Jose, CA).

Histology and immunohistochemistry

Mice were killed at the identified times and samples of tis-
sue or tumor fixed in zinc fixative and then paraffin embed-
ded. Apoptotic cells were identified with a TUNNEL assay
using the instructions supplied with the ApopTag Peroxi-
dase In Situ Apoptosis Detection Kit (Chemicon Interna-
tional, Temecula, CA). Epitope retrieval used 20 pg/ml
Proteinase K (Invitrogen, Carlsbad, CA). Gr-1 staining for
MDSCs used purified rat anti-mouse Gr-1 clone RB6-8C5
(BD Pharmingen), diluted 1:30 with blocking serum. Sec-
tions were de-paraffinized and epitope retrieval was with
microwave boiling in 0.01 M sodium citrate buffer pH 6.0.
Sections were blocked with 3% hydrogen peroxide fol-
lowed by 5% normal goat serum (Biomedia, Foster City,
CA). Primary antibody was incubated for 1 h and the sec-
ondary antibody biotin mouse anti-rat (BD Pharmingen),
diluted 1:50 in blocking serum and incubation for 30 min.
We also stained for CD31 positive cells using purified anti-
mouse PECAM-1 clone MEC13.3 (BD Pharmingen). This
primary antibody was diluted 1:50 in either PBS, TBS or
blocking serum. Epitope retrieval used 3 pg/ml Proteinase
K, sections blocked with normal rabbit serum and an avi-
din/biotin blocking kit was used as per instructions (Vector
laboratories, Inc, Burlingame, CA). After 1-h RT incuba-
tion with primary antibody, peroxidase was blocked with
0.3% hydrogen peroxide in methanol at RT for 10 min.
The secondary antibody was a rabbit anti-rat (Vector
Laboratories, Inc) diluted 1:500. All slides were enzyme—
substrate treated with the R.T.U. Vectstain® kit (Vector
Laboratories, Inc). Sections were counter stained with
0.5% methyl green solution in 0.1 M sodium acetate pH
4.2 (Acros Orgaincs, NJ).

Statistical analysis

A statistical analysis of data was performed using SPSS
10.0 for Windows (SPSS Inc., Chicago, IL). Where
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appropriate, mean values were compared using the
Student’s two sample ¢ test, otherwise data were compared
using non-parametric Mann—Whitney analysis. The Spear-
man Rho test was used to assess the correlation. Signifi-
cance was assumed at P < 0.05. Cumulative incidence of
tumor appearance and survival were analyzed using Kaplan
Meier plots.

Results
Mammary tumor development in FVB-neuN mice

The immune, molecular (cytokine and enzyme) and histo-
logic phenotypes of FVB-neuN mice that were grossly free
of mammary tumors were studied at 2, 4 and 6 months of
age. These cohorts were examined within three different
experiments (N =2 or 3 mice/cohort/experiment) resulting
in six to eight mice per cohort. In addition, two non-trans-
genic FVB control mice were studied in each experiment.
We also examined these parameters in mice with one or
more gross tumors (N =38) at a median (range) age of
9 months (8-9 months). The time to primary and secondary
tumor development as studied in 64 monoparous mice with
the observation that 56 of the 64 mice studied developed
tumors. All mice were bred once at 6 weeks of age to accel-
erate tumor development. In these studies, the median time
for the development of the first tumor was 265 days (range
of 147-579 days) as shown in Fig. 1a (Kaplan Meier plot of
cumulative mammary tumor development).

A second tumor developed in 47 of 60 mice (4 mice
were censored at this time point) with a median time to
detection of 329 days (range 161-523 days). The median
number of tumors per mouse was 3, with a range of 0-10.
The tumor growth rates of both the first and second tumors
were similar using the first day the tumor was palpated as
time O (Fig. 1b). The median survival time for the FVB-
neuN mice was 432 days (range of 201 to >500 days), as
shown in a Kaplan Meier survival curve (Fig. lc).
Although, not all mice were successfully autopsied due to
autolysis, autopsies were completed for 39 of the 50 mice
who have died with 27 of the 39 mice demonstrating pul-
monary metastases (62.9%) with a median of six pulmo-
nary metastases and a range of 0-35 metastases per animal
(Table 1). There were no liver metastases observed either
grossly or histologically.

Histopathology of mammary tumor developmental
in FVB-neuN mice

The FVB-neuN transgenic female mice spontaneously

develop mammary carcinomas with a well-defined progres-
sion from dysplasia to lobular and ductal carcinomas similar
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Fig. 1 The induction and growth, as well as, survival characteristics of
mammary tumors in FVB-neuN mice are shown. a Cumulative hazard
assessment for the development of the first and second palpable
tumors. b A Kaplan Meier cumulative survival plot is shown. ¢ Tumor
growth rates for the mice that developed tumors using the average time
to the development of a palpable tumor for time 0. The average &= SEM
tumor volume is plotted for the first and second tumors

to BALB-neuT mice [27]. In these studies of monoparous
FVB-neuN transgenic mice, few ductal changes were
observed at 2 months of age, when most of the ducts were
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Table 1 Overview of tumor induction, survival and metastases (mets) in FVB-neuN mice

