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ABSTRACT

Pre-menopausal patients whose breast cancers are, in general, estrogen receptor (ER) negative and
biologically more aggressive, are particularly in need of novel therapeutic interventions. A breast
cancer vaccine to prevent relapse after conventional treatment would be of enormous clinical value.
Several cancer vaccine studies have demonstrated that breast cancer patients can develop tumor
antigen specific immune responses after avaccineis given. Most of these approachestarget a
single immunogenic protein or antigen thus limiting the vaccine to those patients whose tumor
expresses that antigen. We propose the development of a multi-antigen vaccine that could potentially
benefit any ER negative breast cancer patient; the category of patient at highest risk of relapse.
Several high throughput antigen discovery tools have been devel oped that have greatly helped the
identification of immunogenic proteinsin breast cancer patients. One such technique, SEREX
(serological analysis of cDNA expression libraries) identifies tumor antigens based on spontaneous
antibody immunity that can occur in breast cancer patients. To date, over 2,000 tumor antigens

have been identified from avariety of cancers using SEREX. In fact, so many tumor antigens have
been identified a major question facing tumor immunol ogists today is- which antigen will induce
anti-tumor immunity? Investigators evaluating immunity to leukemia have recently utilized patients
who develop an anti-tumor response after immunotherapy to identify true “tumor rejection” antigens,
that is, those immunogenic proteins which, if targeted, would induce an anti-tumor response. This
work was possible because one of the treatments of relapsed leukemiais immunotherapy using donor
lymphocyte infusions. The investigators could identify which immunogenic proteins were associated
with the development of aremission after immunotherapy. Unfortunately, immunotherapy has not yet
advanced to a stage in the treatment of breast cancer where we can reproducibly induce tumor
regression. We have recently determined that the neu transgenic (neu-tg) mouse can serve as an
excellent model for identifying human breast cancer antigens. These mice were genetically
engineered to devel op breast cancer that is almost identical to human breast cancer. The breast cancers
that occur in these mice are ER negative and drug resistant mimicking pre-menopausal breast cancer
inwomen. Preliminary experiments have shown that neu-tg FVB/N mice may share the same pool

of tumor antigens with breast cancer patients. Our goal in this proposal isto identify antigens that are
associated with tumor rejection. Whereas this study would not be possible in humans, we have
recently established atumor rejection model by implanting the mouse tumors derived from neu-tg
mice into the parental FVB/N mouse, who are identical in every way except were NOT engineered to
develop breast cancer. In our model, none of the parental FVB/N mice develop tumor while all of
the neu-tg mice that received tumor implantation succumb to their disease despite having endogenous
immunity to some proteins expressed by the tumor. Interestingly, the tumor rejection that occursis
not solely mediated by immunity to neu- the magjor cause of the cancer (similar to human HER-2/neu).
We proposed to use subtractive SEREX, a method established in the laboratory to screen for antigens
that are specifically induced by tumor rejection. The tumor antigens that have immunogenic human
homologues will be further studied by using them to vaccinate the neu-tg mice to see if such a
vaccine will prevent the cancers. The human homologues of these proteins, identified as described in
this proposal, will be the basis for a multi-antigen vaccine to prevent breast cancer relapsein
pre-menopausa patients with ER negative breast cancer.
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Introduction

The purpose of this study is to identify tumor rejection antigens using mouse tumor rejection
models. Although a number of tumor antigens have been identified in cancer patients, it
remains a challenge to identify therapeutically relevant tumor rejection antigens. Previous
studies in our lab have demonstrated that the tumor antigen repertoire in tumor-bearing neu
transgenic mice has great similarity to the antigen repertoire in breast cancer patients.
Immune response-mediated tumor regression, although difficult to achieve in cancer
patients, have been reported in mice. The goal of the proposed study is to identify tumor
rejection antigens using mouse tumor rejection models. The study has three specific aims:
(1) to determine the antigen repertoire induced by tumor rejection in FVB/N mice; (2) to
identify the human homologues of the candidate rejection antigens and determine their
immunogenicity; and, (3) to examine the in vivo tumor protection effect of vaccination with
plasmids encoding tumor rejection antigens in neu-tg FVB/N mice. During the three funding
years (2006-2009), we have successfully identified the antigen repertoire induced by tumor
rejection in FVB/N mice. The human homologues of the candidate rejection antigens have
also been evaluated. The potential tumor protection effect of the identified novel antigens
have been tested in both implanted and spontaneous tumor models.

Key Research Accomplishments

A panel of 10 tumor rejection antigens have been identified in mice rejecting tumors. Six of
them have immunogenic human homologues. Vaccination using these antigens has tumor
protection effect, in both implant and spontaneous tumor setting. A multi-antigen plasmid
DNA vaccine is more potent than single antigen vaccines in protecting mice from developing
tumor.

Specific Aim 1: to determine the antigen repertoire induced by tumor rejection in
FVB/N mice.

During the first funding year (2006-2007), we established two mice tumor rejection models.
One of them is by injecting the tumor cells from neu transgenic mice into parental mice and
resulting in neu-mediated rejection (Fig. 1). The second is by depleting T regulatory cells
using IL2-immunotoxin [1]. SEREX screening by comparing the serum antibody repertoire
prior to and post to tumor rejection identified a panel of 10 tumor rejection antigens,
including FxyD3, Cep290, Ctnnal, TInl, Hsp40, GPlapl, Tnfaip3, Hnrpll, Tmem57, and
Mtvl. This antigen panel is totally different from the antigen panel we previously identified in
tumor-bearing mice [2], indicating that the antigens mediating the tumor destructive immunity
may be distinct from the antigens that induce immune tolerance to tumor (Table 1). The
expression profile of the rejection antigens were examined using real time RT-PCR. As
shown in Fig. 4, some antigens are expressed in normal tissue as well as tumors (Fig 4A-D).
FxyD3 and Mtvl have a restricted expression pattern with little expression in normal tissues
(Fig. 4E-F).
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Figure 1. FVB/N tumor rejection model. One million
MMC tumor cells were injected subcutaneously into wild
type (WT) or neu transgenic (neu-tg) FVB/N mice.
Shown are tumor size in neu-tg mice (m), and parental
mice (A).

Figure 2. SEREX can be used to identify tumor Figure 3. Western blot verifying the an tibody
rejection an tigens. Shown is a representative response id entified in SEREX. ONT4a is pre-
SEREX blot showing that Mtvl, one of the tumor serum from a neu-tg mouse, and ONT4 is
identified antigens, is only reactive to post- the post-tumor rejection serum from the same

rejection serum.

mouse.

Table 1. Comparison of tumor antigens identified in tumor-bearing mice and tumor-rejecting mice

Antigen No. of Gene Immunogenic Human SEREX
clones Symbol Human clone
Homologue
Mouse mammary tumor virus 6 Mtvl
Catenin (cadherin-associated 4 Ctnnal CTNNA1 NY-REN-13
protein) alpha 1
Heat shock protein 40 2 Hsp40 HSP40 MO-BC-1001
Transmembrane protein 57 2 Tmem57
Centrosomal protein 290 kDa 1 Cep290 CEP290 NY-TLU-66
HOM-Ov1-214

FXYD domain containing ion 1 Fxyd3
transport regulator 3
Talin 1 1 Tinl TLN1 NY-BR-88
Heterogenous nuclear ribonuclear 1 Hnrpll HNRPL1 MO-OVA-131
protein L-like
GPl-anchored membrane protein 1 1 GPlapl
TNF alpha-induced protein 3 1 Tnfaip3 TNFAIP3 MO-OVA-200
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Figure 4. SEREX-identified tumor rejection antigens (TRA) have different expression patterns.
A-D: Four of the TRAs are expressed in normal tissue in addition to tumor tissues. E: Fxyd3 has a
restricted expression in mammary tissue and tumor. F: Mtv1l is exclusively expressed in tumor tissue.

Specific Aim 2: to identify the human homologues of the candidate rejection antigens
and determine their immunogenicity.

The human homologues of the candidate antigens have been identified (Table 1). By
searching published literature and database mining, we have found that six out of the ten
tumor rejection antigens have immunogenic human homologues, including Ctnnal, Hsp40,
Cep290, TInl, Hnrpll, and Tnaaip3 (Table 1). The potential therapeutic and prognostic
value of these antigens will be evaluated in future studies.

Specific Aim 3: to examine the in vivo tumor protection eff ect of vaccination with
plasmids encoding tumor rejection antigens in neu-tg FVB/N mice.

Multiple vaccination experiments were carried out to test the potential tumor protection effect
of the identified antigens. The vaccines were tested in both implanted tumor and
spontaneous tumor setting.

3.A. Vaccination with tumor rejection antigens inhibits the growth of implanted tumor.

3.A.1. Vaccination using tumor rejection antigens but not other tumor antigens has tumor
protection effect. Female neu transgenic mice received plasmid DNA encoding the different
tumor antigens. Plasmid DNA encoding the empty vector (pBK-CMV) was included as
negative control. Plasmid DNA encoding the intracellular domain of human HER2 (hICD),
was included as positive control. Mice were given three vaccines intradermally (50ug
plasmid DNA per vaccine), two weeks apart. Tumor challenge using a syngeneic tumor cell
line was given at two weeks after the third vaccine. The tumor growth was measured twice
a week using venier calipers. As shown in Fig. 5, vaccination using Mtvl, FxyD3, and

4
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Cep290 had tumor protection effect. In contrast, vaccination targeting the antigens we
previously identified from tumor-bearing mice, such as Swap70 and Rockl, did not have
tumor protection effect (Fig. 6). To further confirm the observation that antigens from tumor-
rejecting mice but not tumor-bearing mice had tumor protection effect, we tested the 2
groups of antigens side-by-side in one experiment. As shown in Figure 7, the tumor growth
curves separated into two groups. The first group of mice had the same tumor growth rate
as the mice received empty vector (negative control). These included mice received Rock1,
Gsn, Swap70, and Eprs, all of which were identified from tumor-bearing mice. The second
group of mice had the same growth rate as the mice received hiCD (positive control). These
include mice received FxyD3, Tmem57, Mtvl, and Cep290, all of which were identified from
tumor rejection mice. Altogether, these experiments demonstrate that vaccination targeting
antigens identified from tumor rejection mice but not antigens identified from tumor-bearing
mice had tumor protection effect.

40004 —*PBS A
— —— Mtvl 3000+ —v— Swap70
o o —=—PBS
E 3000- MMC £ o Gsn
£ ——hICD £
o @ 20004 —* MMC
N —— FxyD3 £
® 20009 5 cep290 2
g >
i © 1000+
2 1000 £
=]
|—
0 * T T 1 0 W T T 1
0 10 20 30 40 50 0 10 20 30 40
Days after Tumor Implantation Days after Tumor Implantation

Figure 5. Vaccination targeting tumor rejection Figure 6. Vaccina tion targetin g tu mor antige ns
antigens, Mtv1, FxyD3, or Cep290, resulted in identified from tumor-b earing mice, S wap70 an d
tumor pro tection. Mice (3 per goup) were Gsn, did not have tumor prote ction effect. Mice (3
vaccinated with plasmid DNA encoding Mtvl, per goup) were vaccinated with plasmid DNA encoding
FxyD3, Cep290, or hICD, or irradiated whole  Swap70 or Gsn, or irradiated whole tumor cells at day
tumor cells at day -42, -28, and -14. Live MMC  -42, -28, and -14. Live MMC cells were given

cells were given subcutaneously on day O. subcutaneously on day O.
2500+
"’E 2000 —— Empty plasmid vecto
£ Rock1l
- ——Gsn
8 1500+ —*— Swap70
"3 —o— Eprs
1
O 10004
S —— FxyD3
E Tmemm57
500+ —— Mtvl
—o— Cep290
—— hICD
0 |
0 40

Time after Tumor Implantation

Figure 7. Vaccination targeting antigens identified from tum or-rejecting mice but no t tumor-bearing
mice had tumor protection effect. Four tumor rejection antigens (FxyD3, Tmemm57, Mtvl, Cep290) and 4
non-tumor rejection antigens (Rockl1, Gsn, Swap70, Eprs) were examined side-by-side in one experiment.
Empty plasmid vector was included as negative control and hiCD was included as positive control.
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combination of antigens worked better than single antigen. The tumor protection effect of 2
antigens (Mtvl+FxyD3) was better than either agent alone. The combination of three
antiggggo(Mtv1+nyD3+hICD) provided the most tumor protection effect.

