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Abstract
Induction of tumor-specific immune responses results in the inhibition of tumor development.
However, tumors recur because of the tumor immunoediting process that facilitates development
of escape mechanisms in tumors. It is not known whether tumor escape is an active process
whereby anti-tumor immune responses induce loss or downregulation of the target antigen in the
antigen-positive clones. To address this question, we used rat neu-overexpressing mouse
mammary carcinoma (MMC) and its relapsed neu antigen-negative variant (ANV). ANV emerged
from MMC under pressure from neu-specific T cell responses in vivo. We then cloned residual
neu antigen-negative cells from MMC and residual neu antigen-positive cells from ANV. We
found marked differences between these neu-negative clones and ANV, demonstrating that the
residual neu-negative clones are probably not the origin of ANV. Since initial rejection of MMC
was associated with the presence of IFN-γ-secreting T cells, we treated MMC with IFN-γ and
showed that IFN-γ could induce downregulation of neu expression in MMC. This appears to be
due to methylation of the neu promoter. Together, these data suggest that neu antigen loss is an
active process that occurs in primary tumors due to the neu-targeted anti-tumor immune responses.
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Introduction
Tumor escape and recurrences are major challenges in immunotherapy of cancers, including
breast carcinomas. Therefore, understanding the mechanisms by which primary tumors
escape from the host immune responses may offer critical insights into the improvement of
cancer immunotherapy and lead to the development of new immunotherapeutic approaches.
A variety of molecular alterations in tumors have been reported. These include, but are not
limited to, the loss or downregulation of MHC class I antigens in tumors, defects in antigen
presentation machinery such as TAP and/or β-2 microglobulin, expression of Fas ligand
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and/or loss of Fas in tumors, expression of HLA-E or Qa1 as killer inhibitory ligands in
tumors, and loss of tumor antigens [1-4].

While immune responses can be induced against a variety of cancers, resulting in the
inhibition of tumor development, molecular alterations in tumors can also occur under
immune pressure, resulting in tumor escape. In other words, anti-tumor immune responses
can function as a “double-edged” sword exerting both host-protective and tumor-evading
effects on developing cancers; “cancer immunoediting” has been coined to accurately
describe the latter phenomena. It was reported that chemically induced methylcholanthrene
(Meth A) sarcomas derived from immunocompetent animals were more tumorogenic when
inoculated into naive wild-type mice than tumors similarly derived from immunodeficient
animals [5-7]. Based on these findings, it has been envisaged that cancer immunoediting is a
result of three processes: elimination, equilibrium, and escape [8]. At the equilibrium phase
between immune response and tumor growth, Darwinian selection has been suggested to be
the mechanism for cancer immunoediting [9]. According to Darwinian selection, the tumor-
specific immune responses eliminate highly immunogenic tumor cells, leaving behind tumor
variants of reduced immunogenicity that have a better chance of surviving in the
immunocompetent host. There are also reports suggesting that immune-mediated induction
of epigenetic changes in primary tumors leads to tumor antigen loss [10, 11]. Using a neu-
over-expressing primary tumor (mouse mammary carcinoma, MMC) and its relapsed neu
antigen-negative variant (ANV), we describe how neu-specific immune responses may
induce tumor escape. We show that IFN-γ is involved in downregulation of neu expression
in primary tumors by inducing methylation of the mouse mammary tumor virus (MMTV)
promoter.

Results
Rejection of MMC in FVB mice is mediated by host T cell responses

Wild-type FVB mice spontaneously reject MMC because the tumor cells overexpress rat
neu antigen. In order to determine whether spontaneous rejection of MMC in FVB mice is
mediated by T cells, animals were depleted of CD4+ and CD8+ T cells by the injection of
GK1.5 and 2.43 Ab, respectively [12]. Animals were then inoculated with MMC (5 × 106

cells/mouse). Depletion of T cell subsets continued until the end of the trial. As shown in
Fig. 1A, all wild-type mice rejected MMC within 3 wk, while animals depleted of CD4+ and
CD8+ T cells (CD4−/CD8−) progressively developed tumors. In order to determine the neu
specificity of the tumor rejection, wild-type mice were inoculated with ANV. All the mice
failed to reject ANV. As an additional control for the neu specificity of MMC rejection,
FVBN202-transgenic mice that tolerate neu protein were inoculated with MMC. All the
FVBN202 mice progressively developed tumors. Semi-quantitative RT-PCR analysis of the
tumors isolated from CD4−/CD8− FVB mice showed no neu antigen loss in the absence of
effector Tcells (Fig. 1B). The MMC cell line and the relapsed ANV tumors were used as
neu-positive (b) and neu-negative (c) controls, respectively. Expression of neu mRNA in the
MMC cell line was higher (100%) than expression in freshly isolated mRNA from solid
tumors (61%) because of the presence of other infiltrating cells in the tumor
microenvironment. When these solid tumors were cultured in vitro to establish viable tumor
clones, neu overexpression in the clones was consistently comparable with neu
overexpression in the MMC line (MFI: 276 versus 265, respectively; Fig. 1C). Freshly
isolated MMC or ANV were positive or negative for neu expression, respectively (Fig. 1D).

