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Abstract
We have previously shown T cell-mediated rejection of the neu-overexpressing mammary carcinoma
cells (MMC) in wild-type FVB mice. However, following rejection of primary tumors, a fraction of
animals experience a recurrence of a neu antigen-negative variant (ANV) of MMC (tumor evasion
model), after a long latency period. In the present study, we determined that T cells derived from
wild-type FVB mice can specifically recognize MMC by secreting IFN-γ and can induce apoptosis
of MMC in vitro. Neu-transgenic (FVBN202) mice develop spontaneous tumors and cannot reject
it (tumor tolerance model). To dissect the mechanisms associated with rejection or tolerance of MCC
tumors, we compared transcriptional patterns within the tumor microenvironment of MMC
undergoing rejection with those that resisted it either because of tumor evasion/antigen-loss
recurrence (ANV tumors) or because of intrinsic tolerance mechanisms displayed by the transgenic
mice. Gene profiling confirmed that immune rejection is primarily mediated through activation of
interferon stimulated genes (ISGs) and T cell effector mechanisms. The tumor evasion model
demonstrated combined activation of Th1 and Th2 with a deviation towards Th-2 and humoral
immune responses that failed to achieve rejection likely because of lack of target antigen.
Interestingly, the tumor tolerance model instead displayed immune suppression pathways through
activation of regulatory mechanisms that included in particular the over-expression of IL-10, IL-10
receptor and suppressor of cytokine signaling (SOCS)-1 and SOCS-3. This data provides a road-map
for the identification of novel biomarkers of immune responsiveness in clinical trials.
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Introduction
Challenges in the immune therapy of cancers include a limited understanding of the
requirements for tumor rejection and prevention of recurrences after successful therapy.
Evaluation of T cell responses in human tumors, based predominantly on the metastatic
melanoma model have clearly shown that the tumor bearing status primes systemic immune
responses against tumor-associated antigens, which, however, are insufficient to induce tumor
rejection (1,2). Moreover, the experience gathered through the induction of tumor antigen-
specific T cells by vaccines has shown that the frequency of tumor antigen-specific T cells in
the circulation (3,4) or in the tumor microenvironment (5,6) does not directly correlate with
successful rejection or prevention of recurrence (7). Similarly, patients with pre-existing
immune responses against HER-2/neu are not protected from the development of HER-2/neu
expressing breast cancers (8). Although several and contrasting reasons have been proposed
to explain this paradox, two lines of thoughts summarize these hypotheses; either tolerogenic
and/or immune suppressive properties of tumors may hamper T cell function (9–11) or
characteristics of the tumor microenvironment could induce tumor escape and evade the anti-
tumor function of an otherwise effector T cells (12,13).

In spite of this paradoxical coexistence of tumor specific T cells and their target antigen-bearing
cancer cells, recent observations in cancer patients suggest that T cells control tumor growth
and mediate its rejection. Galon J et al. and others (14–16) observed that T cells modulate the
growth of human colon cancer and T cell infiltration of primary lesions may forecast a better
prognosis. In addition, these authors observed that tumor-infiltrating T cells in cancers with
good prognosis displayed transcriptional signatures typical of activated T cells such as the
expression of interferon stimulated genes (ISGs), IFN-γ itself and cytotoxic molecules, in
particular granzyme-B (15). Similar observations were reported by others in human ovarian
carcinoma (17). These important observations derived from human tissues provide novel
prognostic markers but cannot address the causality of the association between T cell
infiltration and natural history of cancer. Recent reports based on adoptive transfer of tumor-
specific T cells suggest a cause-effect relationship between the administration of T cells and
tumor rejection (18). However, the complexity of the therapy associated with adoptive transfer
of T cells which includes immune ablation and systemic administration of IL-2 prevents a clear
interpretation of this causality.

