AD

Award Number: W81 XWH-04-1-0546

TITLE: Amplification of Anti-Tumor Immunity Without Autoimmune Complications

PRINCIPAL INVESTIGATOR: Wei-Zen Wei, Ph.D.

CONTRACTING ORGANIZATION: Wayne State University
Detroit, Ml 48202-3622

REPORT DATE: May 2007

TYPE OF REPORT: Final

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The views, opinions and/or findings contained in this report are those of the author(s) and
should not be construed as an official Department of the Army position, policy or decision
unless so designated by other documentation.



REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY)
01-05-2007

2. REPORT TYPE
Final

3. DATES COVERED (From - To)
15 Apr 2004 — 14 Apr 2007

4. TITLE AND SUBTITLE

Amplification of Anti-Tumor Immunity Without Autoimmune Complications

5a. CONTRACT NUMBER

5b. GRANT NUMBER
W81XWH-04-1-0546

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S)

Wei-Zen Wei, Ph.D.

E-Mail: weiw@karmanos.org

5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

Wayne State University
Detroit, Ml 48202-3622

8. PERFORMING ORGANIZATION REPORT
NUMBER

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)

U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

10. SPONSOR/MONITOR’S ACRONYM(S)

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT
Approved for Public Release; Distribution Unlimited

13. SUPPLEMENTARY NOTES

14, ABSTRACT

See next page for abstract.

15. SUBJECT TERMS
No subject terms provided

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT OF PAGES USAMRMC
a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPHONE NUMBER (include area
U] U] U] uu 36 code)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39.18







Table of Contents

Ta{geYe [Te3 4 To] o F TR

B Oy et

Key Research Accomplishments..........coooiiiiiiiii e

Reportable OQUICOMES.......o.i e e

CONCIUSION S . e e e e e e e e e e e e e e e

RO I BN S . ..ot e e e e e e e e e e e

N 0 =T g o Lo =



INTRODUCTION

The project was funded for two years. The tasks were modified to reflect new
understanding in immune regulation and they are

Task 1 Test the hypothesis that anti-tumor but not autoimmunity will be induced by DNA
vaccine encoding pNeuTM and GITRL
(A) Month 1-24  Construction and biochemical testing of DNA plasmids
encoding GITRL or GITRL-ecd
(B) Month 1-24  In vitro and in vivo testing of pGITRL or pGITRL-ecd in
association with pNeuTM vaccination.
l. Establish the read-outs for NeuTM DNA vaccination, including
antibody production and T cell response measured by ELISPOT.
Il. Establish the read-outs for autoimmune response, including
antibody and T cell reactivity to mouse thyroglobulin and
inflammatory infiltration in the thyroid.
I1. Measure anti-neu and anti-mTg reactivity in mice immunized with
DNA encoding NeuTM and GITRL.

BODY

Objective 1A Construction and biochemical testing of DNA plasmids encoding
NeuTM/GITRL
Full length mouse GITRL in pMTF was provided by Dr. Herman Waldmann.
The extracellular domain was amplified by PCR and cloned in pVIVO. Expression of
recombinant mouse GITR and the ecd portion of GITR was verified by transient
transfection of mouse mammary tumor cells D2F2, followed by staining with goat anti-
GITRL serum with PE conjugated 2™ Ab.

Results from Objectives 1B-1 and Il have been reported and the manuscripts are
attached in the appendices.

Objective 1B-I Establish the read-outs for neuTM DNA vaccination, including
antibody production and T cell response measured by ELISPOT, and

Objective 1B-I1 Establish the read-outs for autoimmune response, including
antibody and T cell reactivity to mouse thyroglobulin and inflammatory infiltration of the
thyroid.

Wei,WZ., Jacab, J.B., Zielinski, J.F., Flynn, J.C., Shim, K.D., Alsharabi, G., Giraldo,
A.A., Kong, Y.M. Concurrent induction of anti-tumor immunity and autoimmune
thyroiditis in CD4+CD25+ regulatory T cell depleted mice, Cancer Research, 65:8471-
8478, 2005.

Jacob, J.B., O. Radkevich, G. Forni, J. Zielinski, D. Shim, R.F. Jones, WZ. Wei. 2006.
Activity of DNA vaccines encoding self or heterologous Her-2/neu in Her-2 or neu
transgenic mice. Cellular Immunology 240:96-106.



J.B. Jacob, Y.M. Kong, C. Meroueh, D.P. Snower, C.S. David, YS. Ho, WZ. Wei. 2007.
Control of Her-2 tumor immunity and thyroid autoimmunity by MHC and regulatory T
cells. Cancer Research 67(14), In press.