First tumor Second tumor MST Mets
No. of mice (%) 56/64 (87.5) 47/60 (78.3) 50/56* (89.3) 27/39° (62.9)
Median (days or numbers) 265 432 6
Range (days or numbers) 147-579 161-523 201 to >500 0-35

The results are presented as median and range. The median time is in days to the development of the first and second palpable tumor. Median

survival time (MST) as calculated with a Kaplan Meier survival curve

% The number of dead mice over a total number studied. The number of dead mice is divided by the total number of mice

® The number of mice who showed gross and/or histologic metastases divided by the total number of autopsied mice

lined by a single layer of ductal epithelial cells (Fig. 2a),
including normal tertiary and lateral ducts. In a few
instances, lobular and ductal hyperplasia and lobular and
ductal hyperplasia with persistent terminal end buds were
observed. The frequency of hyperplastic lesions were
increased in 4-month-old mice, in addition to dysplasia,
hyperplasia and atypical hyperplasia which were observed
histologically as ductal protrusions and intraductal hyperpla-
sia (Fig. 2a). Ductal carcinoma in situ (DCIS) and lobular
carcinoma in situ (LCIS) were also observed at 4 months of
age (Fig. 2b). Multiple foci of carcinoma in situ (CIS) and
small lobular carcinomas were observed at 6 months of age
in all mammary fat pads examined (Fig.2c) and in the
grossly normal mammary glands of older mice with gross

Fig. 2 Hematoxylin and eosin
stained, grossly normal mam-
mary tissue from: a 2-month-old
FVB-neuN mouse, b 4-month-
old FVB-neuN mouse,

¢ 6-month-old FVB-neuN
mouse and d “Normal”
mammary tissue in neuT mouse
with gross neoplastic disease.
%200 magnification

tumors (Fig. 2b). Indeed, by 6 months of age all female mice
had intramammary CIS (Fig.2d) such that histologic or
gross carcinomas were observed in all mammary glands.
Immunohistochemical examination of Gr-17 cells revealed
an extensive infiltration of MDSCs, in the FVB-neuN mam-
mary tumors (Fig. 3a). Ring cells, as well as, histiocytic cells
characteristic of MDSCs are seen in the tumors as shown in
the insert of Fig. 3a in a section stained with hematoxylin
and eosin (H&E). Arrows point to ring cells and histiocytic
nuclei. An extensive infiltration of the tumors by microves-
sels or tubules and endothelial cell clusters were also
observed throughout the non-necrotic areas of the primary
tumor as assessed by staining against CD31 (Fig. 3b).The
MDSCs are found infiltrating throughout the non-necrotic
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Fig. 3 a—c Photomicrographs
(x200) are from non-necrotic
foci of a mammary tumor in an
FVB-neuN mice. a An immuno-
histochemical (IHC) stain of a
primary tumor with an antibody
to GR-1. The insert is an hema-
toxylin and eosin (H&E) stain
shown ring and histiocytic cells
marked by arrows. b Microtu-
bules infiltrating the primary
tumor (IHC using an antibody
against CD31). ¢ Tumor cell
apoptosis as revealed by TUN-
NEL staining. d H&E stain of a
pulmonary metastasis (x25)

portions of the tumors with an increased frequency observed
in necrotic areas (results not shown). Similarly, there are
diffuse infiltrates of apoptotic tumor cells with high numbers
found in necrotic foci within the tumors (Fig. 3c). Large,
multifocal pulmonary metastases with central necrotic foci
are observed in 62.9% of mice, which have extensive neoan-
giogenesis incorporating microvessel infiltrates and large
vessels infiltrating the tumor parenchyma (Fig. 3d).

Phenotypic analysis of lymphoid splenomegaly

Mice with gross mammary tumors had a marked spleno-
megaly with a 2.8-fold increase in spleen cell number. This
observation was not found in animals with histologic dys-
plastic and/or neoplastic disease (Fig. 4a). Lymphocyte fre-
quency, most notably natural killer (NK) cells and B-cells
(B220%) were significantly decreased during tumor progres-
sion in the FVB-neuN mice (Fig. 4a). Nonetheless, due to
the splenomeglia, the absolute number of lymphocytes and
B-cells in TB mice was significantly increased as compared
to 7-week-old wild-type (w/t) mice. This significance was
not observed with NK cells due in part to the high co-
efficient of error. The frequency of CD4* lymphocytes did
not vary significantly at any time studied, although at
6 months the absolute number of CD4" lymphocytes was
significantly depressed (Fig.4b). In contrast to the
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decreased number of CD4" cells at 6 months of age, the
number of CD3* and CD8" cells in the spleens of TB mice
were significantly increased. Further, in the 2-, 4-, and 6-
month-old mice as compared to the 7-week-old, w/t mice
the absolute number of CD3* and CD8* lymphocytes were
significantly increased. However, in the TB mice the fre-
quency of CD3* and CD8* cells decreased returning to the
levels found in w/t mice, although due to the splenomegaly
the absolute numbers remained significantly increased
(Fig. 4b). Overall in the TB mice, the absolute number of
splenic lymphocytes was increased 2.8-fold with CD3*,
CD4", CD8* and NK* cells increased 2.8-, 2.5-, 4.9- and
1.4-fold, respectively relative to w/t mice. The absolute
number of T-reg cells, defined as CD4*CD25%", was signifi-
cantly increased during tumor progression and were signifi-
cantly increased 22.3-fold in the spleens of TB mice
(results not shown). The increase in the frequency of T-reg
cells in the TB mice was such that in w/t mice the fre-
quency was 0.05% while in the TB mice it was 0.37%.