We, therefore, adopted an experimental model that could address the paradoxical relationship
between adaptive immune responses against cancer antigens and rejection or persistence of
antigen-bearing cancers with the intent of comparing functional signatures between the
experimental model and previous human observation that could shed mechanistic information
on this relationship and potentially provide novel predictive or prognostic biomarkers to be
tested in the clinical settings. In this study, we compared transcriptional patterns of mammary
tumors undergoing rejection to that of related tumors that evaded immune recognition through
antigen loss (evasion model) or resided in tolerized transgenic mice (tolerogenic model). For
this purpose, we used FVB mice that reject neu-overexpressing mammary carcinomas (MMC)
because of the presence of a potent neu-specific T cell response. Although MMC are
consistently rejected after a few weeks, occasionally MMC recur and in such instance they
resist further immune pressure by invariably loosing HER-2/neu expression (tumor evasion
model) (19,20). Moreover, FVBN202 mice that constitutively express high levels of HER-2/
neu fail to reject MMC because they cannot mount effective anti-tumor T cell responses
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(tolerogenic model). Thus, we compared the tumor microenvironment at salient moments of
immune response/evasion/tolerance to gain, in this previously well-characterized model (19,
20), insights about the immune mechanisms leading to tumor rejection and their failure in
conditions of tumor evasion or systemic tolerance. Interestingly, the tolerance model, which
was expected to show tolerance, displayed immune suppression pathways through activation
of regulatory mechanisms that included in particular the over-expression of IL-10, IL-10
receptor and suppressor of cytokine signaling (SOCS)-1 and SOCS-3.

Materials and Methods
Mice

Wild-type FVB (Jackson Laboratories) and FVBN202 female mice (Charles River
Laboratories) were used throughout these studies. FVBN202 is the rat neu transgenic mouse
model in which 100% of females develop spontaneous mammary tumors by 6–10 mo of age,
with many features similar to human breast cancer. These mice express an unactivated rat
neu transgene under the regulation of the MMTV promoter (21). Because of the overexpression
of rat neu protein, FVBN202 mice are expected to tolerate the neu antigen as self protein, and
in cases where there might be a weak neu-specific immune response prior to the appearance
of spontaneous mammary tumors are still well tolerated (22,23). On the other hand, rat neu
protein is seen as nonself antigen by the immune system of wild-type FVB mice, resulting in
aggressive rejection of primary MMC (19,24). The studies have been reviewed and approved
by the Institutional Animal Care and Use Committee (IACUC) at Virginia Commonwealth
University.

Tumor cell lines
The MMC cell line was established from a spontaneous tumor harvested from FVBN202 mice
as previously described (11,15). Tumors were sliced into pieces and treated with 0.25% trypsin
at 4 °C for 12–16 h. Cells were then incubated at 37 °C for 30 min, washed, and cultured in
RPMI1640 supplemented with 10% Fetal Bovine Serum (FBS) (19,20). The cells were
analyzed for the expression of rat neu protein before use. Expression of rat neu protein was
also analyzed prior to each experiment and antigen negative variants (ANV) were reported
accordingly (see results).

In vivo tumor challenge
Female FVB or FVBN202 mice were inoculated s.c. with MMC (4–5×106 cells/mouse).
Animals were inspected twice every week for the development of tumors. Masses were
measured with calipers along the two perpendicular diameters. Tumor volume was calculated
by: V(volume) = L(length) × W(width)2 ÷ 2. Mice were sacrificed before a tumor mass
exceeded 2000 mm3.

IFN-γ ELISA
Secretion of MMC-specific IFN-γ by lymphocytes was detected by co-culture of lymphocytes
(4×106 cells) with irradiated MMC or ANV (15,000 rads) at 10:1 E:T ratios in complete
medium (RPMI1640 supplemented with 10% FBS, 100 U/ml penicillin, 100 ug/ml
streptomycin) for 24 hrs. Supernatants were then collected and subjected to IFN-γ ELISA assay
using a Mouse IFN-γ ELISA Set (BD Pharmingen, San Diego, CA) according to manufacturer
protocol. Results were reported as the mean values of duplicate ELISA wells.

Flow cytometry
A three color staining flow cytometry analysis of the mammary tumor cells (106 cells/tube)
was carried out using mouse anti-neu (Ab-4) Ab (Calbiochem, San Diego, CA), control Ig,
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FITC-conjugated anti-mouse Ig (Biolegend, San Diego, CA), PE-conjugated annexin V and
propidium iodide (PI) (BD Pharmingen, San Diego, CA) at the concentrations recommended
by the manufacturer. Cells were finally added with annexin V buffer and analyzed at 50,000
counts with the Beckman Coulter EPICS XL within 30 min.