Objective 1B-I11 Measure anti-neu and anti-mTg reactivity in mice immunized
with DNA encoding neuTM/GITRL

To determine whether co-vaccination with pGITRL or pGITRL-ecd increases
immune response to Her-2/neu, normal mice were electro-vaccinated twice, 2 wks apart,
with pE2TM encoding the extracellular and transmembrane domains of human Her-2 and
either pGITRL or pGITRL-ecd. Following the second immunization, antibody and T cell
responses were analyzed. Mice vaccinated with pE2TM and either pGITRL or pGITRL-
ecd produced high levels of anti-Her-2 antibodies at 174 + 33 and 168 + 65 pg/ml,
respectively. In T cell response, mice vaccinated with pE2TM and pGITRL showed 89 +
32 IFN-y-producing T cells/10° spleen cells when stimulated in vitro with Her-2
expressing antigen presenting cells. When compared with mice vaccinated with pE2TM
and pGM-CSF, the anti-Her-2 antibody and T cell responses were comparable whether
mice received pGM-CSF or pGITRL. The effect on tumor growth was tested in human
Her-2 transgenic mice produced in our lab. Tumor growth was comparable whether mice
received pE2TM/pGM-CSF or pE2TM/pGITRL. Therefore, increase in anti-neu or anti-
tumor immunity is comparable whether pGM-CSF or pGITRL was co-injected. These
results are consistent with recent reports showing that stimulation of GITR triggers co-
stimulatory signals in both effector and regulatory T cells, but the activity of Treg may
not be reduced (1-3). Alternative measures may be required to amplify anti-tumor
immunity without systemic Treg depletion which would trigger autoimmunity.

We started to test a new strategy to amplify anti-tumor immunity with minimal
systemic immune modulation by expressing exogenous antigens or cytokines in the
tumor itself. The results were reported in the 2007 Annual meeting of the American
Association for Cancer Research.

“Expression of a foreign antigen by intratumoral DNA electroporation to enhance anti-
tumor immune response, Olga Radkevich-Brown, Jayanth Panyam, Wei-Zen Wei”

We hypothesized that a strong immune reactivity to a foreign recall antigen
expressed intratumorally will cause tumor cell destruction and lead to enhanced immune
priming to TAA. To test the feasibility of expressing a foreign antigen in a solid tumor,
we monitored the activity of firefly luciferase introduced into BALB/c mammary tumors
D2F2 by DNA electroporation. Mice were inoculated subcutaneously with 1x10° D2F2
cells. When tumors reached 3x3 mm in size, mice received 100-200 g of luciferase
DNA in 50-100 ul of PBS intratumorally (i.t.) twice, 3 days apart. Each DNA injection
was followed immediately by electroporation at the injection site using a tweezer
electrode to deliver 8 pulses, each at 100 V for 25 msec. Luciferase activity was
measured twice a wk starting on d.7 after the 1st DNA electroporation. Mice received i.v.
injection of 1.6 mg D-luciferin, the luciferase substrate, and were imaged with the Kodak
1IS4000MM small animal imager. The intratumoral luciferase activity was maximal
between d.7 and d.10 after the 1st DNA electroporation and declined progressively until
no activity was detected on d.21. Intratumoral expression of luciferase was verified by in



vitro luciferase assay of the tumor lysate. To test whether i.t. DNA electroporation
induced immune reactivity to the expressed foreign protein, pPE2TM DNA was
electroporated into D2F2 tumor. pE2TM encodes the extracellular and transmembrane
domains of human ErbB-2 (Her-2), a TAA overexpressed in several types of human
cancers. Her-2 is the human homolog of mouse ErbB-2 and a foreign, heterologous Ag in
mice. After two i.t. DNA electroporations, Her-2-specific antibodies and T cells were
detected by flow cytometry and IFN-y ELISPOT, respectively. These results demonstrate
the feasibility of expressing a foreign antigen by i.t. DNA electroporation and its
recognition by the immune system, suggesting the possibility of converting a solid tumor
into a cancer vaccine reservoir.

KEY RESEARCH ACCOMPLISHMENTS

1. Subclone GITRLecd and verify the proper expression of recombinant GITRL
and GITRL-ecd.

2. Establish the read-outs for accessing humoral and cellular immunity to neu.
3. Establish the read-outs for accessing humoral and cellular immunity to mTg.
4. Concurrent induction of tumor regression and autoimmune thyroiditis
following depletion of regulatory T cells.
5. Establish intratumoral gene expression for modulation of the tumor
microenvironment.
REPORTABLE OUTCOMES

WZ Wei, J.B. Jacob, J.F. Zielinski, J.C. Flynn, K.D. Shim, G. Alsharabi, A.A. Giraldo,
Y.M. Kong. 2005. Concurrent induction of antitumor immunity and autoimmune
thyroiditis in CD4+CD25+ regulatory T cell-depleted mice. Cancer Research 65:8471-
8478.