Heterogeneity of MMC and ANV in the expression of neu
We have established several lines of primary MMC and relapsed ANV cells. Flow
cytometry analyses of MMC and ANV lines showed residual neu-negative clones among
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MMC cells and neu-positive clones among ANV (Fig. 2A). We sought to determine whether
ANV emerged from the residual neu-negative clones in MMC because of the elimination of
neu-overexpressing clones by anti-neu immune responses. We sorted neu-negative clones of
MMC (MMCneg) and neu-positive clones of ANV (ANVpos); MMCneg cells were 100%
neu-negative, while ANVpos cells were 100% neu-positive, with intermediate expression of
neu as compared to MMC (Fig. 2A). These cells were stable for the absence or presence of
neu expression over 45 passages. Semi-quantitative RT-PCR analysis also showed that
ANVpos and MMCneg cells were positive (23%) and negative (0%), respectively, for the
expression of neu mRNA (Fig. 2B). MMC had the highest expression of neu mRNA
(100%), while ANV had minimal neu expression (5%). Since neu expression in the
FVBN202-transgenic mouse is regulated by hypomethylation of MMTV promoter [13], we
used bisulfite methylation assays and detected hypomethylation and hypermethylation of the
CpG-rich sites within region 1 (corresponding to nucleotides 56-316) of MMTV in MMC or
ANVpos and ANV or MMCneg, respectively (Fig. 2C). There was no mutation in the neu
gene or MMTV promoter (data not shown).

Distinct proliferation rates of ANV and MMCneg clones
In order to determine proliferation rates in vitro, all the tumor lines (2.5 × 105 cells) were
cultured for 3 days, and viable cells were counted in triplicates using trypan blue exclusion.
The viability of cells was above 98%. Proliferation rates were calculated as follows: total
cell numbers after 3-day culture divided by cell numbers on day 0. As shown in Fig. 3A,
ANV had the highest rates of proliferation (8.8), while ANVpos had the lowest rates (2.6).
Proliferation rates of MMC (5) and MMCneg (4.5) were comparable. Student’s t-test
analysis showed significant differences in proliferation rates between ANV and MMCneg

(p=0.01) or between MMC and ANVpos (p=0.03).

Differential expression of H-2q, STAT-1 and Fas in ANV and MMCneg clones
There were substantial differences between MMC and ANV, ANVpos and MMC, or
MMCneg and ANV in downregulation and upregulation of certain genes (shown in gray
dots) (Fig. 3B). Since initial rejection of MMC in FVB mice was mediated by T cells, we
evaluated expression of functional genes such as H-2q, the IFN-γ downstream signaling
molecule STAT-1, and Fas in these tumor lines using three biological replicates. As shown
in Fig. 3C, ANVpos had higher levels of H-2q expression (MFI: 67) compared to MMC
(MFI: 15) (p=0.007). MMCneg appeared to have lower levels of H-2q (MFI: 14) compared to
ANV (MFI: 30) (p=0.03). Staining of the tumor cells was performed at the same time, and
there was no variation in autofluorescence. Therefore, MFI are presented after the
subtraction of the autofluorescence.

Semi-quantitative RT-PCR analyses showed that expression of STAT-1 was higher in
ANVpos (95.4%) and MMCneg (100%) cells than in MMC (45.9%) and ANV (18.6%) cells.
While MMC showed higher expression of STAT-1 than ANV, expression of Fas was higher
in ANV (64.2%) than in MMC (38.5%) cells. ANVpos (96.3%) and MMCneg (100%) had
higher levels of Fas than MMC or ANV (Fig. 3D).