Microarray performance and statistical analysis
Total RNA from tumors was extracted after homogenization using Trizol reagent according to
the manufacturer’s instructions. The quality of secondarily amplified RNA was tested with the
Agilent Bioanalyzer 2000 (Agilent Technologies, Palo Alto, CA) and amplified into anti-sense
RNA (aRNA) as previously described (25,26). Confidence about array quality was determined
as previously described (27). Mouse reference RNA was prepared by homogenization of the
following mouse tissues (lung, heart, muscle, kidneys and spleen) and RNA was pooled from
4 mice. Pooled reference and test aRNA were isolated and amplified in identical conditions
during the same amplification/hybridization procedure to avoid possible inter-experimental
biases. Both reference and test aRNA were directly labeled using ULS aRNA Fluorescent
labeling Kit (Kreatech, Netherlands) with Cy3 for reference and Cy5 for test samples.

Whole genome mouse 36 k oligo arrays were printed in the Infectious Disease and
Immunogenetics Section of Transfusion Medicine (IDIS), Clinical Center, National Institute
of Health, Bethesda using oligos purchased from Operon (Huntsville, AL). The Operon Array-
Ready Oligo Set (AROS™) V 4.0 contains 35,852 longmer probes representing 25,000 genes
and about 38,000 gene transcripts and also includes 380 controls. The design is based on the
Ensembl Mouse Database release 26.33b.1, Mouse Genome Sequencing Project, NCBI
RefSeq, Riken full-length cDNA clone sequence, and other GenBank sequence. The
microarray is composed of 48 blocks and one spot is printed per probe per slide. Hybridization
was carried out in a water bath at 42°C for 18–24 hours and the arrays were then washed and
scanned on a Gene Pix 4000 scanner at variable PMT to obtain optimized signal intensities
with minimum (< 1% spots) intensity saturation.

Resulting data files were uploaded to the mAdb databank (http://nciarray.nci.nih.gov) and
further analyzed using BRBArrayTools developed by the Biometric Research Branch, National
Cancer Institute (28) (http//:linus.nci.nih.gov/BRB-ArrayTools.html) and Cluster and
Treeview software (29). The global gene-expression profiling consisted of 18 experimental
samples. Subsequent filtering (80% gene presence across all experiments and at least 3-fold
ratio change) selected 11,256 genes for further analysis. Gene ratios were average-corrected
across experimental samples and displayed according to uncentered correlation algorithm
(30).

Statistical analysis
Rate of tumor growth was compared statistically by un-paired Student’s t test. Unsupervised
analysis was performed for class confirmation using the BRBArrayTools and Stanford Cluster
program (30). Class comparison was performed using parametric unpaired Student’s t test or
three-way ANOVA to identify differentially-expressed genes among tumor-bearing, tumor-
rejection and relapse groups using different significance cut-off levels as demanded by the
statistical power of each comparison. Statistical significance and adjustments for multiple test
comparisons were based on univariate and multivariate permutation test as previously
described (31,32).
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Results
T cell-mediated rejection of MMC and relapse of its neu antigen negative variant, ANV, in
wild-type FVB mouse

Wild-type FVB mice are capable of rejecting MMC within 3 wk because of specific recognition
of rat neu protein by their T cells as opposed to their transgenic counterparts, FVBN202, that
tolerate rat neu protein and fail to reject MMC (19,24). In order to determine whether aggressive
rejection of primary MMC by T cells may lead to relapse-free survival in wild-type FVB mice,
we performed follow-up studies. Animals (n=15) were challenged with MMC by s.c.
inoculation at the right groin. Animals were then monitored for tumor growth twice weekly.
All mice rejected MMC within 3 wk after the challenge (Supplementary Fig. S1). However, a
fraction of these animals (8 out of 15 mice) developed recurrent tumors at the site of inoculation.
These relapsed tumors had lost neu expression under immune pressure (19,24). Relapsed-free
groups were maintained as breeding colonies and did not show any relapse during their life
span. Splenocytes of FVB mice secreted IFN-γ in the presence of MMC only (2200 pg/ml)
while no appreciable IFN-γ was detected when lymphocytes were stimulated with ANV (110
pg/ml). No IFN-γ was secreted by splenocytes or tumor cells alone (data not shown).