Jacob, J.B., O. Radkevich, G. Forni, J. Zielinski, D. Shim, R.F. Jones, WZ. Wei. 2006.
Activity of DNA vaccines encoding self or heterologous Her-2/neu in Her-2 or neu
transgenic mice. Cellular Immunology 240:96-106.

J.B. Jacob, Y.M. Kong, C. Meroueh, D.P. Snower, C.S. David, YS. Ho, WZ. Wei. 2007.
Control of Her-2 tumor immunity and thyroid autoimmunity by MHC and regulatory T
cells. Cancer Research 67(14), In press.

J.B. Jacob, Y.M. Kong, J.C. Flynn, D. Shim, J. Zelinski, and W.-Z. Wei Concurrent
induction of anti-tumor immunity and autoimmunity — A new model for testing tumor
immunotherapy and assessing thyroiditis induction. Proc. AACR. 2004

Jennifer B. Jacob, Yi-chi M. Kong, Olga Radkevich, Chella S. David, Ibrahim Mansoor,
Daniel Snower, Wei-Zen Wei. Regulatory T cell status and MHC Il haplotypes determine



the balance between overcoming Her-2 tolerance by vaccination and inducing autoimmune
thyroiditis. Proc. AACR, 2005.

Jennifer B. Jacob, Yi-chi M. Kong, Daniel Snower, and Wei-Zen Wei. Tumor regression
and reactivity to thyroglobulin in BALB NeuT mice following CD25" regulatory T cell
depletion and immunization. AAI, 2006.

J.B. Jacob, Y.M. Kong, I. Nalbantoglu, D.P. Snower, WZ. Wei. Thl and Th17 in tumor
immunity versus autoimmunity. International Conference of the American Association
of Immunologists, Miami Beach, FL. May 18-22, 2007.

CONCLUSIONS

We have established a test system to induce, concurrently, tumor regression and
EAT after Treg depletion. A synergy between anti-neu and anti-mTg immunity was
observed in BALB/c mice experiencing tumor regression and mouse thyroglobulin
immunization at the same time (5).

Co-vaccination with pE2TM and pGITRL induced comparable anti-neu immunity
as did pneuTM and pGM-CSF. These results are consistent with the co-stimulatory
activity of GITRL, but there may not be a direct effect on Treg activity as described in
several recent reports. To enhance anti-tumor immunity without excessive systemic
modulation of Treg, we are testing the expression of foreign antigens in the tumor by
intratumoral DNA electroporation.
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Concurrent Induction of Antitumor Immunity and Autoimmune
Thyroiditis in CD4*CD25* Regulatory T Cell-Depleted Mice

Wei-Zen Wei, Jennifer B. Jacob,"” John F. Zielinski, Jeffrey C. Flynn,2 K. David Shim,’
Ghazwan Alsharabi,’ Alvaro A. Giraldo,’ and Yi-chi M. Kong2

'Karmanos Cancer Institute and *Department of Immunology and Microbiology, School of Medicine, Wayne State University,
and °Division of Immunopathology, St. John Hospital and Medical Center, Detroit, Michigan

Abstract

When CD4°CD25" regulatory T cells are depleted or inacti-
vated for the purpose of enhancing antitumor immunity, the
risk of autoimmune disease may be significantly elevated
because these regulatory T cells control both antitumor
immunity and autoimmunity. To evaluate the relative benefit
and risk of modulating CD4"CD25" regulatory T cells, we
established a new test system to measure simultaneously the
immune reactivity to a tumor-associated antigen, neu, and an
unrelated self-antigen, thyroglobulin. BALB/c mice were
inoculated with TUBO cells expressing an activated rat neu
and treated with anti-CD25 monoclonal antibody to deplete
CD25" cells. The tumors grew, then regressed, and neu-specific
antibodies and IFN-y-secreting T cells were induced. The
same mice were also exposed to mouse thyroglobulin by
chronic i.v. injections. These mice produced thyroglobulin-
specific antibody and IFN-y-secreting T cells with inflamma-
tory infiltration in the thyroids of some mice. The immune
responses to neu or thyroglobulin were greater in mice
undergoing TUBO tumor rejection and thyroglobulin injection
than in those experiencing either alone. To the best of our
knowledge, this is the first experimental system to assess the
concurrent induction and possible synergy of immune
reactivity to defined tumor and self-antigens following
reduction of regulatory T cells. These results illustrate the
importance of monitoring immune reactivity to self-antigens
during cancer immunotherapy that involves immunomodu-
lating agents, and the pressing need for novel strategies to
induce antitumor immunity while minimizing autoimmunity.
(Cancer Res 2005; 65(18): 8471-8)