QE —— Empty vector
é2000—
8 —— FxyD3
7] —o— Mtvl
)
g 1000- hiICD
- —— Mivl + FxyD3
—— Mtv1l + FxyD3 + hICD
O-# T v T T T 1
0 10 20 30 40 50

Days after MMC chalange

Figure 8. M ulti-antigen vaccines worked better than sin gle antigen v accines. Six-eight weeks old
female neu-tg mice were vaccinated with either a single plasmid DNA (FxyD3, Mtvl, hICD, or empty vector)
or combination of plasmid DNAs (Mtvl+FxyD3 or Mtvl+FxyD3+hICD) on days -42, -28, and -14. One
million live MMC cells were given subcutaneously on day O.

3.B. Vaccination with tumor rejection antigens inhibits the growth of spontaneous tumor.

3.B.1.Vaccination with Mtvl and Cep290 single tumor antigen vaccine results in prolonged
tumor-free and overall survival. MMTV-neu transgenic mice develop spontaneous tumors
around 5-7 months of age. We tested whether the plasmid DNA vaccine encoding tumor
rejection antigens can prevent the development of spontaneous tumor and prolong tumor-
free and overall survival in these mice. Vaccines were administered to twelve week-old mice
intra-dermally every two weeks for 3 immunizations and then monthly for 2 more
immunizations. Tumor growth was measured by venier caliper. As shown in Fig. 9A and B,
vaccination with Mtvl and Cep290 resulted in significantly prolonged tumor-free survival and
overall survival. Vaccination with FxyD3 did not show any protection effect. Vaccination
with hICD increased overall survival but not tumor-free survival.

A B

100 100 . _
S Llﬁ _ p=0.004
s 807 & 804
> =
2 60 ) p=0.0035 ™ Mv1 g L - Mivl
a —~ Cep290 s 60 L —~ Cep290
> —

8 40- p=0.09 — hICD D 40l ) p=0.058 - hiCcD
i FxyD3 [ FxyD3
g 201 € 201 -o- Control
S -6~ Control o)
l—

0 T T T 1 0 T T < T 1

0 100 200 300 400 0 100 200 200 200

Days Days

Figure 9. Vaccination using plasmid DNA e ncoding tumor rejection antigens enhanced tumor-free survival and
overall survival in neu transgenic mice. Twelve weeks old neu transgenic mice (n=10 per group) received a total of 5
DNA vaccines (first three are 2 weeks a part, then monthly apart). Each vaccine consists of 50ug DNA. CFA/IFA was
given as adjuvant.
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3.B.2. Vaccination with a multiple antigen DNA vaccine results in prolonged tumor-free and
overall survival.

We tested the combination of three antigens, Mtv1+Cep290+FxyD3 in preventing mice from
developing spontaneous tumors.  Young MMTV-neu transgenic mice received 5 DNA
vaccines (first 3 two weeks apart the next two are 1 month apart). 60% of vaccinated mice
remained tumor free at 1 year of age, as compared to 20% of controls (p=0.01, Fig. 10A).
The overall survival of the mice was also significantly prolonged (p=0.01, Fig. 10B). This
multi-Ag vaccine study was initiated before we knew the results of the single antigen vaccine
in spontaneous tumor setting. The 3 antigens were chosen based on their protection effects
in implanted tumors. Based on the finding that FxyD3 didn’'t protect development of
spontaneous tumor, future experiment should further optimize the vaccine combination by
replacing FxyD3 with another plasmid vaccine such as hICD.

A B

p=0.0125 p=0.0125
100 , 100 i

804 804

60 60
40+ 40

204

Tumor-free Survival (%)
Overall Survival (%)

0 T T 1 0 T T T 1

L)
L) L)
0 10 20 30 40 50 0 10 ) 20 30 40 50
Animal age (weeks) Animal age (weeks)

Figure 10. Vaccination targeting three tumor rejection antigens significantly prolonged the tumor-free
and overall surv ival in neu transgenic mice. Twelve weeks old neu transgenic mice were randomly
assigned to 2 treatment groups, multi-Ag DNA vaccine (e, black line) or control group (m, red line). The mice
received a total of 5 DNA vaccines (first three are 2 weeks a part, then monthly apart). Each vaccine consists
of 50ug DNA. CFA/IFA was given as adjuvant. Shown are tumor-free survival (A) and overall survival (B) in
each group (n=15 per group).

In summary, we have identified a panel of tumor rejection antigens using mouse tumor
rejection models. More than half of the mouse tumor rejection antigens (6/10) have
immunogenic human homologues. Vaccination using plasmid DNA encoding the tumor
rejection antigens significantly inhibits the development of both implanted and spontaneous
tumors in MMTV-neu transgenic mice.
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Reportable Outcomes

A. Publication:

1. Knutson KL, Dang Y, Lu H, et al. IL-2 immunotoxin therapy modulates tumor-
associated regulatory T cells and leads to lasting immune-mediated rejection of breast
cancers in neu-transgenic mice. J Immunol 2006; 177: 84-91.

2. LuH, Knutson KL, Gad E, Disis ML. The tumor antigen repertoire identified in tumor-
bearing Neu transgenic mice predicts human tumor antigens. Cancer Res 2006; 66:
9754-61.

3. LuH, Gad E, Chang A, Larson E, Disis ML. Identification of tumor rejection antigens
using mouse tumor rejection models. manuscript in preparation.

B. Presentations:

1. LuH, Gad E, Chang A, Seymour K, and Disis ML. The identification of tumor rejection
antigens in murine models that are associated with human homologues. Poster
presentation at AACR, 2006

2.  Lu H, Chang A, Larson E, Gad E, and Disis ML. Identification of an immunological
signature of tumor rejection in the neu transgenic mouse. Oral presentation at AACR,
2007

3. Lu H, Chang A, Gad E, Larson E, Park E, La S, Disis ML. Vaccination targeting
antigens identified in tumor rejection mice but not antigens identified in tumor bearing
mice has tumor protective effect. Poster presentation at DOD Era of Hope meeting,
2008

4. Disis ML, Gad E, Cecil D, Park K, Lai V, Lubet R, and Lu H. Preventing the
development of breast cancer by immunizing with multi-antigen vaccines targeting
proteins associated with oncogenesis. To be presented at San Antonio Breast Cancer
Conference, 2009

Conclusions:

Mouse tumor rejection models are very helpful in identifying tumor antigens that are
potentially of therapeutic value for humans. We have identified a panel of mouse tumor
rejection antigens. More than half of the mouse tumor rejection antigens have immunogenic
human homologues. Vaccination using plasmid DNA encoding the tumor rejection antigens
can inhibit tumor growth in mice.
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IL-2 Immunotoxin Therapy Modulates Tumor-Associated
Regulatory T Cells and Leads to Lasting Immune-Mediated
Rejection of Breast Cancers in neu-Transgenic Mice!

Keith L. Knutson,? Yushe Dang, Hailing Lu, Jason Lukas, Bond Almand, Ekram Gad,
Ehizoje Azeke, and Mary L. Disis

Studies in cancer patients have suggested that breast tumors recruit regulatory T cells (Tregs) into the tumor microenvironment.
The extent to which local Tregs suppress antitumor immunity in breast cancer is unknown. We questioned whether inhibiting
systemic Tregs with an IL-2 immunotoxin in a model of neu-mediated breast cancer, the neu-transgenic mouse, could impact
disease progression and survival. As in human breast cancer, cancers that develop in these mice attract Tregs into the tumor
microenvironment to levels of ~10-25% of the total CD4* T cells. To examine the role of Tregs in blocking immune-mediated
rejection of tumor, we depleted CD4*CD25* T cells with an IL-2 immunotoxin. The treatment depleted Tregs without concom-
itant lymphopenia and markedly inhibited tumor growth. Depletion of Tregs resulted in a persistent antitumor response that was
maintained over a month after the last treatment. The clinical response was immune-mediated because adoptive transfer of Tregs
led to a complete abrogation of the therapeutic effects of immunotoxin treatment. Further, Treg down-modulation was accom-
panied by increased Ag-specific immunity against the neu protein, a self Ag. These results suggest that Tregs play a major role
in preventing an effective endogenous immune response against breast cancer and that depletion of Tregs, without any additional

immunotherapy, may mediate a significant antitumor response.

ased on several observations in recent years, it has been

suggested that breast cancer is a naturally immunogenic

tumor (1-9). This naturally induced immunity to breast
cancer, however, is not sufficient to block tumor growth. Several
potential immune evasion mechanisms have been identified in-
cluding loss of Ag processing and presentation, production of im-
munosuppressive cytokines, and recruitment of immunosuppres-
sive cells into the microenvironment, such as plasmacytoid
dendritic cells, and regulatory T cells (Tregs)® (10, 11).

An intense focus on Tregs in recent years has aided in our un-
derstanding of how these specialized T cells are able to dampen
immunity (12). In breast tumors, it has been observed that Tregs
are associated with the tumor microenvironment (13, 14). How-
ever, it is unclear whether this association is pathologic. Unlike
other tumor types such as fibrosarcoma, the numbers of Tregs that
associate with breast tumors are fewer, and in fact represent only
a small minority of the total CD4™ T cells (13-16). Thus, methods
for selectively depleting Tregs are required to discern their role in
tumor immune evasion.

Department of Immunology, Mayo Clinic College of Medicine, Rochester, MN
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Group, University of Washington, Seattle, WA 98109
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In this study, our goal was to further understand the potential
role of breast cancer-associated Tregs in tumor growth and patho-
genesis. We used the rat neu-transgenic mouse to discern that role
(17). In this model, Tregs infiltrate into breast cancer lesions to
levels similar to those observed in human breast cancer as a small
subset of the total CD4™ T lymphocytes. To selectively deplete the
Tregs systemically, we used an IL-2 immunotoxin fusion protein,
Denileukin Diftitox (18, 19). This fusion protein consists of the
enzymatically active fragment A of diphtheria toxin, the mem-
brane-translocating portion of diphtheria toxin fragment B, and
human IL-2. Studies have shown that the immunotoxin binds spe-
cifically to IL-2R in vitro and is rapidly internalized via receptor
mediated endocytosis (18, 19). Immunotoxin treatment resulted in
the selective depletion of Tregs without eliciting additional cyto-
penia. Furthermore, simple inhibition of Tregs without any addi-
tional immunomodulation had a profound effect in inhibiting tu-
mor growth and stimulated an increase in tumor-specific
immunity.

Materials and Methods
Animals

BALB/c and neu-transgenic mice were obtained from The Jackson Labo-
ratory (17). The neu-transgenic mice harbor the nonmutated, nonactivated
rat neu proto-oncogene under control of the mouse mammary tumor virus
promoter. In these studies, only female mice, 8—12 wk old, were used for
experimentation. Animal care and use was in accordance with institutional
guidelines.