IFN-γ-induced methylation of the MMTV promoter downregulates neu expression in MMC
Initial rejection of MMC in FVB mice occurred in the presence of MMC-specific IFN-γ-
secreting T cells, while splenocytes of FVBN202-transgenic mice showed no MMC-specific
IFN-γ secretion (Fig. 4A). MMC and ANV appeared to have similar levels of expression of
IFN-γ receptor [14]. Therefore, we cultured MMC in the presence or absence of IFN-γ in
vitro to determine whether IFN-γ may induce neu antigen loss. At the end of day 3, the
viability of adherent MMC was above 99%, as determined by trypan blue exclusion, and the
total number of cells reached 21.7 × 106 in the absence of IFN-γ. IFN-γ induced apoptosis
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in the majority of MMC, so that total cell numbers reached 9.38 × 106, with only 28%
viability (2.6 × 106 viable MMC). Flow cytometry analyses of the viable cells showed that
IFN-γ increased early and late apoptotic cells from 14% and 15% to 35% and 28%,
respectively (Fig. 4B). IFN-γ-treated viable MMC showed downregulation of neu
expression both at the mRNA (Fig. 4C) and the protein (MFI: 329 versus 154; Fig. 4D) level
after a 3-day culture. Such effects were abolished when the IFN-γ receptor was blocked
using GR20 Ab (Fig. 4D). Bisulfite genomic sequencing showed that downregulation of neu
expression by IFN-γ was due to IFN-γ-induced methylation of the MMTV promoter in
MMC (Fig. 4E). In order to evaluate the status of neu expression ex vivo at the time of
MMC rejection, tumors were removed 10–14 days after the challenge. Flow cytometry
analyses of MMC showed downregulation of neu expression. However, 3- to 4-wk cultures
of these MMC in the absence of IFN-γ resulted in upregulation of neu expression ex vivo
(Fig. 4F). In order to determine whether hypomethylation of the MMTV promoter in ANV
may reverse neu expression, we treated ANV with 1 and 3 μM 5-aza-deoxycytidine for 3
days. As shown in Fig. 4G, 3 μM 5-aza-deoxycytidine reversed neu expression in ANV as
determined by RT-PCR. A higher concentration of 10 μM 5-aza-deoxycytidine was toxic
and failed to reverse neu expression in ANV (data not shown).

In order to determine the role of IFN-γ in the downregulation of neu expression in MMC in
vivo, we used two clones of MMC: IFN-γ receptor-positive MMC (MMCr+) and IFN-γ
receptor-negative MMC (MMCr−). Heterogeneity of MMC in the expression of IFN-γ
receptor alpha allowed us to prepare MMCr+ and MMCr− clones through cell passages in
vitro. Freshly isolated MMC from spontaneous mammary tumors were MMCr+, but they
lost expression of IFN-γ receptor after a number of passages in vitro and became MMCr−.
However, expression of neu antigen remained intact in MMCr−. In order to eliminate the
role of Ab responses in the rejection of MMC and focus on CD8+ T cells as a major source
of the neu-specific IFN-γ production, we depleted CD4+ T cells in vivo at the priming phase
of the immune response. Animals were then inoculated with MMCr+ or MMCr− (Fig. 5A).
While helpless CD8+ Tcells rejected MMCr− aggressively, MMCr+ remained at a plateau
until 2–3 months after the challenge and then grew aggressively (Fig. 5B). Aggressive
growth of MMCr+ was associated with the loss of neu expression and progression of MMC
into ANV, while neu expression remained unchanged during the plateau phase (Fig. 5B).
MMCr− did not relapse during this follow-up period. Rejection of MMCr−, but not MMCr+,
in CD4-depleted mice is consistent with the IFN-γ blocking studies in vivo showing that
IFN-γ is not the only cytokine involved in the rejection of MMC.

Discussion
It was suggested that immunoediting of tumors is facilitated by the genetic instability of
tumors [15], particularly in the genes encoding tumor antigens. In order to understand tumor
antigen loss during tumor immunoediting, we used the wild-type FVB mouse and the
FVBN202-transgenic mouse model of HER-2/neu-positive mammary carcinomas. Unlike
wild-type FVB, FVBN202-transgenic mice express rat neu protein under the control of the
MMTV promoter, rendering their immune system tolerant to the rat neu oncogene product.
Wild-type FVB mice can reject primary MMC in T cell-dependent, neu-specific fashion as
shown here with the in vivo CD4/CD8 T cell-depletion studies, induction of MMC-specific
IFN-γ production, and detection of MMC-specific T cell responses [16]. Since CD4
depletion in vivo may also deplete CD4+ NK1.1 cells, we depleted NK1.1 cells in vivo to
determine whether these cells may participate in MMC rejection. However, the presence of
T cells in the absence of NK1.1 cells induced spontaneous rejection of MMC in FVB mice
(data not shown). Despite T cell-mediated rejection of MMC, tumor relapse occurred due to
neu antigen loss and emergence of ANV. Such neu antigen loss was induced by anti-tumor
T cell responses, because expression of neu antigen remained intact in MMC cells derived
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from T cell-depleted mice. No marked differences were observed in the growth of MMC and
ANV when these tumors were inoculated into FVBN202-transgenic mice [12].