Introduction

CD4°CD25" regulatory T (Treg)-like cells have been described in
patients with different types of cancers (1-3). We and others have
shown that removal of CD4"CD25" cells from tumor-bearing mice
resulted in the regression of certain mouse tumors (4, 5), suggesting
that Treg may negatively regulate antitumor immunity and
depletion of Treg may be a powerful way to control tumor growth.
In addition to CD4 and CD25, Treg express CTLA-4 (6), a
glucocorticoid-induced tumor necrosis factor receptor family
member (TNFRSF1S; ref. 7), CD80 (8), CD62L, membrane-bound

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).

Requests for reprints: Wei-Zen Wei, Karmanos Cancer Institute, Wayne State
University, 110 East Warren Avenue, Detroit, MI 48201. Phone: 313-833-0715 Ext 2360;
Fax: 313-831-7518; E-mail: weiw@karmanos.org.

©2005 American Association for Cancer Research.

doi:10.1158/0008-5472.CAN-05-0934

transforming growth factor R (9), as well as the transcription factor
scurfin, encoded by foxp3 (10). They do not proliferate when
stimulated in vitro via CD3. Treg suppressive activity is triggered
through the T-cell receptor by specific antigen and can inhibit
T-cell activation in an antigen-specific (11) or nonspecific (12, 13)
manner through a contact-dependent mechanism.

In this study, rat neu is used as the model tumor-associated
antigen. Overexpression of erbB-2 or Her-2/neu in a number of
common cancers, such as breast, ovarian, colorectal, prostate,
and pancreatic adenocarcinoma (14-17), is correlated with a
more aggressive course of disease (18, 19), rendering Her-2 an
important target of cancer therapy. The therapeutic effect of
anti-Her-2 monoclonal antibody (mAb), Herceptin, in stage IV
breast cancer patients further distinguishes this molecule as an
exceptional target of immunotherapy and vaccination. Because
of self-tolerance, it is difficult to elicit strong immune responses
to Her-2, as we showed in Her-2 transgenic mice (20), and Treg
depletion may be a plausible strategy to amplify anti-Her-2/neu
immunity.

Depletion of CD4"CD25" cells combined with CTLA-4 blockade
has been shown to enhance the efficacy of B16 melanoma cell
vaccine with an increase in autoimmune skin depigmentation,
demonstrating the concurrent induction of antitumor immunity
and autoimmunity directed at common antigens (21). Autoimmu-
nity induced through modulation of regulatory T cells is, however,
not restricted to such common antigens. Autoimmune thyroiditis
and a spectrum of other autoimmune diseases have been observed
in cancer patients receiving melanoma gpl100 or Her-2 peptide
vaccines with immunomodulating agents (22, 23). In this study, we
examined the induction of autoimmunity in the thyroid which does
not share common antigens with Her-2.

We have shown that depletion of Treg in CBA/J mice increased
their susceptibility to experimental autoimmune thyroiditis (24),
the murine model of Hashimoto's thyroiditis. Hashimoto's thyroid-
itis, the leading cause of hypothyroidism, is characterized by
mononuclear cell infiltration and destruction of the thyroid,
elevation of thyroid-stimulating hormone, and decrease of thyroid
hormones (T3 and T4). The production of autoantibodies (25) and
T-cell proliferation to thyroid antigens (26) are indicators of
autoreactivity. Susceptibility to thyroiditis is strongly influenced by
the haplotype of class II MHC. For example, human HLA-
DRB1%0301 (DR3) transgene (27) and murine H2* (CBA/)) confer
susceptibility to autoimmune thyroiditis, whereas murine H2¢
(BALB/c) is associated with resistance (28).

In genetically susceptible mice, experimental autoimmune
thyroiditis is induced by injection of mouse thyroglobulin (mTg),
usually in the presence of a strong adjuvant (e.g., complete Freund’s
Adjuvant or lipopolysaccharide; ref. 29), or by repeated injections of
mTg for 4 weeks (30). Like Hashimotos thyroiditis, experimental

www.aacrjournals.org
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autoimmune thyroiditis is also characterized by mononuclear cell
infiltration, autoantibody production, and T-cell proliferation.
Susceptible mice can be tolerized to mTg by short-term elevation
of circulating mTg (31). This induced tolerance is abrogated by
depletion of CD25" cells and mice again become susceptible to
experimental autoimmune thyroiditis (24).