Reagents

FCS was obtained from Gemini Bioproducts. RPMI 1640, PBS, peni-
cillin-streptomycin, and r-glutamine were obtained from Invitrogen
Life Technologies. Fluorochrome-conjugated Abs targeting CD3, CD4,
CD25, CD62L, CD69, purified and biotinylated anti-IFN-vy, and puri-
fied glucocorticoid-induced TNF-related receptor (GITR) Ab were ob-
tained from BD Pharmingen. The IL-2 immunotoxin, Denileukin Difti-
tox, was a gift from D. Woo and K. Brady of Ligand Pharmaceuticals.
Denileukin Diftitox is very rapidly cleared and in humans and rodents,
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the drug has a half-life of <2 h in the clearance phase (Ligand Phar-
maceuticals, unpublished observation and drug package insert).
[®H]Thymidine was purchased from PerkinElmer. The CD4"CD25"
(Treg) T cell purification kit was purchased from Miltenyi Biotec. Al-
kaline phosphatase-conjugated goat anti-mouse Ig and NBT-chloride/
5-bromo-4-chloro-3-indolyl-phosphate color development solution
were obtained from Invitrogen Life Technologies. In general, all other
reagents were purchased from Sigma-Aldrich. Foxp3 and B-actin prim-
ers and TagMan Universal PCR Master Mix were obtained from Ap-
plied Biosystems, and Foxp3 Ab was obtained from eBioscience.
Monoclonal mouse anti-CD25 Ab was produced using the PC 61.5.3
hybridoma (American Type Culture Collection (ATCC)). A first-strand
cDNA synthesis kit was purchased from Novagen. The H-2Dg/
RNEU 450_429 (H-2D(q)PDSLRDLSVF) tetramer was obtained from the
National Institute of Allergy and Infectious Diseases MHC Tetramer
Core Facility (Atlanta, GA).

Cell lines

The mouse mammary carcinoma (MMC) cell line was established from a
spontaneous tumor harvested from the neu-transgenic mice as previously
described (20). MMC cells were grown and maintained in RPMI 1640
supplemented with 20% FCS as well as penicillin/streptomycin and
L-glutamine.

T cell enrichment

Tumor-infiltrating lymphocytes (TIL) were harvested by mincing the tu-
mor and screening. The TIL were then isolated from tumor cells by cen-
trifugation of the cell suspension on a discontinuous Ficoll gradient con-
sisting of a lower 100% layer and an upper 75% layer. The cells were
gently layered onto the top of the gradient followed by centrifugation at
280 X g for 30—-45 min at 4°C followed by two washes in HBSS. The TIL
were collected at the top of the 75% layer and the tumor cells at the top of
the 100% layer. The cells were then stained for flow cytometric analysis as
described below. For isolation of CD4*CD25*, the Miltenyi Biotec mouse
Treg purification kit was used in conjunction with an AutoMacs machine
(Miltenyi Biotec). The resulting CD4"CD25" T cell population was con-
sistently >95% pure as assessed by flow cytometry. Purified CD4*CD25™
T cells were then used in MLR assays as described below or reinfused into
tumor-bearing animals.

Tumor growth in vitro and in vivo

For tumor studies, MMC cells, which are syngeneic with the neu-trans-
genic mouse, were used. For in vitro experiments, 1.0 X 10° MMC were
plated in 6- or 96-well plates with medium alone or with varying concen-
trations of Denileukin Diftitox. For evaluation by flow cytometry, the wells
were harvested with a NaCl solution (0.8%) with 2 mM EDTA. Prolifer-
ation analysis was done as previously described (21). For in vivo tumor
growth, MMC cells were harvested using 2 mM EDTA in PBS and washed
before injection. Mice were inoculated with 5 X 10° MMC cells s.c. on the
mid-dorsum with a 23-gauge needle, which is a dose of tumor cells that
results in the development of tumors in 100% of neu-transgenic mice.
Tumors were measured every other day with vernier calipers and tumor
volume was calculated as the product of length X width X height X
0.5236. In vivo data are presented as mean = SEM. The numbers of mice
used in each experiment are described in Results. For in vivo studies,
statistical significance (p < 0.05) was determined using Student’s t test by
comparing the means of different treatment groups (GraphPad InStat for
Windows 95/NT; GraphPad). Mice were treated every 2-3 days with tail
vein dosing of either 100 ul of PBS as control or 100 ul of PBS containing
varying concentration of the immunotoxin. Mice received either three or
six doses of immunotoxin which is specifically stated in the figure legends.
In one experiment, a depleting anti-CD25 Ab was used in parallel with the
IL-2 immunotoxin for in vivo therapy. In this experiment, mice were
treated as previously described with a single 1-mg dose of anti-CD25 Ab
given 2 days before tumor cell injection (22).

Flow cytometry

Cell surface and intracellular marker analysis of splenocytes and TILs was
done as previously described (20). Samples were run on a FACS Scan Il
and analyzed using CellQuest software (BD Biosciences). Foxp3-PE in-
tracellular staining was done according to the manufacturer’s intracellular
staining protocol. For the tetramer experiments, mice were treated with
Denileukin Diftitox followed by injection of 5 X 10° irradiated MMC
tumor cells 2 days later (>10 drug half-lives). For the Foxp3 intracellular

staining, values were considered significantly lower if they were below the 10
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mean and 3 SDs of the control mice value. Means were calculated from
appropriate quadrant values and statistical analysis of data was done using
Graphpad InStat as described above.

Proliferation assays

In vitro tumor cell and T cell proliferation were examined using a tritiated
thymidine incorporation assay in 96-well plates as previously described
(23). In brief, for the T cell proliferation assays, the cells were exposed for
5 days to control or experimental compounds or irradiated allogeneic stim-
ulator cells. Allogeneic stimulators were derived from BALB/c mice
spleens and irradiated to 3300 rad before use in the MLR. The stimulator
cells (1 X 10°) were mixed with splenocytes derived from the neu-trans-
genic mice at a 1:1 ratio. CD4"CD25" T cells, derived from the neu-
transgenic mice, were added to a final concentration of either 1 X 10 or
1 X 10° cells. On day 5, 50 ul of medium containing 10 u.Ci [*H]thymidine
was added per well for 8 h followed by harvesting the cells and measuring
the uptake of the [*H]thymidine into the DNA of the cells. Data are ex-
pressed as the mean percentage of control uptake or as a stimulation index
calculated as the ratio of the mean value of the experimental wells over the
mean value of the control wells.

Foxp3 mRNA analysis

Normalized PCR analysis of lymphocyte Foxp3 mRNA was done similar
to what has been previously described except substituting B-actin as the
normalization gene (24, 25). Total RNA was extracted from TIL cells using
an RNAqueous-4PCR kit (Ambion). The cDNA synthesis was conducted
using a first-strand cDNA synthesis kit. Quantitative real-time PCR was
performed on a Prism 7900 sequence detection system using a primer mix
for either Foxp3 or B-actin. The reaction mixtures (20 wl of total volume)
contained 10 ul of TagMan Universal PCR Master Mix, 9 ul of diluted
cDNA, along with 1 ul of either primer mix. The reactions were amplified
as follows: 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of
95°C for 15 s, and 60°C for 1 min. Relative Foxp3 mRNA expression in
immunotoxin-untreated and treated mice was determined by normalizing to
that of B-actin expression in each sample. The expression in immunotoxin-
treated mice is presented as fold-change in mMRNA values using untreated
mice as a reference sample.

ELISA detection of tumor Ag-specific Abs

Serum samples were taken before and after the mice received immunotoxin
or control PBS treatment. The sera were used to measure Ab response to
a panel of eight SEREX-identified mouse tumor Ags (C3, Eprs, Krt2-8,
Lass2, Rockl, Srpkl, Swap70, Ybl) using crude lysate ELISA. XLOLR
bacteria were transformed with plasmid encoding the gene of interest or
plasmids with no inserts (reference lysate) were grown in Luria-Bertani
medium. Protein expression was induced with 2 mM isopropyl B-D-thio-
galactoside. After overnight culture at 37°C, the bacteria were spun-down
and resuspended in PBS with protease inhibitor (Roche). Cells were then
disrupted by freeze-thawing and vortexing. Protein concentration was de-
termined by BCA protein assay kit (Pierce). Bacterial lysate was frozen at
—70°C until use. Ninety-six-well Immulon 4HBX microtiter plates (Dynex
Technologies) were coated with XLOLR bacteria lysate (50 wg/ml diluted
in carbonate buffer). Plates were coated overnight at 4°C using lysate from
bacteria that express the protein or reference lysate. After blocking with
100 wl/well of PBS/1% BSA at room temperature on a rocker for 1 h,
plates were washed four times with PBS/0.5% Tween 20. After washing,
50 wl of 1/100 diluted mouse sera was added to each well and incubated at
room temperature on a rocker for 2 h. After serum incubation, plates
were washed four times with PBS/Tween 20 and goat anti-human 1gG-
HRP conjugate (Zymed Laboratories; 1/5000 diluted) was added and
incubated for 1 h at room temperature on a rocker. After a final PBS/
Tween 20 wash, TMB developing reagent (Kirkegaard & Perry Labo-
ratories) was added (75 wl/well) and the reaction was then stopped with
75 pl/well 1 N HCI and read at an OD of 450 nm. The OD of each
serum sample was calculated as the OD of the Ag lysate-coated wells
minus the OD of reference lysate-coated wells. Statistical analysis was
performed as described above.

Results

The numbers of CD4"CD25"Foxp3™ T cells are markedly
increased in the breast tumors of neu-transgenic mice as
compared with the peripheral circulation

In mice, GITR, CD62L, CD69, and Foxp3 have been shown to
identify Treg populations, distinguishing them from activated
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CD4%CD25™ (26, 27). Using a combination of these markers as
well as CD25 to define Treg phenotype, we examined the base-
line levels of Tregs in the spleen from non-tumor-bearing neu-
transgenic mice (Figs. 1, A-E). CD4 and CD25 distinguished a
population that constituted 10.4 = 1% of spleen CD4 T cells.
All four markers, CD62L, CD69, GITR, and Foxp3, identified
a subpopulation of CD4*CD25" T cells. CD62L, a molecule
that mediates binding of naive T cells to endothelium, is lost on
T cell activation and is expressed constitutively on the Tregs
(28). CD62L and CD25 were coexpressed on 6.1 = 1.1% of
spleen-derived CD4™ T cells (n = 5, Fig. 1, A and B). The
absence of CD69, an early marker of T cell activation, distin-
guishes between CD25™ Tregs and activated effector T cells.
The CD257CD69~ T cells, similar to that observed using
CD62L as a marker, were 6.1 = 0.6% of the spleen-derived
CD4™" T cells, respectively (Fig. 1, A and C). GITR also dis-
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FIGURE 1. Numbers of CD4"CD25*Foxp3*
T cells are markedly increased in the breast tumors
of neu-transgenic mice as compared with the periph-
eral circulation. A, Mean numbers of CD4*CD25*

(Total CD25%), CD4*"CD25"CD62L ™,
CD4"CD25*"CD69~ CD4*CD25"GITR™, and
CD4"CD25*Foxp3™ T cells present in spleen.
The data (mean = SEM) are calculated from 3
to 10 mice each using at least 50,000 gated CD4™
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tinguished a population of similar size (5.8 = 0.9%) of CD4 T
cells compared with CD62L, in the spleen (n = 3, Fig. 1, Aand
D). Recently, a mAb has become available to demonstrate pro-
tein expression of Foxp3, a fairly specific marker for thymic-
derived Tregs. Intracellular staining with this Ab revealed that
6.9 = 0.2% (n = 5, Fig. 1, Aand E) of the splenic CD4™" T cells
are Foxp3™ which is consistent with the findings using the other
markers. Overall, Foxp3 stained 80 = 2% (n = 5) of the
CD47CD25" T cells suggesting that the vast majority of, but
not all, circulating CD4"CD25" T cells are thymic-derived
Tregs (data not shown).