It has been suggested that tumor immunoediting occurs due to Darwinian selection, where
tumor-specific immune responses eliminate antigen-positive clones, and antigen-negative
variants escape and grow [8, 9]. On the other hand, there are reports supporting the
hypothesis that anti-tumor immune responses themselves induce changes in antigen-positive
clones, converting them into antigen-negative clones [10, 11]. Using a neu-overexpressing
primary tumor, MMC, and its relapsed neu-negative variants, ANV, our data in the present
studies support the latter.

First of all, we show that neu antigen loss was due to the induction of epigenetic changes in
neu-positive MMC in the presence of anti-tumor T cell responses. Initial rejection of MMC
in wild-type FVB mice occurred in the presence of MMC-specific IFN-γ-producing Tcells.
in vitro studies showed that IFN-γ was involved in downregulation of neu antigen in MMC.
Three-day treatment of neu-overexpressing MMC with IFN-γ downregulated neu
expression at both the mRNA level and the protein level in viable MMC. Sensitivity of
MMC to IFN-γ-mediated methylation of the MMTV promoter depended on the status of the
IFN-γ receptor in MMC. IFN-γ downregulated neu expression in the IFN-γ receptor-
positive MMC but not in IFN-γ receptor-negative MMC clones. However, removal of IFN-
γ from the culture resulted in normal proliferation of MMC and overexpression of neu after
3 to 4 wk in culture. Interestingly, expression of the neu antigen was downregulated at the
time of MMC rejection and recovered after a 3- to 4-wk culture ex vivo. Considering that
tumor relapse and emergence of ANV occur 1–3 months after the initial tumor rejection,
IFN-γ treatment for 3 days might not be long enough to induce complete and/or stable neu
loss. Alternatively, other components of the immune response such as neu-specific Ab [17],
Fas-Fas ligand interactions, or Granzyme B-mannose-6-phosphate receptor interactions may
also contribute to the neu antigen loss. These possibilities remain to be investigated. It is
also likely that MMC clones with low expression of neu antigen may not survive for 3–4 wk
after removal of IFN-γ in vitro, while neu-positive MMC may survive and become
predominant. Although downregulation of the neu protein was detected in MMC at the time
of tumor rejection, treatment of animals with GR20 Ab to block IFN-γ receptor in vivo did
not prevent the rejection of MMC or downregulation of neu expression in wild-type FVB
mice (data not shown). This indicates that IFN-γ partially, not solely, contributes in the
tumor rejection or induction of epigenetic changes in MMC resulting in downregulation of
the neu antigen. Interestingly, IFN-γ receptor-positive MMC clones (MMCr+) relapsed in
vivo in the presence of CD8+ T cells and absence of CD4+ T cells or anti-neu Ab. Relapsed
tumors were ANV. On the other hand, IFN-γ receptor-negative MMCr− tumors were
rejected, and animals remained tumor-free during the trial. These in vivo studies suggest that
the status of the IFN-γ receptor in tumors will determine rejection or relapse of MMC in
FVB mice (manuscript in preparation). It has been shown that loss/downregulation of neu in
FVBN202-transgenic mice is controlled by hypermethylation of the MMTV promoter in
CpG sites within region 1 [13]. Zhou and coworkers [13] identified ten potential sites of
methylation within CpG islands. However, we identified one additional potential site of
methylation (position 213) in this region. We detected hypermethylation of the MMTV
promoter during antigen loss induced by IFN-γ treatment in vitro. ANV cells isolated from
animals with intact T cells also showed hypermethylation of MMTV. This further confirmed
that IFN-γ-mediated epigenetic changes in MMC result in neu antigen loss and tumor
escape. Treatment of ANV with 3 μM of a demethylating agent (5-aza-deoxy-cytidine) was
able to reverse neu expression in ANV.

Our findings are consistent with other reports showing that IFN-γ can promote immune-
mediated tumor escape by downregulation of gp70 in CT26 tumors [10]. The downstream
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signaling pathways leading to IFN-γ-mediated antigen loss remain to be determined.
Interestingly, expression of HER-2/neu in human breast carcinomas is regulated by the AP-2
transcription factor, which binds a CpG-rich promoter region of the HER-2/neu gene [18].
Therefore, it is likely that methylation of this promoter region induced by IFN-γ may inhibit
the expression of HER-2/neu by AP-2. It was reported that treatment of HER-2/neu-positive
human ovarian carcinoma cells with IFN-γ reduced the expression of HER-2/neu at both
mRNA and protein levels [19]. We also detected IFN-γ-mediated downregulation of
HER-2/neu in human breast carcinoma cell lines (manuscript in preparation).