In this study, we assessed the risk of experimental autoimmune
thyroiditis in genetically resistant BALB/c mice undergoing Treg
depletion to induce tumor regression. Our results show that in a
Treg-deprived environment, tumor cells effectively prime the
immune system, resulting in tumor regression and persistent
immunologic memory. The same depletion enhanced autoimmu-
nity to mTg in resistant BALB/c mice. Concurrent tumor regression
and mTg immunization resulted in further elevation of both
antitumor and anti-mTg immunity. This report describes the first
test system to analyze simultaneous antitumor and anti-self
immunity while reducing immune regulatory mechanisms as a
form of cancer therapy.

Materials and Methods

Mice and cell lines. Six- to eight-week-old female BALB/c mice (H2%)
were obtained from Charles River Laboratory (Frederick, MD). All animal
procedures were conducted in accordance with accredited institution guide-
lines and the U.S. Public Health Service Policy on Humane Care and Use of
Laboratory Animals (http://grants.nih.gov/grants/olaw/olaw.htm#pol).
D2F2 is a mouse mammary tumor line derived from a spontaneous
mammary tumor that arose in the BALB/c hyperplastic alveolar nodule line
D2 (32). The TUBO cell line, kindly provided by Dr. Guido Forni (Department
of Clinical and Biological Sciences, University of Turin, Orbassano, Italy), was
derived from a spontaneous mammary tumor which arose in a BALB NeuT
transgenic mouse expressing a transforming rat neu (33, 34). TUBO cells
grow progressively in normal BALB/c mice and give rise to tumors which are
histologically similar to those in BALB NeuT mice. All tissue culture reagents
were purchased from Invitrogen (Carlsbad, CA) unless otherwise specified.
Cell lines were maintained in vitro in DMEM supplemented with 5% heat-
inactivated cosmic calf serum (Hyclone, Logan, UT), 5% heat-inactivated
fetal bovine serum (Sigma, St. Louis, MO), 10% NCTC 109 medium, 2 mmol/L
L-glutamine, 0.1 mmol/L MEM nonessential amino acids, 100 units/mL
penicillin, and 100 pg/mL streptomycin. D2F2 cells were cotransfected with
PpRSV2/neo and pCMV/neu, which encodes wild-type rat neu. Stable clones
of D2F2/neu were selected and the expression of neu protein on the cell
surface was verified by flow cytometry. Transfected cell lines were
maintained in medium containing 0.8 mg/mL G418 (Geneticin, Sigma).

Depletion of CD25" T cells with anti-CD25 monoclonal antibody,
PC61. The hybridoma line PC61 which produces rat anti-mouse CD25
immunoglobulin G1 [IgGl; American Type Culture Collection (ATCC),
Manassas, VA] was propagated in severe combined immunodeficient mice.
BALB/c mice were injected ip. with ~0.5 mg of PC61 or normal rat
immunoglobulin (or PBS). Depletion of CD25" cells was verified by flow
cytometry. Lymph node cells were prepared and washed with PBS
containing 0.1% sodium azide and 2% cosmic calf serum. All samples were
treated with Fc receptor blocker (rat antibody to CD16/CD32; PharMingen,
San Diego, CA) for 15 minutes on ice, then washed once. Cells were
incubated with goat anti-GITR IgG (R&D Systems, Minneapolis, MN) for 20
minutes on ice followed by allophycocyanin-rat anti-CD4 (RM4-5), FITC-rat
anti-CD25 (7D4), and phycoerythrin-donkey anti-goat IgG. Controls were
stained with FITC-rat immunoglobulin M, allophycocyanin-rat 1gG2b, or
normal goat IgG with phycoerythrin-donkey anti-goat IgG. mAb RM4-5,
7D4, and their isotype controls were from PharMingen. Normal goat IgG
and phycoerythrin-donkey anti-goat IgG were from Jackson ImmunoR-
esearch Lab (West Grove, PA). Single- and double-stained samples were
used for instrument setup. Lymph node cells from naive animals were
measured in parallel. Flow cytometric analysis was done with a
FACSCalibur (Becton Dickinson, Mountain View, CA).

Tumor growth and measurement. To measure tumor growth, mice
were challenged s.c. with 2 X 10° cells in the flank. Tumor growth was
monitored by weekly palpation. Tumor diameters were measured in two
dimensions and mice were sacrificed when any one dimension reached 15
mm. Tumor volume was calculated as X*Y / 2, where X and Y represent the
short and long dimension, respectively, of the tumor. Comparison of tumor-
free mice was analyzed with the log-rank test.