Purified splenic CD4*CD25" T cells from the neu-transgenic
mouse could block T cell responses in a MLR assay in a dose-
dependent manner (Fig. 1F). At a 1:10 Treg:effector T cell ratio,
the proliferative response in a MLR was reduced to 67 = 10%
(mean = SEM, n = 4, p = 0.07) of the control response, whereas

T cells. B-D, Representative dot plots for
CD4*CD25"CD62L", CD4"CD25"CD69",
CD4*CD25"GITR™, and CD4*CD25"Foxp3™
T cells, respectively. The values shown repre-
sent the percentage that the quadrant represents
of the total CD4™ T lymphocytes. F, Results of
a proliferation assay with values expressed as a

mean (=SEM) percentage of the highest prolif-
eration response (S, stimulators; R, responders).
Values are representative of three determina-
tions. G, The mean numbers (=SEM) of
CD4"CD25°CD62L", CD4"CD25"GITR™,
and CD4"CD25"Foxp3™ T cells present in the
TIL. The data are calculated from 4 to 10 mice
each using at least 50,000 gated CD4™ T cells.
H, The distribution of Foxp3 among the CD4* T G
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at a 1:1 ratio, the proliferative activity was reduced to 33 = 4%
(n = 4, p = 0.004) of control response.

An analysis of the TIL revealed that Tregs concentrate in the
tumor tissue (Fig. 1, G and H). Tregs, as measured by CD62L ™ or
GITR™ constituted 10.6 = 0.5% (n = 8, p < 0.0001 compared
with spleen) and 9.7 = 1.6% (n = 9, p = 0.016) of the total CD4™
T cells infiltrating the tumor, respectively. In contrast, Foxp3
(along with CD25) stained 26.2 = 8% (n = 5) of the infiltrating
CD4™ T cells suggesting that CD62L and GITR do not represent
the entire Treg population or whose levels modulated during ac-
tivation in the tumor microenvironment. In contrast to studies in
humans, we found that levels of Treg markers were not elevated,
but slightly decreased, in the periphery following tumor develop-
ment (e.g., control spleen GITR™ T cells, 6.1 = 0.6%, n = 5;
tumor spleen GITR™ T cells, 4.0 = 0.4, n = 3, p = 0.02).

CD4"CD25"Foxp3™ T cells can be systemically depleted with
an IL-2 immunotoxin without causing profound lymphopenia

In the interest of modulating immunosuppressive T cells, we exam-
ined whether CD4*CD25*GITR™ T cells, CD4*CD25"CD62L* T
cells, or CD4+CD25"Foxp3™ T cells could be depleted systemically
using the IL-2 immunotoxin, DAB,g,lL-2. Fig. 2A shows that treat-
ment with the immunotoxin can reduce the number of
CD4"CD25"GITR™ T cells in the spleen. The effects were dose
dependent and observed above levels of a 1-ug dose. In animals
treated with 5 ug (2.0 = 0.4, n = 3, p = 0.008), the levels of Tregs
in the spleen were significantly lower than control (PBS-treated) an-
imals (5.8 = 0.86, n = 3). As shown in Fig. 2B, four of six mice
demonstrated reduced numbers of Foxp3™ Tregs compared with con-
trol levels. During treatment, there was no change in the absolute
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FIGURE 2. Tregs can be systemically depleted without causing pro-
found lymphopenia. A, The levels of CD4"CD25*GITR* T cells in the
spleen after systemic treatment with varying doses (total of six doses of 5,
2.5, or 1 g every 2-3 days), shown on the x-axis, of immunotoxin or
control medium. B, Levels of CD4"CD25*Foxp3™ T cells in immuno-
toxin-treated mice, given 5 ng of immunotoxin every 2-3 days for a total
of six doses. The levels in Aand B are expressed as a percentage of the total
CD4™" T cells. C and D, The levels of splenic CD4" and CD8" T cells,
respectively, expressed as the percent of total splenic-derived cells. Each
bar represents the mean and SEM of three replicates at each dose.
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number of CD4™ and CD8* T cells in any of the groups. As shown
in Fig. 2C, at the highest dose of immunotoxin, the relative number of
CD4 T cells was 68 *+ 4% (mean +=SEM, n = 3, p > 0.05 vs control)
of the total spleen cells. This was not significantly different from the
control level of 72 = 0.3%. Similarly, the numbers of CD8™ T cells
was also not significantly altered by systemic treatment with immu-
notoxin. The relative number of splenic CD8" T cells was 28 + 2%
(n = 3) for the 5-ug dose of immunotoxin and was 24 = 1% (n = 3)
for the control group (p > 0.05).

Mice undergo immune-mediated tumor rejection following IL-2
immunotoxin therapy and demonstrate persistent reductions in
tumor-associated Foxp3™* T cells

Treatment with immunotoxin was initiated on the day after tumor
challenge (i.e., day 1) in neu-transgenic mice before tumor devel-
opment. On day 40, the mean (=SEM) tumor size in animals
treated with the 1- and 5-ug dose was 666 = 94 mm® (n = 6, p =
0.006 compared with control day 40) and 310 + 136 mm® (n = 5,
p = 0.0007), respectively (Fig. 3A). The mean tumor size of the
control mice on day 40 was 1275 = 156 mm?® (n = 6). On day 51,
tumors in the mice treated with the 5-ug dose were stable and did
not differ in size compared with day 40, despite the fact that the
immunotoxin treatment had ended over 30 days before that mea-
surement (p = 0.5). Although the tumors in the mice treated with
the 1-ung dose did continue to grow, the rate was markedly slower
than control animals and on day 51 the mean tumor size was sig-
nificantly smaller than control (1732 =+ 295 vs 3148 * 360, p =
0.007). We evaluated for Foxp3™ T cell mRNA signal in TILs
within these tumors using PCR which demonstrated that Tregs
were reduced in the tumor microenvironment in the immunotoxin-
treated animals (Fig. 3B, p < 0.03).

To demonstrate that the effects of the immunotoxin were im-
munologically mediated, a subsequent experiment was performed
to replace Tregs that were removed with immunotoxin. Ten days
after groups of tumor-challenged animals were treated with im-
munotoxin and had demonstrated significant persistent tumor in-
hibition, we replaced the Treg population either by infusion of
unfractionated splenocytes or infusion of CD4*CD25™ purified T
cells. As shown, the Treg infusion led to a complete abrogation of
the effects of immunotoxin (Fig. 3C). By day 33, the tumors in the
animals treated with immunotoxin were significantly smaller than
control (181 + 29 mm?, p < 0.0001). Tumors in the group sub-
sequently infused with purified CD4*CD25" T cells (922 + 219
mm?3, n = 5, p = 0.5) were the same size as tumors in untreated
control animals (915 = 245 mm?3, n = 6). Splenocytes, also a
source of Tregs, partially abrogated the antitumor effect of the
immunotoxin when adoptively transferred into immunotoxin-
treated animals (436 = 57 mm?®, n = 6).

MMC tumor cells are not directly sensitive to IL-2 immunotoxin

We next considered the possibility that IL-2 immunotoxin treat-
ment may have a direct effect on tumor either by coating the sur-
face for immune activation or by internalizing it to inhibit cell
proliferation. As shown in Fig. 4A, the immunotoxin had no impact
on tumor cell growth as assessed by an estimate of proliferation. At
the highest in vitro dose examined, the proliferative stimulation
index was 1.3 £ 0.2 (mean SI = SEM, n = 3), which was not
significantly different from medium control (1.0 = 0.3) or protein
(500 ng/ml OVA, oval, 1.0 = 0.1) control (p > 0.05). Further, the
tumors themselves do not express CD25 on the cell surface, further
explaining the insensitivity to the drug (Fig. 4B).
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FIGURE 3. Mice undergo immune-mediated
tumor rejection following IL-2 immunotoxin
therapy and demonstrate persistent reductions in
tumor-associated Foxp3™ T cells. A, The line
spanning the first 17 days of the time course (ar-
row) represents the immunotoxin (M, 1 ug; 4,5
ug) or PBS (control, @) treatment time points.
Mice were given six doses (1 or 5 ug/dose) of
IL-2 immunotoxin, one dose given every 2-3
days. Each data point represents the mean tumor
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millimeters. Another experiment with six mice
yielded similar results. B, Levels of intratumoral
Foxp3 mRNA (calculated from five to six mice
per group) in mouse tumors treated with 5 pg of
IL-2 immunotoxin three times every 2-3 days.
C, The line spanning the first 4 days of the time
course (arrow) represents the immunotoxin or
PBS (control, @) treatment time points. Mice
were treated with three doses of 5 ug of IL-2
immunotoxin given every 2-3 days. At day 21, a
group of immunotoxin-treated mice received a
CD4*CD25" T cells (¢), splenocyte ((J) or
PBS infusion (H). Each data point represents the
mean tumor size (=SEM) of five to six mice
given in cubic millimeters. The closed circles
and open diamonds coincide on the graph.

Mice undergoing tumor rejection following Treg depletion with
IL-2 immunotoxin demonstrate elevated levels of tumor Ag-
specific Abs

Given that the immunotoxin is associated with the down-regula-
tion of Treg and generates an antitumor response, we next ques-
tioned whether immunity to the tumor Ags was being induced
during treatment. As shown in Fig. 5, immunotoxin treatment was
associated with the development of tumor Ag-specific immune re-
sponses as assessed by Ag-specific ELISA. Blood drawn from
mice (n = 8) before and after treatment with the immunotoxin or
PBS revealed that immunotoxin-treated mice developed 1gG Ab
immunity to srpkl, a novel tumor Ag our group has recently iden-
tified as a natural immune target in neu-transgenic mice (29).

Depletion of Tregs increases the capability of the mice to
overcome tolerance to tumor-associated Ag neu

The neu-transgenic mouse is highly tolerant to neu and therefore
we next examined whether immunotoxin treatment elicited a T cell
response against the immunodominant epitope of rat neu, peptide
420-429, that has been previously reported to be targeted follow-
ing depletion of Tregs with anti-CD25 mAb (22, 30). As shown in
Fig. 6, the depletion of Tregs with immunotoxin led to an in-
creased capability of mice to generate neu-specific CD8 T cell
immunity as directly assessed with tetramer analysis. Although the
results suggest that IL-2 immunotoxin is better than anti-CD25
treatment, the results were not significantly different (p > 0.05),
which may have been due to the different dosing strategies.

Discussion
Breast cancer is a naturally immunogenic tumor. Several studies
have demonstrated that breast cancer lesions are extensively infil-
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trated with immune effector cells such as T cells, B cells, and
dendritic cells (1, 2, 31-36). Investigators have also observed that
a lack of T cell infiltration in breast cancer may be associated with
increased invasion of local lymph nodes by disease, indicating that
an active immune response can limit the growth and spread of the
tumor (35). Furthermore, tumor-Ag-specific immunity can be de-
tected in the blood and bone marrow of breast cancer patients, but
not in non-cancer-bearing donors, indicating that exposure to tu-
mor induces a tumor Ag-specific immune response (8, 37, 38).
Despite the fact that patients with breast cancer can demonstrate an
immune response to their tumors and that T cells can localize to
the breast tumor microenvironment, cancer growth remains un-
checked. Such observations suggest that there must be a number of
mechanisms in the tumor microenvironment that act simulta-
neously to prevent tumor destruction by the immune system. Our
studies suggest that Tregs concentrate naturally in the tumors of
neu-transgenic mice at levels above that observed in the systemic
circulation. Furthermore, we also show IL-2R-directed immuno-
toxin therapy can reduce systemic levels of CD4"CD25*Foxp3™
Tregs and lead to an increased capability of mice at high risk for
tumor development to immunologically reject their tumors for a
sustained period of time, even in the absence of therapy. This
increased capability of tumor rejection was accompanied by in-
creased tumor Ag-specific immunity.