Secondly, we showed that residual neu-negative clones in MMC (MMCneg) and residual
neu-positive clones in ANV (ANVpos) differ from ANV and MMC, respectively. ANVpos

showed intermediate levels of neu expression as compared to MMC cells, which indicates
that ANVpos cells were not MMC left behind following neu-targeted immune responses. The
differences between ANV and MMCneg also do not support the hypothesis that ANV might
be derived from MMCneg following eradication of neu-positive clones under immune
pressure. The heterogenic nature of MMC and ANV allowed us to isolate MMCneg and
ANVpos cells and perform comparative studies. The Darwinian selection hypothesis also
predicts the presence of such residual clones. These residual neu-negative and neu-positive
clones were not artifacts of in vitro cell culture, because the status of neu expression in these
tumors was validated in several tumor clones, and similar observations were made in
fractions of freshly isolated MMC and ANV [16, 17, 20]. In addition, MMCneg and ANVpos

were highly stable for the lack of or intermediate expression of neu over 45 passages in
vitro. Thus, no residual neu-positive clones or neu-negative clones were detected in
MMCneg or ANVpos, respectively. Patterns of methylation of the MMTV promoter in four
cell lines corresponded to the patterns of surface neu expression in these cell lines. There
was one clone in ANV with complete demethylation and two clones in MMC with partial
methylation. These clones may represent residual neu-positive and neu-negative clones of
ANV and MMC, respectively. The four tumor lines appeared to have distinct gene
expression profiles as well as different morphology and proliferation rates. Hundreds of
genes were upregulated or downregulated when comparing MMC with ANV, MMC with
ANVpos, or ANV with MMCneg. Gene array analyses showed that epithelial markers such as
claudin 3 (CLDN3), CLDN4, and occluding (OCLN) [21] were markedly increased in
MMC versus ANV or MMC versus ANVpos, while these genes were not expressed in
MMCneg. In addition, mesenchymal markers such as procollagen-proline, 2-oxoglutarate 4-
dioxygenase (proline 4-hydroxylase), alpha 1 polypeptide (P4HA1), and snail homolog 1
(SNAI1) as well as actin, alpha 2, smooth muscle, and aorta (ACTA2) [21] were markedly
higher in ANV versus MMC or ANVpos versus MMC. Expression of vimentin (VIM) was
higher in ANV than in MMC. These findings are consistent with previous reports [20].

Since microarray analysis showed differentially expressed H-2q, STAT-1, and Fas in MMC,
ANV, MMCneg, and ANVpos, we used semi-quantitative RT-PCR to further validate the
microarray findings. These findings in biological replicates of the cells further confirmed
differential expression of these molecules in MMC versus ANVpos and ANV versus
MMCneg. These results are consistent with our previous findings showing that MMC and
ANV have distinct proteomic profiles [16], and these tumor lines express comparable levels
of IFN-γ receptors, while expression of STAT-1 is downregulated in ANV [14]. This also
suggests that ANV should be more resistant than MMC to IFN-γ-induced apoptosis in vivo.
Others have also reported that relapsed tumors are refractory to IFN-γ-mediated T cell
responses [22].

It has been reported that IFN-γ downregulates the NKG2D ligand H60 on tumors, rendering
them resistant to NK-mediated killing [23]. Therefore, the epigenetic effect of IFN-γ is not
restricted to particular tumor antigens. On the other hand, depending on the antigenic system
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and mechanism of antigen expression, IFN-γ may or may not modulate particular tumor
antigens. Regulatory functions of IFN-γ on the expression of other tumor antigens that are
regulated by hypomethylation of the gene promoter remain to be investigated. Our findings
are consistent with other reports [10] and further support the hypothesis that IFN-γ
simultaneously induces apoptosis and antigen loss in tumors. Therefore, the outcome of anti-
tumor immune responses will depend on the balance between these tumor inhibitory and
tumor immunoediting effects. IFN-γ is one of the components of anti-tumor immune
responses that might be actively involved in neu antigen loss due to the induction of
epigenetic changes in primary tumors. Whether other components of the immune response
such as Fas ligand, granzyme, or TRAIL contribute to tumor rejection or neu antigen loss
also remains to be determined. It has been reported that anti-neu Ab can induce neu antigen
loss in mammary carcinomas of FVBN202-transgenic mice [16]. Identification of antigenic
epitopes in HER-2/neu that may induce either immune-mediated tumor rejection or tumor
relapse would improve peptide-based vaccination approaches to overcome tumor relapse
[24, 25].