Measurement of anti-neu antibodies. Antibody response to rat neu
was determined by flow cytometry as we previously described (35). BALB/c
3T3 cells (ATCC) were stably transfected with rat neu to establish 3T3/N
cells. The mouse anti-rat neu mAb (IgG2a, clone 7.16.4), which recognizes
an extracellular domain of rat neu protein (Oncogene Research Products,
Cambridge, MA), was serially diluted and used to stain 3T3/N cells to
establish a standard binding curve. FITC-goat anti-mouse IgG was the
secondary antibody (Jackson ImmunoResearch). To determine antibody
concentration in test sera, serially diluted test sera were used as primary
antibody. Antibody concentration was calculated by regression analysis as
we previously reported (35). Normal mouse immunoglobulin was used as
negative control. The isotype of bound antibody was measured with FITC-
goat anti-mouse IgGl or IgG2a (Caltag, Burlingame, CA) and the results
were expressed as mean channel fluorescence. Flow cytometric analysis was
done with a FACSCalibur (Becton Dickinson). The results were analyzed by
two-tailed Student’s ¢ test and are presented as mean + SD.

Enumeration of cytokine-producing cells by ELISPOT assay. Spleen
cells were suspended in RPMI 1640 supplemented with 10% FCS, 2 mmol/L
L-glutamine, and 100 units/mL penicillin and 100 pg/mL streptomycin.
Three to four hundred thousand cells were added to each well of the 96-well
high-throughput screening immunoprecipitation plates (Millipore, Bedford,
MA), which were precoated with rat anti-mouse IFN-y (IgG1, clone R4-6A2)
or rat anti-mouse interleukin 4 (IL-4; IgG1, clone 11B11), and incubated for
24 to 48 hours at 37°C in 5% CO,. Test wells also contained the engineered
antigen-presenting cells 3T3/NKB, which were 3T3 cells expressing rat neu,
H2-K“ and CD80. The control 3T3/K cells were 3T3 cells expressing H2-K %,
The ratio of spleen cells to 3T3/NKB was 10:1 and 3T3/NKB were added
after spleen cells had been plated. After incubation, cells were discarded
and biotinylated rat anti-IFN-y (IgGl, clone XMG 1.2) or rat anti-IL-4
(IgG1, clone BVD6-24G2) was added. All antibodies were purchased from
BD PharMingen. Plates were incubated for 12 hours at 4°C, then washed to
remove unbound antibody. Bound antibody was detected by incubating the
plates with 0.9 pg/mL avidin-horseradish peroxidase (Sigma) for 2 hours at
room temperature. Following washing, the substrate 3-amino-9-ethyl-
carbazole in 0.1 mol/L acetic acid and 0.003% hydrogen peroxide was
added and the plates were incubated for 5 minutes. The substrate was
discarded and the plates were washed six times with water. The visualized
cytokine spots were enumerated with the ImmunoSpot analyzer (CTL,
Cleveland, OH) and the results expressed as the number of cytokine-
producing cells per 10° spleen cells. Data were analyzed by Students ¢ test.

Immunization with mouse thyroglobulin. mTg was prepared from
frozen thyroids by fractionation on a Sephadex G-200 column as previously
described (36, 37) and diluted in nonpyrogenic saline before use. The
presence of lipopolysaccharide was measured by Limulus amoebocyte assay
(Associates of Cape Cod, Woods Hole, MA; ref. 30). A 40 pg dose of mTg
contained <0.5 ng of lipopolysaccharide.

Mice were injected i.v. with 40 ug mTg, followed in 3 hours with 20 pg
Salmonella enteritidis lipopolysaccharide. The injections were repeated in 7
days. Alternatively, 40 pg mTg was injected i.v. on 4 successive days with 3
days of rest (30). This treatment was repeated for 3 more weeks.

Measurement of anti-mouse thyroglobulin antibody. Anti-mTg
antibody titers were determined by ELISA as previously described (38).
Briefly, Inmulon I microtiter plates (Dynatech Laboratories, Inc., Chantilly,
VA) were coated with mTg at 1 pg/well and serially diluted test sera were
added. After washing, bound antibody was detected with alkaline
phosphatase-labeled goat anti-mouse IgG and enzyme substrate.

Measurement of anti-mouse thyroglobulin T-cell response. T-cell
proliferation was measured by [*H]thymidine incorporation. Splenocytes
were cultured in triplicate in RPMI + 1% normal mouse serum, 2 mmol/L
L-glutamine, 5 X 10> mol/L P-mercaptoethanol, 100 units/mL penicillin,
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and 100 pg/mL streptomycin, in 96-well plates at 6 x 10° cells/well, either
with or without 40 pg/mL mTg for 4 days at 37°C, 6% CO,. The cells were
pulsed with 1.2 pCi/well of [*H]thymidine and incubated for 18 hours before
harvest onto glass fiber filter paper (Tomtec Mach3Man Cell Harvester, LKB
Wallac, Gaithersburg, MD). [*H]Thymidine was measured with a Microbeta
Plus 1450 liquid scintillation counter (LKB Wallac). Data were analyzed by
two-tailed Student’s ¢ test.