T cells derived from wild-type FVB mice will induce apoptosis in MMC
In order to determine whether neu-specific recognition of MMC by T cells may induce
apoptosis in MMC, in vitro studies were performed. Splenocytes of naïve FVB mice were
stimulated with irradiated MMC for 24 hrs followed by 3 day expansion in the presence of
IL-2 (20 U/ml). Lymphocytes were then co-cultured with MMC (E:T ratio of 2.5:1 and 10:1)
for 48 hrs in the presence of IL-2 (20 U/ml). Control wells were seeded with MMC or
splenocytes alone in the presence of IL-2. Cells (floaters and adherents) were collected and
subjected to a three color flow cytometry analysis using mouse anti-rat neu Ab (Ab-4), PE-
conjugated anti mouse Ig, control Ig, annexin V, and PI. Gated neu positive cells were analyzed
for the detection of annexin V+ and PI+ apoptotic cells. As shown in Fig. 1A, 80% of MMC
were annexin V− and PI− in the absence of lymphocytes while only 49% of MMC were annexin
V− and PI− in the presence of lymphocytes at 10:1 E:T ratio. At a lower E:T ratio (2.5:1) there
was a slight dropping in the number of viable MMC (from 80% to 74%), but marked increase
in the number of early apoptotic cells (annexin V+/PI−) from 1% to 10%. At a higher E:T ratio
(10:1) early (Annexin V+/PI−) or late (annexin V+/PI+) apoptotic cells and necrotic cells
(annexin V−/PI+) were markedly increased.

Adoptive immunotherapy (AIT) of FVBN202 mice using T cells derived from wild-type FVB
donors failed to reject MMC

In order to determine whether T cells of FVB mice with neu-specific and anti-tumor activity
may protect FVBN202 mice against MMC challenge, AIT was performed. Using nylon wool
column, T cells were enriched from the spleen of FVB donor mice following the rejection of
MMC. FVBN202 recipient mice were injected i.p. with cyclophosphamide (CYP; 100 μg/g)
in order to deplete endogenous T cells. After 24 hrs animals were challenged with MMC tumors
(4 × 106 cells/mouse). Four-five hrs after tumor challenge, donor T cells were transferred into
FVBN202 mice (6 × 107 cells/mouse) by tail vein injections. Control FVBN202 mice were
challenged with MMC in the presence or absence of CYP treatment. Animals were then
monitored for tumor growth. As shown in Fig. 1B, CYP treatment of animals resulted in
retardation of tumor growth in FVBN202 mice as expected. Student’s t test analysis on days
14, 21, and 28 post-challenge showed significant differences between these two groups (P=
0.005, 0.007, 0.01, respectively). Adoptive transfer of neu-specific effector T cells from MMC-
sensitized FVB mice into CYP-treated FVBN202 groups did not significantly inhibit tumor
growth compared to CYP-treated control groups (P > 0.05). Adoptive transfer of neu-specific
effector T cells from untreated FVB mice into CYP-treated FVBN202 groups showed similar
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trend of tumor growth (data not shown). These experiments suggest that T cell responses
associated with MMC rejection in wild-type FVB mice (19) may represent an epiphenomenon
with no true cause-effect relationship or that FVBN202 mice retain tolerogenic properties in
spite of CYP treatment that can hamper the function of potentially effective anti-cancer T cell
responses. We favor the second hypothesis based on our previous depletion experiments that
demonstrated the requirement of endogenous effector T cells of FVB mice for rejection of
MMC tumors (19).

Genetic signatures defining rejection or tolerance of MMC tumors
To ascertain whether the presence of neu-specific effector T cells may trigger a cascade of
events which may determine success or failure in tumor rejection, wild-type FVB and
FVBN202 mice were inoculated with MMC. Historically, all FVB mice reject MMC, however
a fraction develop a latent tumor relapse. In contrast, FVBN202 mice fail to reject transplanted
MMC. Ten days after the tumor challenge, transplanted MMC tumors were excised and RNAs
were extracted from both FVB and FVBN202 carrier mice based on the presumption that the
biology of the former would be representative of active tumor rejection and that of the latter
representative of tumor tolerance. Thus, the timing of tumor harvest was chosen to capture
transcriptional signatures associated with the active phase of the tumor rejection process in
wild-type FVB mice in comparison with the corresponding tolerance of spontaneous mammary
tumors in the FVBN202 mice. We speculated that this comparison would allow distinguishing
whether tolerance was due to inhibition of T cell function within the tumor microenvironment
of spontaneous mammary tumors or to a complete absence of such responses. To enhance the
robustness of the comparison, a similar analysis was performed extracting total RNA from
spontaneous tumor in FVBN202 mice. In addition, RNA was extracted from MMC tumors in
wild-type FVB mice that experienced tumor recurrence following the initial rejection of MMC.
This second analysis allowed the comparison of mechanisms of tumor evasion in the absence
of known tolerogenic effects. Micro array analyses were then performed on the amplified RNA
(aRNA) extracted from these tumors using 36k oligo mouse arrays. Hence, genes considered
as differentially expressed in the study groups could either represent MMC tumor cells or host
cells infiltrating the tumor site. Probes with missing values greater than 80% or a change less
than 3 fold were excluded from further analysis. Unsupervised clustering demonstrated
outstanding differences among the three experimental groups (Fig. 2A). Genes of spontaneous
mammary tumors (samples 13, 15, 16, 17) clustered closely to those of transplanted MMC (14
and 18) excised from FVBN202 mice suggesting that the biology of MMC tumors remains
comparable between these two experimental models of tolerance. Global transcriptional
patterns associated with tumor relapse (samples 1–8) were instead clearly differed from those
of spontaneous mammary tumors or MMC transplanted in tolerant FVBN202 mice suggesting
that a completely different biological process was at the basis of tumor evasion through loss
of target antigen expression. Finally, MMC tumors undergoing rejection (samples 9–12) were
clearly separated from the either kind of non-regressing tumors.