Phenotypic analysis of myeloid splenomegaly

Both the frequency and absolute number of Gr-1*CD11b*cells
(MDSCs) were significantly increased in the spleens of
FVB-neuN mice during tumor progression and growth
(Fig. 4c). The frequency of MDSC in w/t mice (average +
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Fig. 4 Flow cytometric analysis using four color staining panels
including: a Non-T-cell lymphocyte subsets, b T-cell subsets and,
¢ myeloid subsets. Results are expressed as frequency and absolute
number of the cellular subset in the spleens of FVB-neuN mice. Anal-
ysis of myeloid cells includes MDSCs (Gr-1"CD11b%), DC2s
(CD11¢*CD11b*), DCl1s (CD11c*CD11b™) and plasmacytoid DCs
(CD11c*CD11b7B220%). The results presented include spleen cells
from wild-type (W/t) FVB mice, FVB-neuN mice at 2 months of age

SEM) was 0.8 £ 0.1 and increased with tumor progression
such that TB mice had an average of 4.0 &+ 0.7%, which
was a 5.0-fold increase. In association with the splenomegaly,

(Tg 2 m), 4 months of age (T'g 4 m), 6 months of age (7g 6 m) and from
the spleens of mice with gross tumor burdens (Tumor bear). N = 6-8
in each cohort. An asterisk represents a cohort significantly different
from w/t spleens, while a pound sign represents a significant difference
from NPC isolated from the tumor. The mean + SEM is shown for the
tumor NPCs, spleen cells from TB mice and from the spleens of w/t
FVB mice

there was a 11.2-fold increase in the absolute number
(£SEM) of splenic MDSCs increasing from 0.6 0.1 x
10° cells in w/t mice to an average of 6.7 & 2.4 x 10° cells
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in TB mice. In addition, the frequency of myeloid DCs
(CD11c*CD11b%) but not lymphoid or plasmacytoid DCs
(CD11c*CD11b™ and CD11c¢*CD11b"B220*, respectively)
were significantly increased (4.0-fold) during tumor pro-
gression and growth, resulting in an 11.9-fold increase in
the absolute number. Further, in association with the sple-
nomeglia the absolute number of lymphoid and plasmacy-
toid DCs in spleens of the TB mice were significantly
increased (3.1- and 3.0-fold, respectively).

Phenotypic analysis of tumor-infiltrating NPCs

In mice with gross tumor burdens, the tumors were collage-
nase dissociated, the NPCs isolated, stained and examined
by flow cytometric analysis [28]. The tumors contained a
median of 1.53 x 10® collagenase dissociated cells, ranging
from 2.9 x 107 to 3.31 x 108 cells and a median (range) of
3.05 x 107 (5 x 10°-8.7 x 107) NPCs. Thus, the median
frequency of infiltrating NPCs following collagenase disso-
ciation was 22.5% with a range of 2.2-42.4%. The fre-
quency of NPCs in the tumors, which were lymphocytes,
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was significantly lower than the frequency found in the
spleens of w/t and TB mice (Fig. 5a). This depression in the
lymphocyte frequency included a significantly lower
frequency of CD3*CD4* and CD3*CD8" cells. In contrast,
the T-reg cell (CD4*CD25%") frequency in the NPCs was
significantly higher than in the spleens of w/t (8.0-fold
increase). The frequency of MDSCs found in the NPCs was
also significantly increased relative to the frequency in
spleen cells of w/t (45.1-fold increase) and TB mice (9.0-
fold increase relative to w/t mice). A significant increase
(25-fold) in the frequency of lymphoid DCs (CDIl1c¢*
CD11b7), but not myeloid DCs (CD11¢*CD11b"), was also
observed with the NPCs isolated from tumors relative to the
frequency in the spleens of w/t mice. It is noted that the
majority of the lymphoid DCs (CD11c*CD11b~ cells) were
plasmacytoid DCs (CD11¢*CD11b"B220* cells) in the
tumor NPCs, which were increased 25.5-fold relative to
both w/t spleens and the spleens of TB mice. This contrasts
with the spleens of TB mice where the myeloid DCs
(4.0-fold increase relative to w/t spleens) were significantly
increased relative to w/t spleens, despite the significant
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increase in MDSC (5.0-fold). The primary cellular pheno-
type found in the NPCs infiltrating mammary tumors were
MDSCs and lymphoid DCs, both of which represented
approximately 40% of the total NPCs (Fig. 5a).