Materials and methods
Mice

Wild-type FVB (Jackson Laboratories) and FVBN202-transgenic 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 8–10
months of age, with many features similar to human breast cancer. These mice overexpress
an unactivated rat neu transgene under the regulation of the MMTV promoter [26]. 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-
transgenic mice as previously described, with minor modifications [16, 20]. 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 RPMI 1640 supplemented with 10%
fetal bovine serum (FBS) [27]. The ANV cell line was generated by s.c. inoculation of
MMC (5 × 106 to 6 × 106) into the right mid-dorsum of a non-transgenic wild-type FVB
mouse. In this mouse, anti-neu immune responses can be elicited, resulting in initial tumor
rejection and relapse of ANV after a long latency. MMCneg and ANVpos cell lines were
derived from MMC and ANV, respectively, using the Beckman Coulter EPICS Elite sorter.
These cells were then cultured in RMPI 1640 supplemented with 10% FBS and were
analyzed for the expression of rat neu protein before use. In some experiments, MMC (4 ×
106 cells) were cultured in the presence or absence of IFN-γ (50 ng/mL; Serotec, NC).

Flow cytometry
A single 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), mouse anti-H-2q

Ab, isotype control Ig, and FITC-conjugated anti-mouse Ig (BD Pharmingen, San Diego,
CA) at the concentrations recommended by the manufacturer. Cells were finally washed,
fixed with 1% ultra-pure formaldehyde, and analyzed with the Beckman Coulter EPICS XL
within 24 h of fixing. Double staining of viable cells was also performed using Annexin V
and propidium iodide (PI) as previously described [28].
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ELISPOT assay
Splenocytes of FVB and FVBN202-transgenic mice (inoculated with MMC) were subjected
to ELISPOT assay as previously described by our group [12]. Briefly, 96-well filtration
plates (Millipore, Bedford, MA) were coated with 10 lg/mL rat anti-mouse IFN-γ Ab (BD
PharMingen, San Diego, CA) and subsequently blocked with RPMI 1640 medium
containing 10% FBS. RBC were lysed with Tris-NH4Cl, and 50 μL of the splenocytes (5 ×
105 cells/well) were added to each well and incubated with 50 lL Con A (5 lg/mL) or
irradiated MMC (15 000 rad; 6:1 E:T ratios) in complete medium (10% FBS, 50 U/mL
penicillin/streptomycin, 2 mM L-glutamine, 1 mM 2-ME) at 37°C in an atmosphere of 5%
CO2 for 20–24 h. The plates were then washed extensively and incubated with 5 lg/mL
biotinylated anti-mouse IFN-γ Ab (BD PharMingen), followed by a pulse with 0.2 U/mL
alkaline phosphatase avidin D (Vector Laboratories, Burlingame, CA). Positive spots were
developed by adding 50 lL/well 5-bromo-4-chloro-3-indolyl-phosphate/nitro blue
tetrazolium solution (Roche, Indianapolis, IN).

Microarray analysis
The Affymetrix® protocol has been described elsewhere [29, 30]. The GeneChip® Mouse
Genome 430A 2.0 array provides comprehensive coverage of the transcribed murine
genome by including over 22 600 probe sets that analyze the expression level of over 14 000
murine transcripts. Each chip was scanned at a high resolution, with pixelations ranging
from 2.5 μM down to 0.51 μM, with the Affymetrix GeneChip® Scanner 3000 according to
the GeneChip® Expression Analysis Technical Manual procedures (Affymetrix, Santa
Clara, CA). After scanning, the raw intensities for each probe were stored in electronic files
(in .DAT and .CEL formats) by the GeneChip® Operating Software (GCOSv1.1)
(Affymetrix). Normalization, background subtraction, and expression values for each probe
set were calculated using a method developed by others [31], which is an effective
expression summary motivated by a log scale linear additive model. This summary statistics,
referred to as the log scale robust multi-array analysis (RMA), uses .CEL files to calculate
probe set expression summaries.

Statistical analysis
The microarray analysis was performed with the BRB-ArrayTools v3.1.0 [32], an Excel
Add-in that collates microarray data with sample data. Moreover, the “significance-score”
algorithm (S-score) was used to produce a score for all the comparisons of the expression
summaries between MMC and ANV, MMC and ANVpos, and ANV and MMCneg [33]. The
S-score produces a robust measure of expression changes by weighting oligonucleotide pairs
according to their signal strength above empirically determined noise levels. The procedure
produces scores centered around “0” (no change) with a standard deviation of 1. Thus,
scores >2 or <−2 from a single comparison have, on average, a 95% chance of being
significant hybridization changes, corresponding to p<0.05.