The neu-transgenic mouse demonstrates profound tolerance to
the spontaneous breast tumors that develop late in life and the
neu-specific T cells that can be isolated in these animals are of low
avidity (39, 40). Despite the low-avidity immune response, how-
ever, the tumor-Ag-specific T cells that remain in the body can
demonstrate antitumor activity suggesting that peripheral mecha-
nisms regulate their effector function (40). Presumably, at sites
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FIGURE 4. MMC tumor cells are not directly sensitive to IL-2 immu-
notoxin. A, Proliferation of tumor cells after exposure to the IL-2 immu-
notoxin. The results are shown as the mean stimulation index calculated
from thymidine incorporation following the exposure of tumor cells to
doses of PBS, immunotoxin, or OVA. Each bar represents the mean
(*=SEM, n = 6 replicates) proliferation expressed as a stimulation index
calculated from the control cells. The graph is representative of two inde-
pendent experiments that yielded similar results. B and C, Flow cytometric
dot plots from two different tumor samples either stained with isotype
control Ab (C) or stained for CD25. The histograms are representative of
two independent experiments that yielded similar results.

where the Ag levels are elevated, such as in the tumor microen-
vironment, peripheral tolerizing mechanisms must be enhanced,
relative to other tissues, to limit effector T cell function specific for
self-Ags (41). Data presented here suggests that Tregs are more
abundant in the tumors of these mice than in the peripheral circu-
lation, suggesting that they are actively recruited to block effector
T cell function and maintain tolerance of Ag-specific T and B cells.
Similar to neu-transgenic mice, Tregs may be recruited into human
breast tumors. Indeed, it has been observed that immunosuppres-
sive CD4"CD25™" T cells can comprise up to 20% of the total TIL
population in humans (13). In vitro studies suggest that Tregs can
inhibit Ag-specific T cell activation at levels as low as 10% of the
infiltrating T cell population, suggesting that the levels we ob-
served in the tumors are sufficient to block immunity (42, 43). How
breast cancers attract Tregs specifically into the microenvironment
remains unknown. One recent study in ovarian cancer suggests that
the attraction of CD4"CD25%Foxp3™ T cells into the ovarian tu-
mor microenvironment is mediated by the chemokine CCL22
which is aberrantly produced by the ovarian tumors (44). Our re-
sults suggest that the reduction of Tregs early in the course of
disease development prevents the emerging tumors from using
Tregs to maintain tolerance. Our finding that the small tumors that
do develop in immunotoxin-treated animals have less intratumoral
Treg markers (Foxp3) is consistent with this hypothesis.

Given the emerging consensus that Tregs are involved in regu-
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FIGURE 5. Mice undergoing tumor rejection following IL-2 immuno-
toxin demonstrate elevated levels of tumor Ag-specific Abs. Shown are the
0OD450 of ELISA specific for the tumor Ag, srpkl. The OD was calculated
as the OD of Ag-coated wells minus the OD of reference lysate-coated
wells. Each data symbol represents the Ab level in one mouse serum sam-
ple. The data is representative of two independent experiments.

such as tumor immunity, autoimmunity, and chronic infections,
there is interest in developing Treg-selective depletion strategies
for research and therapeutic purposes. One of the problems with
defining the role of Tregs is that commonly used strategies such as
chemotherapy, anti-CD3, anti-CTLA-4, and anti-CD4 treatment,
can result in severe myeloablation or immune dysregulation that
could lead to significant toxicities or interfere with generation of
immune responses (45-47). Lymphodepletion can suppress im-
mune responses by a number of mechanisms including retarding
dendritic cells and macrophages for extended periods, both of
which would be required to activate Ag-specific T cells (48). The
immunotoxin strategy presented here depleted Tregs without caus-
ing myeloablation and resulted in a tumor-specific immune re-
sponse. The clinical translation of Denileukin Diftitox to deplete
Tregs in cancer patients is ongoing. Vieweg and colleagues (49)
reported that treatment of cancer patients with Denileukin Diftitox
before vaccine therapy could substantially reduce the number of
CD4"CD25"9" Tregs without altering the levels of other CD4 T
cells (memory and naive). Furthermore, this selective depletion led
to an apparent enhancement of immunity after vaccination. A re-
cent report evaluated the IL-2 immunotoxin approach as mono-
therapy for the treatment of advanced stage refractory melanoma
(50). The use of Denileukin Diftitox resulted in depletion of
Foxp3™ Tregs in some patients but not in others and depletion
appeared to be related to dose as we have shown here. Little clin-
ical activity was observed in these patients, which may be due to
the advanced stage and potential immunosuppression in these pa-
tients. Data presented here used Denileukin Diftitox early in the
course of tumor implant, mimicking a more limited stage of
disease.

It should be noted that tumors of different tissue origins may use
different tolerizing mechanisms. For example, in mouse fibrosar-
comas, CD47CD25" T cells constitute nearly 70% of the total
lymphocyte (total CD4 and CD8) population and the only effector
T cell required for rejection was the CD8* T cells (16). In our
study, we find that CD4*CD25" T cells constitute only a minor
fraction of the infiltrating CD4 T lymphocytes and this holds true
even in more advanced tumors (data not shown). Furthermore, it
has been shown that CD4™ Th cells are essential for tumor rejec-
tion in neu-transgenic mice (15). Investigators demonstrated that
depletion of CD4™ T cells diminished the tumor rejection response
as well as tumor-specific Ab production. The reconstitution, how-
ever, of tumor-specific 1gG was able to recover some antitumor
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FIGURE 6. Depletion of Tregs increases the capability of the mice to

overcome tolerance to tumor-associated Ag neu. A, The frequencies of neu
peptide-specific CD8 T cells as assessed by tetramer analysis in mice
treated with PBS, anti-CD25 mAb (1 mg mAb in a single dose), or IL-2
immunotoxin (three doses, 5 wg/dose, 2-3 days apart) 2 days before tumor
cell injection. Cells were gated on CD8*CD62L'™ T cells. B-D, Repre-
sentative dot plots.

responses indicating the important role of the CD4* T cell in en-
hancing the Ab responses associated with tumor rejection. Toler-
ization and antitumor effector mechanisms may be different in dif-
ferent tumors. Data presented here show that inhibition of Tregs
both increases the number of tumor-specific T cells as well as
allows the generation of tumor-specific Ab immunity. Whether
depletion of Tregs would have such a profound effect in other
models is not known.

In conclusion, our results strongly suggest that tumors that de-
velop in neu-transgenic mice actively recruit Tregs to block tumor
rejection and play an important role in suppressing the endogenous
immune response to breast cancer. Indeed, simple inhibition of
Treg function can lead to an effective antitumor response without
any additional immunomodulation. Depleting Tregs in human
breast cancer may stabilize disease for extended periods of time or
if used in the minimal disease setting may increase the relapse-free
period. Understanding the mechanisms by which breast tumors
evade immunity could ultimately lead to the better design of im-
mune-based strategies for the treatment of the disease.
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Abstract

FVB/N mice transgenic for nontransforming rat neu develop
spontaneous breast cancers that are neu positive and estrogen
receptor negative, mimicking premenopausal human breast
cancer. These animals have been widely used as a model
for immunobased therapies targeting HER-2/neu. In this
study, we used serological analysis of recombinant cDNA
expression libraries to characterize the antigenic repertoire
of neu transgenic (rneu-tg) mice and questioned the ability of
this murine model to predict potential human tumor
antigens. After screening 3 X 10° clones from 3 different
cDNA libraries, 15 tumor antigens were identified, including
cytokeratin 2-8, glutamyl-prolyl-tRNA synthetase, complement
C3, galectin 8, and serine/threonine-rich protein kinase 1.
Multiple proteins involved in the Rho/Rho-associated, coiled
coil-containing protein kinase (Rock) signal transduction
pathway were found to be immunogenic, including Rockl,
Rho/Rac guanine nucleotide exchange factor 2, and schisto-
soma mansoni adult worm antigen preparation 70. All of the
identified antigens are self-proteins that are expressed in
normal tissues in addition to breast tumors and the majority
of the antigens are intracellular proteins. More than half of
the mouse tumor antigens have human homologues that have
been reported previously as tumor antigens. Finally, the
tumor-specific antibody immunity and marked immune cell
infiltration that was observed in mice with spontaneous
tumors were not observed in mice with transplanted tumors.
Our results indicate that reu-tg mice bearing spontaneous
tumors develop humoral immunity to their tumors similar to
cancer patients and that tumor antigens identified in
transgenic mouse may predict immunogenic human homo-
logues. (Cancer Res 2006; 66(19): 9754-61)

Introduction

The development of cancer vaccines and other immunobased
therapeutics has been facilitated over the last several years by the
identification of a multitude of tumor antigens. In fact, to date,
>2,000 cancer-related immunogenic proteins have been identified
(1). It is unknown, however, which of these proteins would
potentially be “tumor rejection” antigens (i.e., those proteins, when
targeted by the immune system, would mediate tumor destruc-
tion). Furthermore, it is unknown what factors or characteristics
make a tumor-associated proteins immunogenic. We questioned
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whether endogenous tumor immunity in a transgenic mouse could
mimic the antigenic repertoire in human cancers and potentially
provide a model for addressing some of these questions. The neu
transgenic (neu-tg) mouse is a model of neu-mediated, estrogen
receptor (ER)-negative breast cancer that has significant biologic
and pathologic similarity to human breast cancer (2-4).

We used the high-throughput screening method serological
analysis of recombinant cDNA expression libraries (SEREX) to
identify the tumor antigen repertoire in neu-tg mice. Pooled sera
from transgenic mice bearing spontaneous tumors were used to
screen three libraries, two made from syngeneic tumor cell lines
and one from testis. Approximately 3 million plaques were
screened. Results showed that the majority of identified antigens
were associated with immunogenic human homologues. The neu-
tg mouse represents a useful model for tumor antigen discovery
and immunotherapeutic testing, which may closely mirror human
premenopausal breast cancer.

Materials and Methods

Mice and tumor cell lines. Neu-tg mice [strain name, FVB/N-
TgN(MMTVnreu)-202Mul] were obtained from Charles River Laboratory
(Bar Harbor, ME) and bred under specific pathogen-free conditions at the
University of Washington (Seattle, WA). The mice harbor nonmutated,
nonactivated rat neuz under control of the mouse mammary tumor virus
(MMTV) promoter. For SEREX screening, serum samples were collected
from animals bearing spontaneous tumors and control tumor-free female
mice. Animal care and use was in accordance with institutional guidelines.
Mouse mammary carcinoma (MMC) cells were derived from a spontaneous
tumor in a neu-tg mouse. Antigen-negative variant (ANV) cells were derived
from a rat neu-negative tumor that developed in a parental FVB mouse
after partially rejecting an MMC implantation (5). For tumor implantation
experiment, MMC cells were harvested using 2 mmol/L EDTA in PBS and
washed before injection. Mice were inoculated with 1 X 10® MMC cells s.c.
on the mid-dorsum with a 23-gauge needle. Tumors were measured every
other day with Vernier calipers and tumor volume was calculated as the
product of length X width X height X 0.5236. In vivo data are presented as
mean + SE.