Immunosuppressive activity of spleen cells and NPCs
in TB mice

Con-A mitogenesis by spleen cells from TB FVB-neuN
mice, as compared to w/t FVB mice, is shown in Fig. 5b.
These results demonstrate that the con-A mitogenesis by
spleen cells from TB mice was significantly decreased. As
there were differences in the frequency of T-cells in the
spleens of TB FVB-neuN mice, as compared to w/t mice,
the cells were irradiated and co-cultured with w/t FVB
spleen cells (responders) and irradiated BALB/c spleen
cells as stimulator cells. The addition of irradiated spleen
cells from TB mice or NPCs significantly reduced the allo-
reactive response. Indeed, the addition of NPCs from
tumors reduced the MLR response to a significantly greater
extent than the spleen cells (Fig. 5¢). In contrast to irradi-
ated spleen cells from TB mice the addition of irradiated
spleen cells from w/t mice had no effect on the MLR. The
suppressive activity of FVB-neuN spleen cells or NPCs
from TB mice to allogeneic antigen responses by syngeneic
lymphocytes resulted in a 26.8 or 49.0% (respectively)
decrease in the MLR (Fig. 5¢). The suppression was signifi-
cantly higher with tumor NPCs which had a significantly
increased frequency of Gr1*CD11b*MDSCs.

Cytokine and enzyme transcript levels in spleen cells
during tumor progression

Studies in the regulation of MDSCs and T-cells in the
spleens of FVB-neuN mice focused on cytokines and
enzymes associated with MDSC expansion and regulation
of T-cells. This included the qRT-PCR analysis of IL-1,
IL-2, 1L-4, IL-10, IL-12, VEGF-A, G-CSF, GM-CSF,
Flt3L, TGF-f, IFN-y, ARG-1, COX-2, NOS-2, CXCL12,
FOXp3, SCF and TCR3-L. We show in Figs. 6 and 7 only
those cytokines, growth factors and enzymes that were con-
sistently increased or decreased in response to tumor
growth. Transcription levels of ARG-1 in spleen cells were
increased during tumor progression, although in TB ani-
mals ARG-1 transcript levels were significantly reduced
compared to 6-month-old mice with histologic disease, but
still significantly higher than the levels found in w/t mice
(Fig. 6a).

A similar profile of transcript level changes was
observed for CXCL12, IL-10, G-CSF and IL-12 in the
spleen cells of FVB-neuN mice during tumor induction and
progression. In contrast, GM-CSF transcript levels were
significantly depressed in the splenocytes of mice which are

2 and 4 months of age during tumor progression, but sig-
nificantly increased (3.6-fold) in TB mice relative to the
transcript levels found in spleens of w/t mice. In contrast to
ARG-1 levels, NOS-2 transcript levels did not change sig-
nificantly in the spleens of the FVB-neuN mice including
TB mice at any time relative to w/t mice. However, COX-2
transcript levels were significantly increased, relative to w/t
mice, during tumor progression, but due to the large S.E.M
in the TB mice the increase was not significant. It is noted
that VEGF-A levels were little changed in any of these
splenic samples (results not shown).

Expression of cytokine and enzyme transcript levels
in mammary tissues and mammary tumors

The transcript levels of cytokines, growth factors and
enzymes were also examined in grossly normal mammary
tissue from non-tumor-bearing mice during tumor progres-
sion, as well as, from the grossly normal mammary gland
tissue from TB mice and compared to mammary tumors
and the mammary tissue of w/t mice (Fig. 6b). The levels of
VEGF-A, and TGF-f increased significantly during tumor
progression and all time points examined were significantly
higher than the levels observed in the mammary tissue of
w/t mice. The COX-2 levels were significantly increased in
the mammary glands of 6-month-old mice, which based on
our immunohistochemistry (IHC) and H&E stain studies
had incipient tumors. Further, the levels of ARG-1, COX-2
and NOS-2 were significantly increased in grossly normal
mammary tissue from TB mice. Non-necrotic tissue from
gross mammary tumors also had significantly increased
levels of ARG-1 (18.4-fold), VEGF-A (6.2-fold), NOS-2
(2.3-fold) and TGF-p (5.5-fold). However, these increased
transcript levels in the mammary tumors differed from G-
CSF and GM-CSF which were not significantly increased
in the mammary tissues of TB mice or the tumor tissue.
This contrasts with the significant increase in the G-CSF
and GM-CSF found in the tumor NPCs suggesting that it is
the infiltrating leukocytes found within the tumors, but not
the mammary tissues that are the source of these cytokines
which appear to support MDSC expansion, angiogenesis
and tumor growth.

Expression of cytokine and enzyme transcription levels
in tumor-infiltrating NPCs

In general, the cytokine growth factor and enzyme tran-
script levels from NPCs isolated from mammary tumors are
significantly higher than the levels observed in the spleens
of the TB mice (Fig. 7). Thus the spleens of the TB mice
had significantly increased transcript levels of ARG-1, IL10
(results not shown) and GM-CSF as compared to spleen
cells of w/t mice (Fig. 6a). However, the levels of these
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Fig. 6 Expression of cytokine and enzyme transcript levels in (a)
spleen cells and (b) mammary tumors and mammary tissues of FVB-
neuN mice. The results presented represent the transcript levels com-
pared to w/t spleens in w/t (FVB mice, FVB-neuN mice at 2 months
of age (Tg 2 m), FVB-neuN mice at 4 months of age (Tg 4 m), FVB-
neuN mice at 6 months of age (7g 6 m) and from the spleens of mice
with gross tumor burdens (Tumor bear). In the mammary tissue