Semi-quantitative RT-PCR
According to the differences detected by microarray analyses, three immunologically
relevant genes (neu, STAT-1, and Fas) were selected to validate the differences in gene
expression between primary MMC versus ANVpos or relapsed ANV versus MMCneg. Total
RNA (1.5 lg) from four tumor lines was used as templates in a reverse transcription reaction
system (total volume of 20 lL). The cDNA were then transferred to a PCR master mixture
containing 1× PCR buffer, 1.5 mM MgCl2, 2.5 U Taq polymerase, and 1 μM gene-specific
primers: Neu [5′-ATGATCATCATGGAGCTGGCG-3′ (sense) and 5′-CTAG-
GATCTCAGGGTTCTCTGCA-3′ (anti-sense)]; STAT-1 and Fas [34]; and β-actin [5′-
GTGGGCCGCTCTAGGCACCAA-3′ (sense) and 5′-
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CTCTTTGATGTCACGCACGATTTC-3′ (anti-sense)]. PCR conditions were as follows:
Neu: 94°C 5 min, 94°C 1 min, 66°C 1 min, 72°C 3 min (40 cycles) followed by 10 min
extension at 72°C; STAT-1 and Fas: 94°C 5 min, 94°C 30 s, 60°C 30 s, 72°C 1 min (35
cycles) followed by 5 min extension at 72°C; β-actin: 94°C 5 min, 94°C 30 s, 52°C 30 s,
72°C 1 min (30 cycles) followed by 5 min extension at 72°C. Amplified fragments were
visualized by ethidium bromide staining of the agarose gel and photography under UV light
in Gel Doc 2000™ (BioRad). Quantity One 1-D analysis Software was used to quantitate
each PCR product. Data were normalized using β-actin as an internal control. The highest
value in the MMC-positive control was adjusted to 100%, and values for samples were
calculated proportionally.

In vivo tumor challenge studies
Female FVB mice (n=4) were inoculated s.c. with MMC or ANV (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 killed before the tumor
mass exceeded 2000 mm3. FVBN202-transgenic mice (n=3) were also inoculated with
MMC or ANV.

Bisulfite genomic sequencing
Genomic DNA was isolated from the tumor cells (6 × 106) using the ZR Genomic DNA Kit
(Zymo Research, Orange, CA). For DNA methylation analysis, 0.5 lg DNA was treated with
bisulfate using the EZ DNA Methylation Kit according to the manufacturer’s protocol
(Zymo Research). The reaction was performed using the FastStart High Fidelity PCR
System (Roche) and the following primers: forward 5′-GAGAAGTAGT-
TAAGGGGTTGTTTTTTAT-3′; reverse 5′-AAATTAACTA-
TAATCCTTACCCCAAAAA-3′. PCR reactions were carried out as described previously
[13]. The resulting PCR fragments were ligated into the pGEM-T Easy vector (Promega,
Madison, WI) and were sequenced.

Demethylation studies
ANV cells were treated with 1 or 3 μM 5-aza-deoxycytidine (EMD Biosciences, San Diego,
CA) for 3 days. MMC and ANV were used as positive and negative controls for neu
expression. RNA was then isolated and used in a two-step RT-PCR reaction using neu-
specific primers that amplified a 474-bp fragment of neu mRNA: sense 5′-
AACAGCTCAGAGACCTGCTTTGGA-3′ and anti-sense 5′-
TGATCCAAGCACCTTCACCTTCCT-3′. β-ac-was amplified as an internal control.
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ANV neu antigen-negative variant