RNA extraction and construction of ¢cDNA libraries. Poly(A)" RNA
was isolated from MMC and ANV cells using RNA4Aqgeous and
Poly(A)Purist kit from Ambion (Austin, TX). cDNA expression libraries
were constructed using a ZAP Express vector from Stratagene (La Jolla, CA)
following the manufacturer’s instructions. The primary MMC and ANV
library each contained ~1 X 10° recombinants and was amplified once
before immunoscreening. To check the heterogeneity of the primary library,
20 plaques were randomly picked and PCR with T3 and T7 primer was done
to validate the cDNA insert. The inserts ranged from 500 to 3,500 bp.
A commercially available mouse testis cDNA library from Stratagene was
also used for screening.

SEREX screening using murine sera. A total of 1 X 10° recombinant
clones per library were screened with pooled sera from 10 tumor-bearing
mice using the method as originally described by Sahin et al. (6) with some
modifications. Briefly, 5 x 10° phage clones were plated with XL-Blue on
NZY agar plates. After 4 hours of incubation at 37°C, isopropyl-L-thio-p-p-
galactopyranoside (IPTG)-impregnated nitrocellulose membrane was
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overlaid on the plates to induce protein expression. Nitrocellulose
membranes were removed from the plates after an overnight incubation.
The membrane was first washed in TBS with 0.05% Tween 20, blocked in
TBS (20 mmol/L Tris-HCl and 150 mmol/L NaCl) with bovine serum
albumin (BSA), and then incubated with 1:200 diluted sera (in TBS with 1%
BSA and 0.05% sodium azide) overnight at room temperature. Preliminary
experiments showed that mouse sera had nondetectable levels of anti-
Escherichia coli antibody most likely because of their controlled
environment (data not shown), so no preabsorption with E. coli lysate
was required. Instead, we did a pseudoscreening with lytic membrane to
remove nonspecific binding. Alkaline phosphatase-conjugated goat anti-
mouse antibody (diluted 1:2,000) was used as the secondary antibody.
Nitroblue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate was
used for color development. Positive clones that did not react to control
sera from normal mice were purified to monoclonity and converted to
pBluescript phagemid by in vivo excision using XLOLR cells and ExAssist
helper phage (Stratagene). Plasmid DNA was prepared using a FastPlasmid
kit (Eppendorf, Hamburg, Germany). The nucleotide sequences of the cDNA
inserts were determined using Big Dye reaction and ABI Prism automated
DNA sequencer. Blast was used to search for sequence homology.

Crude lysate ELISA for the detection of tumor antigen-specific
antibodies. Crude lysates of bacteria expressing the protein of interest
were used as a source of the specific antigens as described by Tureci et al.
(7). A newly identified phage clone was excised in vivo to pBluescript
phagemid allowing IPTG-inducible prokaryotic expression of inserts. The
XLOLR bacteria were transformed with plasmid encoding the gene of
interest or plasmid with no inserts (reference lysate) and grown in Luria-
Bertani medium. Protein expression was induced with 2 mmol/L IPTG.
After overnight culture at 37°C, the bacteria were spun down and
resuspended in 2 mL PBS with protease inhibitor (Roche, Mannheim,
Germany). Protein concentration was determined by bicinchoninic acid
protein assay kit (Pierce, Rockford, IL). Bacterial lysate was frozen at —70°C
until use in ELISA or Western blot. Ninety-six-well Immulon 4HBX
microtiter plates (Dynex Technologies, Inc., Chantilly, VA) were coated
with bacteria lysate (50 pg/mL diluted in carbonate buffer) overnight at
4°C. After blocking with 100 pL/well of PBS/1% BSA at room temperature
on a rocker for 1 hour, plates were washed four times with PBS/0.5% Tween
20 and then 50 pL mouse sera (diluted 1:100) were added to each well and
incubated at room temperature on a rocker for 2 hours. After serum
incubation, plates were washed four times with PBS/Tween 20 and goat
anti-mouse IgG-horseradish peroxidase conjugate (diluted 1:5,000; Zymed,
San Francisco, CA) was added and incubated for 1 hour at room
temperature on rocker. Following final PBS/Tween 20 wash, TMB
developing reagent (Kirkegaard and Perry, Gaithersburg, MD) was added
(75 pL/well) and reaction was then stopped with 75 puL/well 1 N HCI and
read at absorbance of 450 nm. The absorbance of each serum dilution was
calculated as the absorbance of the antigen lysate-coated wells minus the
absorbance of reference lysate-coated wells. A response was defined as
positive if the A4 was greater than the mean + 2 SD of controls, which are
negative for a particular antigen as determined by SEREX.

Analysis of mRNA expression in different tissue and cell lines by
real-time reverse transcription-PCR. Total RNA from normal mouse
mammary tissue, fresh murine breast tumors, and breast cancer cell lines
(MMC and ANV) were isolated using RNA4Aqueous kit. The integrity of
RNA was tested using an Agilent BioAnalyzer (Foster City, CA). RNA from
normal mouse tissues, including brain, eye, heart, kidney, liver, lung, spleen,
testis, thymus, and uterus, was purchased from Clontech (Mountain View,
CA). ¢cDNA was generated from 5 pug RNA by SuperScript III reverse
transcriptase (Invitrogen, San Diego, CA) with oligo(dT) as primers
according to the manufacturer’s protocol. Diluted ¢cDNA (5 pL of 1:40)
was then used as template for real-time PCR analysis. The primers and
probes (FAM-MGB) for Tagman-based gene expression assay were bought
from Applied Biosystems (Foster City, CA). Real-time PCR was done in 384-
well thin-wall PCR plates using ABI Prism 7900HT under the following
conditions: initial denaturation at 95°C for 10 minutes, followed by 40
cycles of denaturation at 95°C for 15 seconds, and a combined annealing/
extension step at 60°C for 1 minute. Data analysis was done using SDS 2.21

(Applied Biosystems). mRNA expression level of tumor antigens was
normalized to B-actin using the ACr method. Level of expression = g ACT
where ACt = Cr antigen — Cr actine Cr is the cycle threshold at which the
fluorescence signal crosses an arbitrary value.

Flow cytometric analysis of tumor-infiltrating immune cells.
Immediately after tumor resection, the tumor was minced into small
pieces and then immersed in 5 mL digestion mixture (RPMI 1640 with
10% fetal bovine serum, 50 pL of 1% collagenase, and 50 uL of 1% DNase,
both are from Life Technologies, Carlsbad, CA). This mixture was
incubated on rocker at room temperature for 30 minutes and then
filtered through a 70-um screen. The leukocytes were further enriched by
Ficoll. The resulting single-cell suspension was analyzed on a FC500 flow
cytometer (Beckman Coulter, Fullerton, CA) after staining with the
appropriate antibodies for 30 minutes at 4°C in the dark. All the
antibodies (CD3-FITC, CD4-PE, CD8-PerCP, NK1.1-PE, CD19-FITC, and
CD11c-PE) were purchased from BD Biosciences (San Diego, CA).

Statistical analysis. X” test was used to compare the frequency of
antibody response between tumor group and control group. Student’s ¢ test
was used to compare the amount of infiltrating immune cells in
spontaneous versus implanted tumor. SPSS version 13.0 for Windows
(SPSS, Inc., Chicago, IL) was used for statistical analysis. P < 0.05 was
considered to be statistically significant.

Results

Multiple immunogenic proteins, related to cancer progres-
sion, can be identified in tumor-bearing neu-tg mice.
Immunoscreening of three libraries (~1 X 10° phages screened
for each library) using sera from mice with spontaneous tumors
yielded a total of 62 positive clones. Nucleotide sequence analysis
of the cDNA inserts identified 15 different antigens (Table 1). The
five mostly frequently identified antigens are the following:
cytokeratin 2-8 (Krt2-8; represented by 15 overlapping clones),
glutamyl-prolyl-tRNA synthetase (Eprs; 13 clones), complement C3
(C3; 9 clones), galectin 8 (Lgals8; 6 clones), and serine/threonine-
rich protein kinase 1 (Srpkl; 5 clones). The antigens are proteins of
diverse functions, including structural proteins [Krt2-8, gelsolin
(Gsn), and matrin 3 (Matr3)], signal transduction proteins [Rho-
associated, coiled coil-containing protein kinase (Rock) 1, Rho/Rac
guanine nucleotide exchange factor 2 (Arhgef2), RAB3A-interacting
protein (Rab3ip), and schistosoma mansoni adult worm antigen
preparation 70 (Swap70)], and transcription factors [leucine zipper
transcription factor-like protein 1 (Lztfll) and Y box-binding
protein (Yb1)]. The chrosomal location of the genes did not show
any bias toward a specific chromosome (Table 1). In terms of
cellular location, only Lgals8 and C3 are extracellular. All the other
proteins are intracellular with five nuclear proteins [Yb1, ubiquitin-
specific protease 7 (Usp7), Lztfll, Matr3, and exportin 5 (Xpo5)].
Many of the antigenic proteins play an important role in
tumorigenesis. For example, Rab3ip is a proto-oncogene that
interacts with the cancer-testis antigen SSX2 (8). Gsn, an actin-
severing protein, has tumor suppressor function and has been
reported to be down-regulated in human ovarian and breast cancer
(9-11). Three of the identified antigens, Rockl, Swap70, and
Arhgef2, are involved in the Rho/Rac-Rock signal transduction
pathway. Rockl, the effector of RhoA, regulates the organization of
the actin cytoskeleton and is responsible for cell motility and
cytokinesis (Fig. 1). Arhgef2 is a Rho/Rac guanine nucleotide
exchange factor. Swap70 may also function as a guanine nucleotide
exchange factor (12). Rho/Rock pathway plays an important role in
tumor cell invasion and cancer metastasis (13-17).

SEREX-identified antigens are widely expressed intracel-
lular self-proteins. Real-time reverse transcription-PCR (RT-PCR)
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Table 1. Murine TAAs identified by SEREX
Antigen No. Gene Chromosomal Subcellular Function UniGene
clones symbol location location no.
Cytokeratin 2-8 15 Krt2-8 15F3 Cytoplasm Cytoskeleton Mm.358618
Glutamyl-prolyl-tRNA synthetase 13 Eprs 1H4 Cytoplasm tRNA aminoacylation for Mm.154511
protein translation
Complement C3 9 C3 17E1 Extracellular Complement activation Mm.19131
Galectin 8 6 Lgals8 13A1 Extracellular Cell adhesion, spreading Mm.171186
Serine/threonine-rich protein kinase 1 5 Srpkl 17A3 Cytosol/nucleus Regulate pre-mRNA splicing Mm.15252
RAB3A-interacting protein 3 Rab3ip 10D2 Cytosol/nucleus  SSX2 interacting protein Mm.336394
Rho-associated, coiled 2 Rockl 18A2 Cytoplasm RhoA/Rock signaling pathway, Mm.6710
coil-containing protein kinase 1 cell differentiation, migration
Schistosoma mansoni 2 Swap70 7E3 Cytoplasm Signal transduction, RacGEF Mm.334144
adult worm antigen preparation 70
Rho/Rac guanine nucleotide 1 Arhgef2 3F1 Cytoplasm Activation of RhoA/Rock Mm.239329
exchange factor 2 pathway
Gelsolin 1 Gsn 2B Cytoplasm Actin-binding protein, Mm.21109
tumor suppressor
Nuclease-sensitive element binding 1 Nsepl (Yb1) 4D1 Nucleus DNA-binding protein Mm.258204
protein 1 (Y box-binding protein)
Ubiquitin-specific protease 7 1 Usp7 16A1 Nucleus Deubiquitinating enzyme Mm.295330
for p53 (39)
Leucine zipper transcription 1 Lztfll 9F Nucleus Transcription factor Mm.42258
factor-like protein 1
Exportin 5 1 Xpo5 17C Nucleus Exports eEF1A via tRNA Mm.275039
from nuclei
Matrin 3 1 Matr3 18C Nucleus Nuclear protein Mm.215034

was used to measure the mRNA expression level of the SEREX-
identified antigens in different tissues to examine their expression
profile. The expression level was evaluated in a panel of 10 normal
tissues, including brain, eye, heart, kidney, liver, lung, spleen, testis,
thymus, and uterus. All of the antigens were detected in normal
and tumor tissues. Figure 2 shows the expression profile of the five
most frequently identified antigens. Krt2-8 is the only antigen that
shows relatively high level of expression in testis compared with
other normal tissues (Fig. 24). However, it is also expressed in the
uterus, kidney, and liver. Srpkl, which was reported previously to
have restricted expression in testis (18), was found to express in
other tissue as well (Fig. 2E). In summary, none of the tumor-
associated antigens (TAA) we found showed restricted expression
as that of a cancer/testis antigen.