enzymes and cytokines were significantly increased in the
NPCs compared to spleen cells from w/t mice. Thus, the
NPCs from the tumor had 106.9-, 14.6-, 20.6-, 42.5-, 6.0-,
10.1-, 6.3-, 6.2-, 22.0-, 5.8-, 3.7-fold increase in transcript
levels of ARG-1, COX-2, CXCI2, G-SCF, GM-CSF, SCF,
IL-10, IL-12, VEGF-A, NOS-2 and TGFp, respectively
compared to spleen cells from w/t mice. The transcript lev-
els of ARG-1, COX-2, CXCL12, NOS-2, G-CSF, SCF,
VEGEF-A TGF-f3, IL-10. IL-12 was also significantly higher
in the NPCs compared to spleen cells from TB mice. In
contrast, the NPCs from the tumors had a 0.16-, 0.42-, 0.31-
and 0.06-fold decrease in transcript levels of FIt3L, IL-2,
IFN-y and Fox-P3, respectively compared to spleen cells
from w/t mice. The levels of FIt3L, IL-2 and IFN-y were
also significantly depressed in the spleen cells from TB
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studies, (b) grossly normal tissue was also studied. N = 6-8 in each
cohort. An asterisk represents a significant difference from w/t mice,
while a pound sign represents a significant difference from TB mice.
The mean + SEM of the AT versus w/t spleen cells is shown with the
exception of mammary tissue which is compared to w/t mammary
tissue

mice as compared to spleen cells from TB mice suggesting
a type 2 immune profile (Figs. 6a, 7). The depression in IL-
2 and IFN-y suggest a decrease in type 1 lymphocytes,
although this is not consistent with the significant increase
in IL-12, a histologic origin type I cytokine. The transcript
levels of Fox-p3 in the tumor-infiltrating NPCs compared
to the levels found in the spleens of w/t mice suggest a sig-
nificant decrease in tumor-infiltrating T-reg cells (Fig. 7).
The depression in Fox P3 levels was not consistent with the
levels of CD4"CD25"" cells in the tumor NPCs which had a
6-fold increase in frequency (Fig. 5). The transcript levels
of FIt3L were also significantly lower in the tumor-infiltrat-
ing NPCs as compared to the levels in w/t mice. However,
the spleens and tumor NPCs, of TB mice had a significant
decrease in FIt3L transcript levels relative to w/t mice.
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Fig. 7 Analysis of enzyme and cytokine transcript levels (mean + of
the 24€T) in spleen cells and tumor NPCs from TB mice versus w/t
spleen cells. The results represent studies in w/t mice, spleens of mice
with gross tumor burdens (tumor bear) and NPCs from tumors. N = 6—

Correlation of tumor growth, MDSCs and cytokine
transcript T-cells in TB mice

The frequencies and absolute number of MDSCs were
significantly increased in the spleens of TB mice relative
to spleens from w/t mice, as well as, significantly
increased within the tumor NPCs. Studies to clarify the
relationship between MDSCs, T-cells and regulatory
growth factors, enzymes and cytokines were undertaken
using the results from 16 TB FVB-neuN mice with a
median tumor volume of 235.3 mm? ranging from 27.7 to
10,022 mm”.

Results used for all correlation studies are shown in
Table 2. Studies into relationships between FIt3L transcript
levels within the spleen revealed a direct association with
the tumor volume (R =0.579, P=0.012). However, this
relationship was not observed with the FIt3L transcript lev-
els in the tumor NPCs. Interestingly, there was an inverse

1.2
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5 10 15
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20

8 in each cohort. An asterisk represents a significant difference from
w/t mice while a pound sign represents a significant difference from
the NPCs in TB mice. The mean &= SEM is shown in each instance

relationship between splenic FIt3L transcript levels and the
absolute number of CD4 cells in the spleen (R = —0.838,
P < 0.000) and absolute number of MDSCs in tumor NPCs
(R=0.762, P=0.000), as well as, tumor FIt3L transcript
levels. As expected there was also a direct relationship
(R=0.622, P =0.006) between the tumor cellularity fol-
lowing collagenase disassociation and tumor volume. No
correlation was observed between tumor volume and
VEGF-A transcript levels in the spleen or tumor NPCs.
Transcript levels of G-CSF in spleen cells directly corre-
lated with the number of MDSCs in the spleens (R = 0.532,
P =0.023), but not the tumor NPCs. There was also an
inverse relationship between G-CSF transcript levels within
the NPCs infiltrating the tumor and tumor volume
(R=-0.502, P=—0.04) number of CD4" cells in the
spleen (R=—0.702, P=0.003), in the tumor NPCs
(R=-0.623, P=—0.000) and number of MDSCs in the
tumor (R = —0.623, P = —0.008) but not the spleen.
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Table 2 The Spearman Rho test was used to assess the correlation between the number of cells within the spleen (SPC) or within the non-paren-

chymal cells (NPC) within the tumor (tum)