Biomarkers of rejection
Our first class comparison searched for differences between the four tumor samples undergoing
rejection and the rest of the MMC tumors whether belonging to the tolerogenic or the evasion
process. This approach followed the exclusion principle whereby factors determining the
occurrence of a phenomenon should be discernible from unrelated ones independent of the
causes preventing its occurrence. An unpaired Student t test with a cut-off set at p < 0.001
identified 2,449 genes differentially expressed between regressing and non regressing tumors
(permutation p value = 0) of which 1,003 genes were up-regulated in regressing tumors clearly
distinguishing the two categories (Fig. 2B). Of those, a large number were associated with
immune regulatory functions. Gene Ontology databank was queried to assign genes to
functional categories and up-regulated pathways were ranked according to the number of genes

Worschech et al. Page 6

Cancer Res. Author manuscript; available in PMC 2009 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



identified by the study belonging to each category (Fig. 2C). The top categories of genes that
were up-regulated in primary rejected MMC tumors were Cytokine-Cytokine interaction,
MAPK signaling, Cell Adhesion related transcripts and axon guidance, T cell receptor, JAK-
STAT and Toll-like receptor signaling pathways. NK cell mediated cytotoxicity and calcium
signaling pathways were also enriched in up-regulated genes. In contrast, very little evidence
of immune activation could be observed in either category of non-regressing tumors suggesting
that lack of immune rejection is due to absent or severely hampered immune responses in the
tumor microenvironment independent of the mechanisms leading to this resistance.

To better describe the immununological pathways associated with tumor regression we
organized genes with immune function into three categories including chemokines, IFN-α2,
IFN-γ and interferon-stimulated genes (ISGs) (Table 1), and cytokines and signaling molecules
(Table 2). From this analysis, it became clear that T cell infiltration into tumors was associated
with activation of various pathways leading to the expression of IFN-α, IFN-γ and several ISGs
including interferon regulatory factor (IRF)-4, IRF-6 and STAT-2. In addition, several
cytotoxic molecules were overexpressed including calgranulin-a, calgranulin-b and granzyme-
B; all of them representing classical markers of effector T cell activation in humans (10) and
in mice (33). Thus, tumor rejection in this model clearly recapitulates patterns observed in
various human studies in which expression of ISGs is associated with the activation of cytotoxic
mechanisms among which granzyme-B appears to play a central role.

Is there a difference between signatures of immune evasion and immune tolerance?
As shown in Table 3, the high expression of IL-10 and the IL-10 receptor-β chain concordant
with IRF-1 in the tolerogenic model strongly suggests the presence of regulatory mechanism
within the microenvironment of MCC-bearing FVBN202 mice. Preferential expression of
SOCS-1 and SOCS-3 in the microenvironment of MMC tumors of FVBN202 mice also
strongly suggest a marked activation of regulatory functions present in the tolerized host (Table
3).