SEREX-identified antigens have dysregulated expression in
breast cancer tissue and cell line compared with normal
mammary gland. As tumor antigens may be overexpressed in
cancer compared with normal tissue, we used real-time RT-PCR to
evaluate the expression levels of identified antigens in fresh breast
cancers (n = 7), normal mammary tissues (n = 5), and a neu-
overexpressing cell line, MMC, derived from a spontaneous tumor in
the neu-tg mouse (5). As shown in Fig. 3, the genes of some antigens
are up-regulated in primary tumor and cell line (Krt2-8 and Matr3),
whereas other genes (Gsn, C3, and Yb1) are down-regulated. Similar
changes in expression of cytokeratin and Gsn have been reported for
human cancer. Cytokeratin is up-regulated in breast cancer (19),
especially in neu-overexpressing breast cancer (20). Cytokeratin was
also overexpressed in hepatocarcinoma, cervical cancer, and renal
cancer, similar tissues as we show here in the murine system (21-23).
Gsn, as a tumor suppressor, is down-regulated significantly in
human breast and ovarian cancers (9, 11, 19, 24).

The majority of identified murine tumor antigens have
immunogenic human homologues. To examine if the mouse
antigens we identified have immunogenic human homologues, we
searched the human cancer immunome database (CIDB; http://
www2.licr.org/CancerlmmunomeDB/) and PubMed. We found that
more than half of the mouse tumor antigens have immunogenic
human homologues (Table 2). The relevant cancer types and
SEREX clones are listed in Table 2. Two of the proteins involved in
the metastatic pathway, Rockl and Swap70, have been associated
with breast and other types of cancer in humans. Furthermore,
Rockl and Srpkl, have been reported to play a role in tumor
rejection in multiple myeloma patients (25). Of note, all of the top
five most frequently identified antigens have immunogenic human
homologues. The seropositivity to these antigens was evaluated in
42 sera from mice bearing spontaneous tumors and 40 sera from
control non-tumor-bearing mice using crude lysate ELISA. As
shown in the last two columns of Table 2, tumor-bearing mice had
significantly higher frequency of antibodies to Krt2-8 and Rockl.

Antibody immunity observed in mice with spontaneous
tumors was not observed in mice with implanted tumors.
Because implanted tumors are more frequently used as a model
system to study tumor immunity, we next questioned if the
humoral immunity we observed in mice with spontaneous tumor
could also be detected in mice with implanted tumors. Tumor-free
neu-tg mice received 1 X 10° syngeneic tumor cells (MMC)
implanted s.c. All of the neu-tg mice developed palpable tumors
within 2 weeks after the injection. Serum was collected from neu-tg
mice before and at 1 month after the tumor implantation to
evaluate if new immunity developed associated with tumor growth.
In contrast to neu-tg mice bearing spontaneous tumors, no mice
bearing implanted tumors had evidence of increased antibody
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Figure 1. Multiple proteins related to tumor metastasis are
found to be immunogenic. Activation of epidermal growth
factor receptor (EGFR)/erbB2 can lead to actin
polymerization and cell motility through the serial activation
of Rho/RacGEF, Rho GTPase (Rho/Rac/Cdc42), and Ro-
ck. Three proteins involved in this pathway (Arhgef2, Sw-
ap70, and Rock1) are found to be immunogenic in
neu-tg mice. The mitogen-activated protein kinase (MAP-
K) pathway is oversimplified.

EGFR/erbB2
N

Arhgef2 MAPK
mlﬂ_o Rho/RacGEF p athw. ay
A 4
Rho/Rac

Cell growth

Cell motility

Tumor Metastasis

response to the most common antigens, cytokeratin, Eprs, Srpkl,
C3, Ybl, and Rockl. Figure 44 and B shows the representative
results on cytokeratin, which had increased serum antibodies in
mice bearing spontaneous tumor but not in mice with implanted
tumor. To further understand the difference between spontaneous
and implanted tumors, we compared growth rates. The implanted
tumor grew faster than spontaneous tumor (Fig. 4C). At 2 weeks
after the first appearance of palpable tumors, the average size of a
spontaneous tumor was significantly smaller than that of an
implanted tumor (274.6 + 49.2 versus 1,458.2 + 102.6; P < 0.001).
Furthermore, analysis of immune cell infiltrates in tumor showed
that spontaneous tumor had significantly higher numbers of CD4
and CD8 T cells than implanted tumor [6.4 + 4.9 versus 2.1 + 0.8,
CD4 T cells (P < 0.05); 4.8 £ 1.3 versus 1.1 + 0.2, CD8 T cells (P <
0.05); Fig. 4D]. There was no difference for B cells (CD19"), NK cells
(NK1.1%), or dendritic cells (CD11c").

Discussion

We comprehensively identified the immunogenic repertoire of
the neu-tg mouse. After screening 3 cDNA libraries, we identified
15 tumor antigens with diverse biological functions, including
structural proteins, transcription factors, and signal transduction
molecules (Table 1). The majority of tumor antigens identified have
immunogenic human homologues (Table 2), including Gsn, Rockl,
Krt2-8, and Yb1, which have been reported to play important roles
in tumorigenesis and metastasis in both human and animal models
(9-11, 13-17, 21-25). The dysregulated expression of Krt2-8 and
Gsn in breast tumor in neu-tg mice also mirrors the expression in
cancer patients (9-11, 19, 20). The similarity between mouse and
human tumor antigens indicate that neu-tg mice may be useful
in modeling immunobased therapy for human breast cancer.

Moreover, the majority of the tumor antigen repertoire is
composed of intracellular proteins. Finally, data presented suggest
that the generation of endogenous immunity in mice is associated
only with spontaneous tumor development and not the more
commonly used therapeutic model system, implanted tumors.

It has long been a matter of debate whether data collected in
rodent models would be predictive of human disease response.
Indeed, in animal models of tumor immunity, many of the tumor
cell lines studied are chemically induced or inherently immuno-
genic, quite dissimilar to the human condition (26). In particular,
the field of tumor immunology has suffered from a lack of success
in translating successful murine therapeutic approaches into
immunotherapeutics that have an effect in human malignancies.
More recently, the ability to generate mice that are transgenic or
knocked out for cancer-related genes has resulted in the
development of rodent models that closely mimic human cancer
from a pathologic standpoint (2, 27-29). Furthermore, a recent
review by Roberts et al. (30) showed that transgenic and knockout
mouse models could accurately predict some of the toxicities that
have been seen in human clinical studies of anticancer agents, such
as inhibitors of cyclooxygenase-2, vascular endothelial growth
factor, KIT, and ER. Neu-tg mice are engineered to express
nontransforming rat nez on an MMTV promoter and the breast
cancers that occur in these mice mimic premenopausal breast
cancer in women (2). Gene expression profiling of the mammary
tumors in these mice shows that there are numerous similarities to
human breast cancer (3). Results presented here show that the
majority of tumor antigens identified in neu-tg mice have
immunogenic human homologues. Thus, the reu-tg mouse may
serve not only as a potential discovery tool for immunogenic
human proteins but also as a model to evaluate the potential
therapeutic efficacy of immunologic targeting of those proteins.

www.aacrjournals.org

9797

Cancer Res 2006; 66: (19). October 1, 2006



Cancer ReseakGitrd W81XWH-06-1-0537

PI: Disis, Mary L.

In humans, tumor antigens are characterized into different
categories, including cancer/testis antigens, overexpressed pro-
teins, differentiation antigens, and mutated proteins to name a few
(31). As it is difficult to do comprehensive analyses of the
immunologic repertoire in humans, it is unknown which types of
proteins are most likely to elicit an immune response in cancer
patients. Due to the homogeneity of the reu-tg mouse colony,
exhaustive immunologic analyses of the antigenic repertoire can be
done. Of note, not all mice developed immunity to their tumors,
and not all animals developed immunity to the same antigens.
Furthermore, many mice developed immunity to multiple antigens
so the generation of immunity was heterogeneic despite the

genetic similarity of the breast cancers arising in these animals.
With one exception of finding a possible cancer/testis antigen, our
studies show that the most common similar characteristic of all
identified antigens was an intracellular location. Intracellular self-
proteins are not normally recognized by the immune system due to
immunologic ignorance. In disease conditions, such as cancer or
other trauma, the proteins are made visible to the immune system
due to tissue destruction. In addition, results presented here
suggest that activation of metastatic pathways may make a protein
immunogenic. The fact that 3 of the 15 identified antigens fall in
the Rho/Rock signal transduction pathway support this hypothesis.
Our results support the hypothesis that the immunogenicity of a
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given molecule depends on the context, in which it is presented
than on its more or less restricted expression in certain tissues (32).

SEREX can identify not only new therapeutic targets but also
new diagnostic markers (33). In the present study, we examined the
presence of antibodies to SEREX-identified antigens in 42 sera from
tumor-bearing animal and 40 controls. The results showed that
tumor-bearing mice had significantly higher frequency of antibody
responses to Krt2-8 and Rockl. Krt2-8 is a component of the
intracellular cytoskeleton in cells of the single-layered sheet tissues.
It was overexpressed in both tumor and a neu-positive cell line
from neu-tg mice (Fig. 3). It is also reported to be overexpressed in

cancer patients (19-23). Rockl is the downstream effector of Rho
and regulates actin polymerization and focal adhesion (Fig. 1). The
Rho/Rock pathway plays an essential role in tumor metastasis
(13-17). Whether cytokeratin or Rockl could be potential new
diagnostic markers needs more investigation. To examine if any of
the antigens may be used as potential therapeutic targets, we
evaluated the antibody response after successful immunomodula-
tion, which may result in the development of new tumor-specific
antibody immune responses that correlate with tumor regressions.
We treated neu-tg mice with a reagent to deplete T regulatory cells,
an anti-CD25 immunotoxin, and the spontaneous tumors

Table 2. Murine TAAs that have immunogenic human homologues
Mouse TAA Human homologue Cancer types References SEREX clone in CIDB*  Murine serum reactivity
Tumor Control
Krt2-8 KRT2-8 Ovarian, colon, renal CIDB (40) MO-OVA-122 15/42 5/40"
Eprs EPRS Breast, colon, gastric (41) N/A 7/42 2/40
C3 C3 Head, neck CIDB AU-HN-4 14/42 6/40
Lgals8 LGALSS Prostate (42) N/A 14/42 13/40
Srpkl SRPK1 Breast, leukemia CIDB (25, 43) NGO-BR-51 7/42 3/40
Rockl ROCK1 Breast, renal, fibrosarcoma, myeloma CIDB (25) NY-REN-35 6/42 0/40"
NGO-BR-4
NW-TK156
NY-SAR-66
Swap70 SWAP70 Breast, melanoma, renal, lymphoma  CIDB HOM-HD2-117 6/42 5/40
HOM-Mel2-2.7
MO-BC-1046
MO-REN-15
NGO-BR-44
NY-REN-5
Nsepl (Ybl) NSEP1 (YB1) Breast, ovarian CIDB (44) HOM-Ts-PMR2-12 4/42 0/40
HOM-TSOv2-35
*Human CIDB (http://www2licr.org/CancerlmmunomeDB/).
TP < 0.05, X test.
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*, (P < 0.05), a significant difference
between the spontaneous and implanted
tumors.

regressed. Both anti-neu antibody and T-cell immunity was
augmented after the treatment. We did ELISA using pretumor
and post-tumor regression sera and found that antibody immunity
to one of the SEREX-identified antigens, Srpkl, increased post-
tumor regression (34). It is interesting that patients with relapsed
myeloma developed new antibody immunity to Srpkl after
complete tumor regression was induced with donor lymphocytes
infusions (25).