SPC SPC SPC SPC SPC tum tum tum tum tum tum

FIt3L G-CSF GM-CSF VEG-A 9% CD4 FIt3L G-CSF GM-CSF VEG-A % CD4 Cell#
SPC #CD4 —0.838 0.07 0.762 0.215 0.757 —-0.567 —0.702 0.018 0.032 —0.514 0.776
SPC #MDSC —0.126 0.532 0.308 0.116 0.284 —-0.077 —-0.199 —0.457 —-0.226 —0.21 0.346
tum  #CD4 —0.469 0.275  0.508 —0.06 0.515 -0429 —-0.821 —-0.071 —-0.271 0.007 0.392
tum  #MDSC —0.762 0.004 0.718 0.244  0.857 —0.534 —0.623 0 —-0.047 —0.53 0.785
tum vol 0.579 —-0.17 0.731 0.468 0.285 -0277 —-0.502 —0.015 —-0.321 —-0.338  0.622

The parameters examined included the number and percent of CD3 + CD4 + (CD4) cells within the spleen and tum (% CD4 and # CD4, respec-
tively) and the percent and number of MDSCs (# MDSC) within the SPC and tum. The tumor volume was calculated using the formula for a pro-
rated sphere and expressed as mm®. The total cellularity of the tum following collagenase dissociation was also analyzed. In addition, the transcript
number for FlIt3L, G-CSF, GM-CSF and VEGF-A (VEG-A) were assessed versus w/t spleens NPCs isolated from tumors and SPC found in TB
mice. The results are expressed as an R value shown herein. A significant difference (P < 0.05) is indicated in bold number

Within the spleen, GM-CSF transcript levels were
directly correlated with the frequency of CD4* cells
(R=0.762, P = 0.000), but not with the number MDSCs in
the spleen (R=0.308, P =0.213). Similarly, there was a
direct correlation between GM-CSF transcript levels in the
spleen and the number of CD4 cells found within the tumor
NPCs (R =0.508, P =0.044) and the number of MDSCs
found within the NPCs of tumors (R=0.718, P =0.001).
This absolute number of MDSCs is also consistent with the
tumor volume such that there was a direct correlation
between splenic GM-CSF levels and tumor size (R = 0.731,
P =0.000). In contrast the levels of GM-CSF found within
the NPCs of tumors did not correlate with any of these
parameters. These relationships differ from those observed
with the splenic FIt3L transcript levels, which were
inversely related to the number of MDSCs (R = —0.762,
P =0.027) within the tumor NPCs. Thus, the number of
MDSCs within the tumor is related to the splenic transcript
levels of GM-CSF and inversely with G-CSF and FIt3L
levels within the tumor NPCs. Together these results sug-
gest that there are differences between tumor models,
including transgenic tumor models, in the relationships
between MDSCs expansion and growth factor and cytokine
transcript levels, but also the sites of MDSC expansion as
shown here for the spleen and the tumor.

Discussion

Transgenic female mice expressing the transforming rat
oncogene c-erb-B2 (ErbB2/Neu) under control of the
mouse mammary tumor virus (MMTYV) promoter reproduc-
ibly develop mammary tumors [24]. The resultant meta-
static mammary tumors have a progression similar to the
15-30% of women with Her-2-neu positive breast cancers
[29, 30] which are associated with a poor prognosis [30]
and resistance to endocrine and conventional chemotherapy
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[27, 31-34]. To date, most of the “survival” studies have
focused on ErbB2-neu transgenic mice on a BALB/c back-
ground [35], examining potential mechanisms associated
with tumor induction, progression and therapeutic interven-
tion [7, 27, 32, 35, 36]; although, a few studies have been
undertaken in FVB mice [37-39].

In our studies, the tumor incidence in monoparous FVB-
neuN mice was 90%, with a median time to tumor induc-
tion of 265 days. While this is a high tumor incidence com-
pared to nulliparous FVB-neuN mice, the time to tumor
induction was longer in FVB-neuN mice compared to the
FVB-neuT (MMTV/activated neu) mice, 89 days (range
78-95) reported by Muller et al. [34], and the BALB-neuT
mice, 18-25 weeks of age reported by Boggio et al. [40].
Further, survival of the monoparous FVB-neuN mice is
prolonged (median survival of 432 days) as opposed to
183 days, as reported for BALB-neuT mice [41, 42].
Wagner et al. reported that parity promoted tumorigenesis
in FVB- neuN mice and shortened the overall onset of the
disease, such that all multiparous littermate controls devel-
oped mammary tumors in less than 1 year in a manner
dependent on the number of pregnancies [43]. Landis et al.
suggested that MMTV-neu mice that were maintained
pregnant or lactating, beginning at 3 weeks of age, had
accelerated tumorigenesis [44], which remained stochastic,
indicating that early pregnancy is not a requisite for tumori-
genesis. These results are consistent with the observations
from the lab of Forni [5] where FVB-neuN transgenic mice
had a marked delay in tumor onset and a reduction in tumor
multiplicity compared to BALB-NeuT (MMTV/activated
neu) female mice [36]. In our studies, which used monop-
arous FVB-neuN mice with a long latency and slow growth
also develop a high incidence of lung metastases, which
may be due to the prolonged tumor progression. As dis-
cussed herein, based on the histologic studies, tumor devel-
opment is a multi-step process beginning with dysplastic
lesions, progressing through multiple intermediary stages
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including hyerproliferation and cellular abnormalities and
resulting in invasive, metastatic carcinomas [33].