To further investigate whether similar mechanisms were involved in failure of tumor rejection
in tolerance model and evasion model, we characterized potential differences between the two
models of immune resistance; we compared statistical differences between the tolerogenic and
the evasion model comparing the two non-regressing groups by unpaired Student t test using
as a significance threshold a p-value < 0.001. This analysis was performed on pre-selected
genes that had been filtered for an at least 80% presence of data in the whole data set and a
minimal fold increase of 3 in at least one experiment (Fig. 3). This analysis identified 1,369
genes differentially expressed by the two groups (multivariate permutation test p-value = 0)
of which 462 were up-regulated in the tolerogenic model and 907 were up-regulated in the
tumor evasion model (Fig. 3A). Several of these genes where specifically expressed by either
group although the expression of a few of them was shared by the regressing MCC tumors.
Annotations and functional analysis based on Genontology data base (GEO) demonstrated that
the predominant functional classes of genes transcriptionally active in one of the other type of
non-responding MMC tumors were not associated with classical activation of T cell effector
functions but rather were associated with more general metabolic processes (Fig. 3B and C).
However, detailed analysis of transcripts associated with immunological function (Table 3)
defined dramatic differences between the two mechanisms of immune resistance.

Discussion
FVB mice reject primary MMC by T cell-mediated neu-specific immune responses. However,
a fraction of animals develop tumor relapse after a long latency. On the other hand their
transgenic counterparts, FVBN202, fail to mount effective neu-specific immune responses and
develop tumors (19). Although FVBN202 mice appear to elicit weak immune responses against
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the neu protein within a certain window of time (22), the neu expressing MMC tumors are still
well tolerated and animals develop spontaneous mammary tumors. Despite the observation
that T cells derived from FVB mice were capable of recognizing MMC and inducing apoptosis
in these tumors in vitro, adoptive transfer of such effector T cells into FVBN202 mice failed
to protect these animals against challenge with MMC.

It has been suggested that T cells play a significant role in determining the natural history of
colon (14–16) and ovarian (17) cancer in humans. Transcriptional signatures have been
identified that suggest not only T cell localization but also activation through the expression
of IFN-γ, ISGs and cytotoxic effector molecules such as granzyme-B (10). We have recently
shown that rejection of basal cell cancer induced by the activation of Toll-like receptor agonists
also is mediated, at least in part, by localization and activation of CD8 expressing T cells with
increased expression of cytotoxic molecules (34). Yet, a comprehensive experimental
overview of the biological process associated with tumor rejection in its active phase has not
been reported. Thus, our first class comparison searched for differences between the four tumor
samples undergoing rejection and the rest of the MMC tumors whether belonging to the
tolerogenic or the evasion process. Unlike non-regressing tumors (tolerance and evasion
models), regressing tumors (rejection model) showed up-regulation of immune activation
genes, suggesting that failure in tumor rejection is due to immune evasion or severely hampered
immune responses in the tumor microenvironment. A particularly interesting observation was
the relative low expression of ISGs, with the exception of IRF-2bp1. While the transcriptional
patterns differentiating regressing from non-regressing tumors were striking and in many ways
representative of previous observations in humans by our and others groups (35), differences
among MMC tumors non-regressing in FVBN202 mice and those relapsing after regression
in FVB mice were subtle. We have previously proposed that lack of regression of human tumors
is primarily associated with indolent immune responses rather than dramatic changes in the
tumor microenvironment enacted to counterbalance a powerful effector immune response
(13,31,35). The MMC tolerance model allowed investigating this hypothesis at least in this
restricted case. Spontaneous mammary tumors or transplanted MMC tumors in FVBN202 mice
displayed immune suppressive properties that were identified by transcriptional profiling
through the activation of genes associated with regulatory function. This would occur only in
case an indolent adaptive immune response occurred in these transgenic mice and was
hampered at the tumor site by a mechanism of peripheral suppression. If however, central
tolerance was the reason for the lack of rejection, minimal changes should be observed in
tolerogenic model similar to those detectable in the tumor evasion model where MMC tumors
lost expression of HER-2/neu and become irrelevant targets for HER-2/neu-specific T cell
responses. The presence of regulatory mechanism within the microenvironment of MCC-
bearing FVBN202 mice was associated with increased IL-10 as well as increased expression
of SOCS-1 and SOCS-3. It has recently been shown that myeloid-derived suppressor cells
(MDCS) induce macrophages to secret IL-10 and suppress anti-tumor immune responses
(36). Importantly, it was shown that high levels of MDCS in neu transgenic mice would
suppress anti-tumor immune responses against tumors (37). Interleukin-10 is increasingly
recognized to be strongly associated with regulatory T cell (38) and M2 type tumor-associated
macrophage function (39) and its expression is mediated in the context of chronic inflammatory
stimuli by the over-expression of IRF-1. SOCS-1 inhibits type I IFN response, CD40
expression in macrophages, and TLR signaling (40–42). Expression of SOCS-3 in DCs
converts them into tolerogenic DCs and support Th-2 differentiation (43). Importantly, tumors
that express SOCS-3 show IFN-γ resistance (44).