IFN-y- and IL-4-producing cells were enumerated by ELISPOT assay
using 40 pg/mL mTg as the antigen. In some experiments, a two-step
ELISPOT assay was done to amplify mTg-specific T-cell response. Spleen
cells and mTg were incubated in 96-well tissue culture plates for 3 days
before the content of the wells was transferred to high-throughput
screening immunoprecipitation plates. The high-throughput screening
immunoprecipitation plates were incubated for 24 hours. The detection
and enumeration of cytokine spots was done as described earlier.

Histologic evaluation of experimental autoimmune thyroiditis.
Thyroid specimens were sectioned vertically through both lobes and 50
to 60 histologic sections were prepared from 10 to 15 step levels. The extent
of mononuclear cell infiltration was scored based on the pathology index
scale of 0 to 4 and presented as percent thyroid infiltration: 0, no
infiltration; 0.5, >0% to 10% thyroid infiltration consisting of perivascular
foci without follicular destruction; 1.0, >10% to 20% thyroid infiltration with
follicular destruction; 2.0, >20% to 40% diffuse thyroid infiltration; 3.0, >40%
to 80% thyroid destruction; and 4.0, >80% to 100% thyroid destruction (36).
The sections were scored without knowledge of the groups. Statistical
differences were analyzed by the nonparametric Mann-Whitney U test.

Statistical analyses. Tumor growth expressed as percent tumor-free
mice was analyzed with the log-rank test. Thyroiditis expressed as percent
infiltration of thyroid was analyzed using the nonparametric Mann-Whitney
U test. The number of IFN-y-producing cells and the antibody levels were
analyzed by Student’s ¢ test.

Results

Duration of CD4"CD25 GITR" T-cell depletion by anti-CD25
monoclonal antibody treatment. To establish the time window
of Treg depletion by anti-CD25 mAb, BALB/c mice were injected
ip. on 2 consecutive days with 0.5 mg of anti-CD25 mAb, PC61.
CD4"CD25"GITR" T cells in the lymph nodes were enumerated
on days O to 12 after the second injection. On each test day,
three test mice were sacrificed and their lymph node cells
analyzed individually. Control cells were prepared by pooling
lymph node cells from three mice which received normal rat
immunoglobulin or PBS. Cells were stained with allophycocya-
nin-anti-CD4, FITC-anti-CD25, and goat anti-GITR with phyco-
erythrin-conjugated secondary antibodies and analyzed by flow
cytometry. Figure 1 shows representative T-cell profiles on days
0, 3, 5,9 and 12. CD4" T cells were gated (Fig. 14) and
percentages of CD25"GITR" cells in gated CD4" cells are shown
in density plots (Fig. 1B). The results from all test and control
mice are summarized in a table and provided in the
Supplementary data. In CD4" T cells, the majority of CD25"
cells were also GITR™. These triple-positive cells were reduced
from 11 £ 0.1% to 6.2% * 0.5% on day 1, reached their nadir of
30 £ 07% by day 5, and began to reappear after day 9.
Therefore, treatment with anti-CD25 mAb maximally reduced
CD4"CD25"GITR" cells between days 5 and 7.

TUBO tumor regression in Treg-depleted mice. In vivo
priming to tumor-associated antigens after Treg depletion was
tested with TUBO tumor, which was established from a
spontaneous mammary tumor in BALB NeuT mice expressing a
transforming rat neu (33, 34). Consequently, TUBO cells express
neu on their cell surface (Fig. 24, inset). Anti-CD25 mAb was
administered twice, either 5 and 6 days before or 1 and 3 days after

tumor cell inoculation. In naive mice, TUBO tumors grew
progressively to reach >500 mm® (not shown) when mice were
sacrificed. In anti-CD25 mAb-treated mice, all mice developed
tumors which started to regress when they were 15 to 180 mm? in
size, and regressed completely by week 11 (Fig. 24), suggesting
in vivo priming by a growing TUBO tumor. The course of tumor
growth and regression was nearly identical whether anti-CD25
mAb was administered before or after tumor cell inoculation. This
experiment was repeated at least twice with similar results.