In our histopathologic studies of FVB-neuN mice,
tumors develop similarly, to that observed in BALB-neuT
mice [5, 36], but with a slower induction and progression
timeline. We have extended the BALB-neuT studies with
the finding of a Gr-17 cell infiltration that is increased
within necrotic foci. Numerous apoptotic cells are also
found within the tumors, as well as, extensive capillary for-
mation most notably within pulmonary metastases. Thus,
FVB-neuN mice differ from the BALB-neuT mice based on
the kinetics of tumor induction and progression, as well as,
a lack of hepatic metastases.

Abnormalities in myelopoiesis can occur in patients with
a wide variety of tumor histiotypes [7, 38, 45-47] typically
observed as a leukocytosis/granulocytosis which is
described as a “perineoplastic syndrome”. This is not asso-
ciated with invasion or metastasis, but rather tumor secre-
tion of cytokines and growth factors [10]. Thus, tumor
secretion of VEGF-A, G-CSF, GM-CSF or SCF have all
been shown to expand the number of circulating hemato-
poietic progenitors [48, 49] and to alter CD34" and den-
dritic cell homing, infiltration and maturation [24, 50-53].
Expansion of MDSCs has been observed in TB mice and in
response to cyto-reductive therapy [54], as well as, in the
PB of cancer patients [55]. We report herein, studies into
the relationship between tumor progression and myelopoie-
sis [32, 36, 56] using the FVB-neuN murine model. Pro-
gression of mammary tumors [33, 57] occurs in association
with splenomeglia, a progressive increase in circulating Gr-
1*CD11b* cells and a reduction in T-cell frequency. Unlike
the studies in BALB-neuT mice, our studies revealed a sig-
nificant inverse relationship between splenic CD4* lympho-
cyte numbers and tumor volume and cellularity (P = 0.011
and 0.000, respectively). The studies in BALB-neuT mice,
reported a relationship between tumor multiplicity and
MDSC frequency, but not tumor volume [7]. Our studies
also observed a significant inverse relationship between the
frequency of splenic CD4* cells and the number of MDSCs
within the tumor (P = 0.027).

Multiple cytokines and growth factors appear to be
responsible for the tumor-associated expansion of hemato-
poietic progenitor cells. This includes VEGF-A which is
produced in high amounts by many tumors [56] and whose
production is associated with a poor prognosis [58]. VEGF-
A has been suggested to regulate hematopoietic progenitor
differentiation, expansion of MDSCs and to modify DC
maturation and function, in addition to, affecting steady
state hematopoiesis and increasing number of committed
myeloid progenitors [4, 6, 51, 56, 59-61]. In several murine
models, injection with VEGF-A has been shown to reduce
DC number and to inhibit in the function and maturation [7,
29, 62]. Consistent with this observation, treatment with

antibodies against VEGF-A has been shown to restore DC
maturation and function and in some, but not all studies to
reduce MDSC number [4, 50, 63]. In BALB-neuT mice,
increasing levels of serum VEGF-A, presumably secreted
by the mammary tumors, has been suggested to account for
the increased number of hematopoietic progenitors [7, 40,
58, 64]. We report that the transcript levels of VEGF-A
by NPCs (AACT 25 + 6.9) are significantly higher than the
levels observed in mammary tumor parenchyma (AACT
8.7 £ 1.8) suggesting that the infiltrating NPCs are respon-
sible much of the increase in VEGF-A transcripts as
opposed to the tumor parenchyma. Furthermore, the tumor-
infiltrating NPCs and their production of high VEGF-A
transcript levels are due to tumor cell-spleen cell interac-
tions in TB mice, as significantly lower levels of VEGF-A
transcript levels (AACT 0.5 4 0.05) are observed with
spleen cells. However, despite the increased levels of
VEGF-A, no significant correlation was observed in our
studies between tumor burden and VEGF-A transcript lev-
els in leukocytes from either the spleen or tumor. These
differ from results with BALB-neuT mice that have shown
a direct association between tumor secretion of VEGF-A
and MDSCs [40, 64]. In addition, an association between
tumor multiplicity in BALB-neuT mice and the frequency
of MDSCs has been reported in the PB and spleen has been
observed, suggesting that tumor burden affects overall
hematopoiesis [7].