MMC neu overexpressing mouse mammary carcinoma
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Figure 1.
Rejection of MMC in FVB mice and downregulation of neu antigen are mediated by T cell
immune responses. (A) Wild-type immunocompetent (MMC) or CD4+ and CD8+ T cell-
depleted (CD4−/CD8−) FVB mice (n=4) were inoculated with MMC. One group of FVB
mice was inoculated with ANV (ANV). As a control, FVBN202-transgenic mice (n=3),
which are tolerant to neu protein and fail to reject MMC, were inoculated with MMC
(FVBN202). (B) RT-PCR analysis for detection of neu mRNA in tumors derived from
MMC-challenged CD4−/CD8− FVB mice (a) show no neu antigen loss. Expression of neu
mRNA in neu-overexpressing MMC (b) and neu-negative ANV (c) was determined as
positive and negative controls. (C) Detection of neu expression by flow cytometry analysis
of a viable MMC line and MMC cells isolated from CD4−/CD8− FVB mice. (D) Expression
of the neu protein in freshly isolated ANV or MMC.
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Figure 2.
Establishment of MMCneg and ANVpos tumor lines from MMC and ANV. (A) MMC or
ANV were stained with anti-neu Ab and subjected to flow cytometry analyses. Residual
neu-negative clones of MMC and neu-positive clones of ANV were sorted using the
Beckman Coulter EPICS Elite sorter. Sorted cells were cultured and cloned in vitro and
subjected to flow cytometry for further analyses of neu expression. (B) RT-PCR analysis of
the indicated tumor lines for the expression of neu mRNA using β-actin as an internal
control. (C) Bisulfite genomic sequencing of the indicated cell lines. A total of ten clones
per sample was sequenced.
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Figure 3.
MMC and ANV appear to have distinct morphology, proliferation rates, and gene
expression profiles. (A) All the tumor lines were cultured at 2.5 × 105 cells/well in
triplicates using tissue culture dishes. After 3 days in culture, adherent cells were detached
using 0.25% Trypsin-EDTA. Cells were then counted using trypan blue exclusion.
Proliferation rates were calculated as follows: total cell numbers after 3 days in culture
divided by cell numbers on day 0. (B) Microarray analysis was performed on the indicated
samples. Background correction, normalization, and expression summaries were calculated.
Scatter plot of log2-transformed expression summaries of the 22 690 probe sets in the
Mouse430A 2.0 array are plotted for the samples indicated in the axes of the graphs. Gray
dots show genes that were at least 2-fold different for MMC versus ANV, MMC versus
ANVpos, or ANV versus MMCneg. Similar results were obtained in independent experiments
using two different microarray analyses on biological replicates of cells. (C) The indicated
tumor lines were subjected to flow cytometry-based analyses using mouse anti-H-2q and
FITC-conjugated anti-mouse Ig Ab. Isotype control Ab showed MFI similar to the
autofluorescence (data not shown). Representative histograms are presented, and the MFI of
quadruplicate experiments are shown after subtraction of the autofluorescence. (D) RT-PCR
analysis of STAT-1 and Fas mRNA isolated from MMC, MMCneg, ANV, and ANVpos.
Expression of β-actin was determined as an internal control.
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Figure 4.
IFN-γ downregulates expression of neu antigen by inducing methylation of the MMTV
promoter. (A) Detection of MMC-specific IFN-γ secretion by splenocytes of wild-type FVB
or FVBN202-transgenic mice (n=4) 2 wk after challenge with MMC using ELISPOT assay.
Splenocytes were stimulated with irradiated MMC in vitro at 6:1 ratios. Con A stimulation
was used as a positive control. (B) Flow cytometry analyses of early apoptotic (Annexin V-
positive) or late apoptotic (PI- and Annexin V-positive) MMC in the absence or presence of
IFN-γ for 3 days. (C) Semi-quantitative RT-PCR analysis of neu expression in MMC in the
absence or presence of IFN-γ. ANV and ANVpos cell lines were used as controls for loss or
intermediate expression of neu mRNA. Neu expression in the PCR products was quantitated
in agarose gel using Quantity One 1-D analysis Software. (D) Flow cytometry analysis of
the neu expression in MMC in the absence (dashed line) or presence (solid line) of IFN-γ in
vitro. Left and right panels show in vitro culture conditions in the absence or presence of
IFN-γ-blocking GR20 Ab (20 lg/mL), respectively. Viable cells were gated in all the FACS
analyses. Autofluorescence is shown as dotted lines. Isotype control-induced fluorescence
was similar to autofluorescence. (E) Bisulfite genomic sequencing of MMC cells after 3-day
treatment with IFN-γ. A total of ten clones per sample was sequenced. (F) MMC were
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removed from FVB mice at the time of tumor rejection (day 10–14 post-challenge).
Expression of the neu protein was detected by flow cytometry either immediately after the
MMC removal (solid line) or after 3–4 wk ex vivo culture (dashed line). The dotted line
indicates autofluorescence. (G) RT-PCR analysis of RNA isolated from untreated MMC or
ANV as well as ANV treated with different concentrations of 5-aza-deoxycytidine for 3
days. β-actin was amplified as an internal control.
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Figure 5.
IFN-γ-mediated neu antigen loss and tumor relapse in vivo. (A) Establishment of MMCr+

and MMCr− clones with the presence or lack of IFN-γ receptor alpha chain obtained from
freshly isolated spontaneous mammary tumors or after a number of passages of MMC in
vitro, respectively. (B) FVB mice (n=3) were depleted of CD4+ T cells and inoculated with
MMCr+ or MMCr−. Tumor growth was monitored until 3 months after the challenge. RT-
PCR analysis of neu mRNA expression in the tumors obtained from MMCr+-bearing FVB
mice either at the plateau phase of tumor growth (day 40 post-challenge) or at the
exponential growth phase (day 85 post-challenge).
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