Unlike tolerance model, recurrence model revealed expression of Igtp, suggesting the
involvement of IFN-γ in this model (Table 3). This observation is consistent with our previous
findings on the role of IFN-γ in neu loss and tumor recurrence (19). MMC tumors evading
immune recognition had undergone a process of complex immune editing that resulted not
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only in the loss of the HER-2/neu target antigen but also in the up-regulation of various Th2
type cytokines such as IL-4 and, IL-13 (45) and the corresponding transcription factor IRF-7
over-expression predominantly associated to a deviation from cellular Th-1 to Th-2 and
humoral type immune responses (46). In addition, the microenvironment of recurrent tumors
was characterized by the coordinate expression of STAT-4, IL12b, IL-23r and IL-17; this
cascade has been associated with the development of Th17 type immune responses that play
a dominant role in autoimmune inflammation (47,48) and T-cell dependent cancer rejection
(49,50). Since both humoral and cellular immune responses are potentially involved in the
rejection of HER-2/neu expressing tumors (51), this data suggests that a cognitive and active
immune response is still attempting to eradicate MMC tumors which may still express
subliminal levels of the target antigen. However, the overall balance between host and cancer
cells favors, in the end, tumor cell growth because the expression of HER-2/neu, the primary
target of both cellular and humoral responses, is critically reduced.

Altogether, these observations suggest that neu antigen loss and subsequent immunological
evasion from cellular Th-1 to Th-2 and humoral type immune response is a major mechanism
in evasion model while peripheral suppression such as sustained IL-10, SOCS1 and SOCS3
expression is a major player in tolerance model. This conclusion provides a satisfactory
explanation for the lack of rejection of MMC tumors in FVBN202 mice receiving adoptively
transferred HER-2/neu-specific T cells. In this case, effective T cell responses exclude central
tolerance or peripheral ignorance as the only mechanism potentially hampering their effector
function at the tumor site suggesting that other regulatory mechanisms such as peripheral
suppression could be responsible for inactivation of donor effector T cells. High levels of
MDSC in neu transgenic mice support this possibility, and the role and mechanisms of MDSC
in suppression of adoptively transferred neu-specific T cells remain to be determined in
FVBN202 mice.
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Figure 1. T cells derived from wild-type FVB mice will induce apoptosis in MMC in vitro but fail
to reject MMC in FVBN202 mice following AIT
A) Flow cytometry analysis of MMC after 24 hrs culture with splenocytes of FVB mice
following three color staining. Gated neu positive cells were analyzed for the detection of
annexin V+ and PI+ apoptotic cells. Data are representative of quadruplicate experiments. B)
Donor T cells were enriched from the spleen of FVB mice using nylon wool column following
the rejection of MMC. FVBN202 mice (n=4) were injected with CYP followed by inoculation
with MMC (4 × 106 cells/mouse), and tail vein injection of donor T cells. Control groups were
challenged with MMC in the presence or absence of CYP treatment. Tumor growth was
monitored twice weekly.
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Figure 2. Gene expression profiling and gene oncology pathway analyses in tumor regressing and
tumor non-regressing groups
(A) Unsupervised cluster visualization of genes differentially expressed among regressing
tumors (pink bar) and non regressing tumors (blue bar = evasion model; turquoise bar =
tolerogenic model). MMC tumors were harvested 10 days after challenge and hybridized to
36k oligo mouse arrays. 11256 genes with at least 3fold ratio change and 80% presence call
among all samples were projected using log2 intensity. (B) Supervised cluster analysis (Student
t test, p< 0.001 and fold change >3) comparing regressing tumors (pink bar) and non regressing
tumors (blue bar = evasion model; turquoise bar = tolerogenic model). 2449 differentially
expressed genes have been selected for further analysis. (C) Gene Ontology databank was
queried to assign genes to functional categories and up-regulated genes within the tumor
regression group to functional categories.
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Figure 3. Gene expression profiling and gene oncology pathway analyses in tolerance and evasion
models
(A) Supervised cluster analysis (Student t test, p< 0.001 and fold change >3) comparing evasion
(blue bar) and tolerogenic group (turquoise bar). 1326 differentially expressed genes have been
visualized including also tumor regression samples (pink bar). Gene ontology pathway analysis
projecting either up-regulated pathways in evasion group (B, 854 genes) or tolerogenic tumor
models (C, 475 genes).
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Table 3
Manually selected genes with immunological function based on supervised comparison of evasion and tolerogenic
tumor models and tumor rejection model