In other studies, tumor-associated GM-CSF secretion by
transplanted tumors was suggested to be responsible for
abnormal myeloid differentiation [50]. Melani et al.
reported that immature myeloid cells, that were Gr-1*Mac-
1*CD31%, in the PB and spleens of BALB-neuT and the
myeloid cell expansion was mediated by VEGF but not
GM-CSF [7]. This observation was extended by a study of
GM-CSF-induced Gr1*Cd11b* MDSCs that substantially
impaired antigen-specific T-cell responses and adversely
affected antitumor immune responses in vivo [65]. Further-
more, several reports have shown that high-dose GM-CSF
producing vaccines impair the immune response through
the recruitment of myeloid suppressor cells [66]. In our
studies using FVB-neuN mice, there was a significant
increase in the GM-CSF transcript levels from tumor NPCs
(AACT 7.0 £ 1.0) and splenic cells (AACT 4.1 £1.1) as
compared to w/t mice. However, in the BALB-neuT trans-
genic mouse model, increased levels of GM-CSF was not
observed [7] suggesting that multiple mechanisms can reg-
ulate abnormal myelodifferentiation. Similar to VEGF-A,
increased levels of GM-CSF were not associated with
mammary tumor parenchyma, but rather with infiltrating
NPCs. In our studies, we observed a direct correlation
between splenic GM-CSF transcript levels and the number
of MDSCs within the tumors, but not spleens. This was not
observed with the tumor NPC GM-CSF transcript levels,
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which did not correlate with tumor burden. Interestingly,
tumor NPC, G-CSF transcript levels were inversely related
to the number of MDSCs within the tumor NPCs. This con-
trasts with the 38.1-fold increase in G-CSF transcript levels
in the spleen that directly correlated with MDSC number
within the spleen. Thus, G-CSF may be critical to the regu-
lation of splenic MDSCs; whereas, spleen GM-CSF may
regulate MDSCs within tumors. Furthermore, in these stud-
ies, VEGF-A transcript levels from both the spleen and
tumor NPCs, were not related to the number of MDSCs
within the spleen or tumor. Our studies with FVB-neuN
mice also revealed a significant suppression in Flt3L tran-
script levels by the tumor NPCs and spleen cells as com-
pared to levels in the spleen cells of w/t mice and an inverse
relationship with MDSC number within the tumor. Thus,
depressed FIt3L transcript levels were associated with a
higher number of MDSCs within the tumor NPCs. As FIt3L
is both a DC [67] and MDSC [64] growth factor. It is possi-
ble that the higher levels of FIt3L might drive progenitor
cells toward DC precursors, reducing MDSCs. In our stud-
ies, tumor NPCs had an 80% reduction in FIt3L transcript
levels; whereas, the spleen cells of TB animals had less of a
depression in FIt3L transcript levels. Further, the mammary
tumors of FVB-neuN mice had significantly increased
VEGF-A and TGF-$, but not GM-CSF or G-CSF transcript
levels. Thus, VEGF-A transcript levels within dysplastic
and premalignant mammary tissue may have a critical,
local-regional role in tumor induction and progression. In
contrast, spleen cells, in the FVB-neuN mice have signifi-
cantly increased GM-CSF and SCF transcript levels (results
not shown), but not TGF- 8 or VEGF-A (results not shown);
while the tumor-infiltrating NPCs in the FVB-neuN mice
had significantly increased, as compared to tumor paren-
chyma, transcript levels of G-CSF (57.1 £16.6 vs.
1.5+ 0.5), VEGF-A (25.3 £ 6.9 vs. 8.7 & 1.8), and GM-
CSF (7.0 £ 1.0 vs. 3.4 £ 1.8), respectively.

Our data suggests a role for G-CSF and GM-CSF
expression in MDSCs expansion and mammary tumor
development in FVB-neuN mice [68]. However, there was
no direct correlation between MDSCs infiltrating the tumor,
transcript levels of CCL2 (145.5 £39.7) and CXCL12
(25.2 £+ 4.4) were significantly increased in the tumor-infil-
trating NPCs in the FVB-NeuN. In the study by Worschech
et al. transcript levels within tumors in FVB-neuN trans-
genic mice were compared to levels within the tumor
microenvironment of w/t FVB mice which were capable of
rejecting neu over expressing mammary tumors [69]. These
studies suggested that the immune rejection in w/t mice was
primarily mediated through IFN-y stimulated genes and T-
cell effector mechanisms. This contrasted with the trans-
genic tumor model, which had activated immune suppres-
sive pathways, specifically the IL-10, SOCS-1 and SOCS-3
signaling pathways. In a study of microarrays which ana-
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lyzed the gene expression profile of mammary tissue from
untreated transgenic mice to vaccine-treated tumor-free
BALB-neuT mice [70]. At 15 weeks of age revealed an up-
regulation of gene encoding antibodies, IFNy-inducing
genes, and inflammatory molecules. Interestingly, immuni-
zation up-regulated expression of antibody-related genes,
while the expression of genes related to CTL were not up-
regulated. In addition, an up-regulation of S100A9, ligands
of the receptor for advanced glycation end-products
(RAGE) were demonstrated to be related to MDSCs. These
studies strongly support the presence of MDSCs in neu
transgenic mice and the therapeutic response to a reduction
in MDSCs.

In summary, in FVB-neuN mice, tumor size directly cor-
relates to the splenic transcript levels of FIt3L and GM-
CSF, but not VEGF-A or GM-CSF within tumor NPCs.
There is also an inverse relationship between G-CSF tran-
script levels within the tumor and tumor volume. Tumor
volume also directly correlated with the number of MDSC
within the tumor, as did tumor cellularity. We conclude that
MDSCs and their associated suppression of T-cell function
and frequency have a role in tumor induction, progression
and potentially metastasis by mammary tumors in FVB-
neuN mice. Furthermore, we suggest that in this tumor
model, MDSC expansion maybe due to multiple cytokines
secreted by cells from different organs.
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