Tumor implants have long been used to evaluate immunobased
strategies in rodent models. Our studies show that there are
significant differences in the immune responses that occur
endogenously in animals that spontaneously developed tumor
versus received s.c. tumor implants. A humoral immune response
was only increased in transgenic mice that developed spontaneous
tumors. Moreover, the magnitude and phenotype of infiltrating
cells were significantly different between spontaneous and
implanted tumors. Several factors could contribute to this finding.
First, the growth rate of implanted tumors is accelerated, which
may impede the development of immunity. Second, the tumor
implants are in a foreign anatomic site, which may affect the ability
of initiating an immune response. Furthermore, implanted tumors
generally do not have associated stromal elements, which are
critical in the generation of immunity (35, 36). The cell line (MMC)
used for the implanted tumor was derived from a spontaneous
tumor in reu-tg mice. Previous work in our laboratory has shown
that antigen loss variant may develop from this cell line when
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The Identification of Tumor Rejection Antigens in Murine Models That are Associated with Human
Homologues

Hailing Lu, Ekram Gad, Amy Chang, Kristin Seymour, and Mary L. Disis

Tumor Vaccine Group, University of Washington, Seattle, WA 98195

There are many discovery tools that are useful for the identification of human tumor antigens. Although
hundreds of human tumor antigens have been identified, it is unknown which of those proteins is a true
“tumor rejection” antigen. We questioned whether murine models could be used to predict human tumor
rejection antigens. Neu-tg FVB/N mice which express rat neu on an MMTYV promoter develop HER2+ER-
breast cancer that mimics premenopausal human breast cancer. Using sera from mice bearing spontaneous
tumors, we identified 16 mouse tumor antigens through SEREX (serological analysis of recombinant cDNA
expression libraries). Half of the mouse TAA (tumor associated antigens) have immunogenic human
homologues, which suggest that the neu-tg mice could be used to predict human TAAs. To further identify
antigens that are associated with tumor rejection, we established a tumor rejection model by implanting in
vitro cultured HER2+ mouse mammary carcinoma (MMC) cells derived from a spontaneous tumor into
parental FVB/N mice. While 2x10° MMC implantation resulted in 100% tumor development in neu-tg mice
within 2 weeks, the parental mice were able to completely reject the tumor implant. Anti-neu antibody was
detected in the serum from parental mice after they rejected neu+ tumor cells using flow cytometry.
Adoptive transfer of splenocytes from the tumor rejection mice to neu-tg mice resulted in inhibited tumor
growth in the recipient mice. We hypothesized that the tumor rejection effect observed in parental mice was
not only due to immune response against neu which is a foreign protein, but also against other tumor
antigens which could be detected by SEREX. Blood was taken from the parental mice before and after tumor
rejection. Subtractive SEREX was used to search for post-rejection specific antibodies. The first antigen we
identified is alpha catenin (Catnnal), which is a cadherin binding protein that is involved in cell adhesion
and tumor metastasis. After demonstrating novel polyclonal immune responses could be generated with
tumor regression in parental mice, we evaluated if polyclonal immunity was also generated in neu-tg mice
after immune based therapies which resulted in tumor regression. Sera samples from transgenic mice before
and after immunomodulation were collected to determine the presence of new immunity associated with
tumor regression. Preliminary analysis showed that new immunity to a mouse tumor antigen serine/arginine-
rich protein specific kinase 1 (Srpkl) developed after therapeutically effective immumodulation. The
“immunologic signature” of tumor rejection antigens in neu transgenic mice will be presented.
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Identification of an immunological signature of tumor rejection in the neu-transgenic mouse
Hailing Lu, Amy Chang, Ekram Gad, Emily Larson, and Mary L. Disis

Tumor Vaccine Group, University of Washington, Seattle, WA 98195

With a multitude of human tumor antigens identified to date, the challenge lies in identifying those antigens
that, when immunologically targeted, would result in tumor rejection. Previous work from our group has
shown that neu-transgenic (neu-tg) mice bearing spontaneous tumors have endogenous immune responses
against their tumor. Furthermore, the tumor antigen repertoire identified in neu-tg mice may predict human
tumor antigens. In the current study, two tumor rejection models in neu-tg mice were established; (1)
parental mice rejecting tumor cell implants, and, (2) tumor regression in neu-tg mice after
immunomodulation. Serum samples were collected from mice before and after tumor rejection. Subtractive
serological screening of cDNA expression library (SEREX) was used to profile the change in serum
antibodies after tumor rejection. After screening 2 cDNA expression libraries established using RNA from
spontaneous tumor and a syngeneic tumor cell line, we identified 10 antigens whose antibody responses were
preferentially observed in post-rejection sera, including centrosomal protein 290 (Cep290), catenin alpha 1
(Ctnnal), FXYD domain containing ion transport regulator 3 (Fxyd3), GPl-anchored membrane protein 1
(GPlapl), heat shock protein 40 (Hsp40), heterogeneous nuclear ribonuclear protein L-like (Hnrpll), mouse
mammary tumor virus 1 (Mtvl), talin 1 (TInl), tumor necrosis factor alpha inducible protein 3 (Tnfaip3),
and transmembrane protein 57 (Tmem57). Four of these antigens have immunogenic human homologues.
This antigenic repertoire is distinct from the repertoire we previously identified in tumor-bearing mice.
Preliminary data has shown that vaccination targeting Mtvl, a tumor rejection antigen, has a tumor
protective effect. Thus, tumor rejection antigens can be identified in neu-tg mice and may serve as a model
for identifying human tumor antigens which should be evaluated for immunologic targeting.
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Vaccination targeting antigens identified in tumor rejection mice but not antigens
identified in tumor bearing mice has tumor protective effect

Hailing Lu, Amy Chang, Ekram Gad, Emily Larson, Eddy Park, Steven La, and Mary L.
Disis

Tumor Vaccine Group, University of Washington, Seattle, WA 98195

With a multitude of human tumor antigens identified to date, the challenge lies in
identifying those antigens that, when immunologically targeted, would result in tumor
rejection. Previously we have shown that neu-transgenic (neu-tg) mice bearing
spontaneous tumors have endogenous immune responses against their tumor. A panel of
15 tumor antigens was identified by serological screening of cDNA expression library
(SEREX) using sera from tumor bearing mice. Approximately 70% of the tumor
antigens identified in neu-tg mice have immunogenic human homologues. We examined
the potential therapeutic value of this panel of antigens by vaccinating the mice using
plasmids encoding the individual antigens. Unfortunately, none of the tested antigens
showed tumor protective effect. We hypothesized that tumor rejection mice may be more
suitable than tumor bearing mice in identifying antigens that are associated with tumor
rejection. To test this hypothesis, we established two mouse tumor rejection models; (1)
parental mice rejecting tumor cell implants; and, (2) tumor regression in neu-tg mice after
immunomodulation. Serum samples were collected from mice before and after tumor
rejection. Subtractive serological screening of cDNA expression library (SEREX) was
used to profile the change in serum antibodies after tumor rejection. After screening 2
cDNA expression libraries, we identified 10 antigens whose antibody responses were
preferentially observed in post-rejection sera, including centrosomal protein 290
(Cep290), catenin alpha 1 (Ctnnal), FXYD domain containing ion transport regulator 3
(Fxyd3), GPI-anchored membrane protein 1 (GPlapl), heat shock protein 40 (Hsp40),
heterogeneous nuclear ribonuclear protein L-like (Hnrpll), mouse mammary tumor virus
1 (Mtvl), talin 1 (TInl), tumor necrosis factor alpha inducible protein 3 (Tnfaip3), and
transmembrane protein 57 (Tmem57). Four of these antigens have immunogenic human
homologues. This antigenic repertoire is distinct from the repertoire we previously
identified in tumor bearing mice. Preliminary data has shown that vaccination targeting
Mtvl and Fxyd3 has tumor protective effect. Thus, Vaccination targeting antigens
identified in tumor rejection mice but not antigens identified in tumor bearing mice has
tumor protective effect.
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Preventing the development of breast cancer by immunizing with multi-antigen vaccines
targeting proteins associated with oncogenesis. M.L. Disis, E. Gad, D. Cecil, K. Park, V. Lai,
R. Lubet*, and H. Lu. Tumor Vaccine Group, University of Washington, Seattle, WA and
*Cancer Chemoprevention Branch, National Cancer Institute, Bethesda, MD.

Vaccines have been extremely successful in the prevention of infectious diseases. Cancer
vaccines have long been studied for the treatment of cancer, but have not yet been exploited as
chemoprevention agents with the exception of virally mediated malignancies. Human breast
cancer is immunogenic and a variety of proteins involved in the malignant transformation or
maintenance of the malignant phenotype have been identified as tumor antigens. Transgenic
animal models are uniquely suited for evaluating the potential efficacy of preventative cancer
vaccines. TgMMTV-neu mice, for example, develop neu-mediated breast cancer at about 100
days of life. Tumors are histologically similar to human breast cancer and have a molecular
profile consistent with the luminal subtype. We have developed two multi-antigen vaccines
targeting immunogenic proteins associated with oncogenesis and evaluated whether we could
prevent the development of breast cancer in TgMMTV-neu mice. Each vaccine was composed
of 3 different antigens. Class Il epitopes derived from antigenic proteins involved in growth
factor pathways comprised one vaccine and the other vaccine was plasmid based and encoded
intracellular immunogenic proteins involved in cell proliferation. The ability of active
immunization to prevent breast cancer was evaluated in both older (18 week) and younger (5
week) mice. Vaccines were administered intradermally every two weeks for 3 immunizations
and then monthly until the development of disease or 1 year had passed. Both vaccines
prevented breast cancer development in older animals. 40% of peptide immunized older mice
were cancer free at 1 year compared to 5% of controls (p=0.02). The DNA vaccine appeared to
be more effective in older animals with 60% of vaccinated mice tumor free as compared to 20%
of controls (p=0.01). Protection from the development of cancer was mediated by T cells as
evidenced by adoptive transfer of CD3" cells purified from vaccinated and protected mice, sham
immunized mice, and naive mice. T cells from protected mice resulted in significant inhibition
of tumor growth after a syngeneic tumor challenge (p=0.01 protected vs. sham vaccine). The
cancer protective effect of immunization was more pronounced when vaccines were
administered to the younger mice. The Class Il epitope vaccine prevented cancer development
in 65% of mice as compared to 5% of controls. The plasmid based vaccine protected 70% of
mice from breast cancer. Active immunization was associated with a survival benefit in all
groups. These data suggest breast cancer vaccines targeting biologically relevant proteins may
be an effective approach to the prevention of breast cancer.
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