Symbol Description evasion tolerogenic rejection

Chemokines
Ccl2 chemokine (C-C motif) ligand 2 2.304 0.614 0.392
Ccl4 chemokine (C-C motif) ligand 4 1.899 0.478 0.838
Ccl6 chemokine (C-C motif) ligand 6 2.525 0.536 0.400
Ccr7 chemokine (C-C motif) receptor 7 1.441 0.696 0.829
Cxcl10 chemokine (C-X-C motif) ligand 10 2.341 0.781 0.264
Cxcl9 chemokine (C-X-C motif) ligand 9 1.440 0.354 2.288
Xcl1 chemokine (C motif) ligand 1 4.913 0.279 0.282
Cx3cl1 chemokine (C-X3-C motif) ligand 1 5.120 0.393 0.155

Interleukins and signaling
Il12b interleukin 12b 1.768 0.866 0.397
Il13 interleukin 13 1.475 0.779 0.669
Il17d interleukin 17D 1.690 0.674 0.633
Il23r interleukin 23 receptor 2.048 0.457 0.772
Il2rg interleukin 2 receptor, gamma chain 1.798 0.742 0.484
Il4 interleukin 4 2.342 0.497 0.521
Il4i1 interleukin 4 induced 1 2.290 0.701 0.325
Il6 interleukin 6 1.105 0.504 2.291
Il7r interleukin 7 receptor 1.218 0.439 3.063
Il9 interleukin 9 1.711 0.801 0.477
Tlr11 toll-like receptor 11 2.656 0.435 0.540
Blnk B-cell linker 1.457 0.749 0.726
Bok Bcl-2-related ovarian killer protein 2.071 0.432 0.822
Vpreb3 pre-B lymphocyte gene 3 2.712 0.148 2.398
Lcp2 lymphocyte cytosolic protein 2 1.640 0.588 0.824
Ly6d lymphocyte antigen 6 complex, locus D 4.093 0.223 0.567
Nfkb1 nfkb light chain gene enhancer 1, p105 1.737 0.785 0.477
Pias2 Protein inhibitor of activated STAT 2 1.336 0.502 1.458
Pias3 protein inhibitor of activated STAT 3 1.763 0.828 0.427
Stat4 signal transducer and activator of transcription 4 1.579 0.685 0.630
Il10 interleukin 10 0.788 2.528 0.400
Il1r2 interleukin 1 receptor, type II 0.804 2.504 0.391
Il10rb interleukin 10 receptor, beta 0.422 2.839 1.174
Socs1 suppressor of cytokine signaling 1 0.566 4.683 0.308
Socs3 suppressor of cytokine signaling 3 0.621 1.751 1.120
Bak1 BCL2-antagonist/killer 1 0.663 2.698 0.514
Lsp1 lymphocyte specific 1 0.609 1.468 1.514
Tank TRAF family member-associated Nf-kappa B

activator
0.718 2.204 0.351

Tlr6 toll-like receptor 6 0.480 1.141 3.559
ISGs

Ifnb1 interferon beta 1, fibroblast 1.388 0.644 1.003
Irf7 interferon regulatory factor 7 1.500 0.677 0.406
Ifrd1 interferon-related developmental regulator 1 2.248 0.337 1.011
Ifnar1 interferon (alpha and beta) receptor 1 1.884 0.855 0.356
Igtp interferon gamma induced GTPase 1.863 0.671 0.524
Irf1 interferon regulatory factor 1 0.549 2.715 0.671
Irf3 interferon regulatory factor 3 0.845 1.759 0.479
Irf6 interferon regulatory factor 6 0.601 1.816 1.282
Ifngr1 interferon gamma receptor 1 0.582 4.515 0.308
Ifrg15 interferon alpha responsive gene 0.591 1.913 1.168
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