Anti-neu immunity in mice undergoing TUBO tumor
regression. To characterize the immune responses induced during
TUBO tumor regression, sera were collected at 5 and 9 weeks
following tumor cell inoculation and anti-neu antibody was
measured by flow cytometry as we previously reported (35). As
shown in Fig. 2B, in naive mice, tumor growth did not induce
detectable anti-neu antibody at week 5. The tumor volume
exceeded 500 mm® at week 9 (not shown), at which time 11.4 +
3.5 ng/mL of anti-neu IgG was detected. Mice treated with anti-
CD25 mAD before and after tumor cell inoculation displayed 11.7
8.6 and 89 * 6.4 pg/mL, respectively, of anti-neu IgG at week 5,
when the tumors were ~ 35 mm®. At week 9, when the tumors were
almost completely eliminated, these same mice had 16.7 + 9 and
34 £ 9 pg/mL of anti-neu IgG, respectively (P = 0.01). Thus,
depletion of CD25" T cells either before or after TUBO cell
inoculation resulted in a more prompt and elevated antibody
response, with the highest level of anti-neu IgG observed at week 9
in mice receiving anti-CD25 after TUBO cell inoculation (Fig. 2B).
The isotypes of antibodies were further analyzed. Figure 2C shows
the representative week 5 results from mice treated with a-CD25
before tumor inoculation. Both IgGl and IgG2a were elevated,
suggesting activation of both T-helper (Th) 1 and Th2 cells.

To measure neu-specific T-cell response, four tumor-free mice
which received anti-CD25 after TUBO cell inoculation were
sacrificed at week 9. Their spleen cells were isolated and incubated
individually with the engineered 3T3/NKB cells. IFN-y- and IL-4-
producing cells were enumerated by ELISPOT assay after a 2-day
culture and similar results were obtained from the four mice. Figure
2D shows the result from a representative animal. There were 36 + 2

Figure 1. Depletion of Treg with anti-CD25 mAb PC61. BALB/c mice were
injected i.p. with 0.5 mg of anti-CD25 mAb on 2 consecutive days. Lymph
node cells were collected from treated and control mice on days O, 1, 3, 5, 9,
and 12 after antibody treatment. The cells were stained with allophycocyanin-
anti-CD4, FITC-anti-CD25, and goat anti-GITR with phycoerythrin-anti-goat IgG.
Positively stained CD4" T cells were gated (A) and CD25 and GITR profiles

of gated CD4™" cells harvested on days 0, 3, 5, 9, and 12 were depicted as dot
plots (B). The number in the top right quadrant represents the percentage of
CD25*GITR™ cells within the CD4* T-cell population.
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Figure 2. Tumor regression following Treg depletion. BALB/c mice were injected i.p with 0.5 mg anti-CD25 mAb either 5 and 6 days before or 1 and 3 days after
they received 2 x 10° TUBO cells. Control mice were treated with normal rat immunoglobulin or PBS. There were eight mice in each group. Tumor growth was
monitored for 11 weeks. A, TUBO tumor growth in mice treated with anti-CD25 before (A) or after (A ) tumor cell inoculation or in control mice (+). The results are
expressed as percentage of tumor-free mice. Inset, expression of neu on TUBO cells was verified by flow cytometry using mouse anti-rat neu mAb (7.16.4, filled
histogram) followed by phycoerythrin-anti-mouse immunoglobulin, and compared with isotype controls (open histogram). B, anti-neu IgG levels in mice treated

with anti-CD25 before or after TUBO cell inoculation were measured by flow cytometry and calculated by regression analysis. C, IgG1 and IgG2a levels in mice treated
with anti-CD25 mAb after TUBO cell inoculation are reported as mean channel fluorescence (MCF). D, T-cell response to neu antigen. Following anti-CD25 mAb
treatment and tumor regression, tumor-free mice were sacrificed at week 9 and their spleen cells isolated and cultured with 3T3/K or 3T3/NKB cells. IFN-y—producing
cells were enumerated by ELISPOT assay, and normalized to express the number of spots per 10° spleen cells.

neu-specific IFN-y-producing cells per 10° spleen cells. Neu-specific
IL-4-producing cells were not detected (not shown), suggesting a
more prominent Thl response. Stimulation with concanavalin A
typically resulted in over 1,000 spots per 10° spleen cells (not shown).
Incubation with 3T3/K cells did not induce IFN-y or IL-4 production.

Immunologic memory to tumor-associated antigen. To
assess the strength of immunologic memory to tumor-associated
antigens, the group of eight mice which rejected TUBO tumors by
anti-CD25 mAb treatment postinoculation were rechallenged with
TUBO or D2F2/neu cells at week 14 (week 0 in Fig. 34). TUBO
tumors were rejected by all three mice receiving this cell line as the
second challenge (Fig. 34). The other five mice received D2F2/neu
cells, which were generated by transfecting a prolactin-induced
BALB/c mammary tumor D2F2 with the wild-type rat neu (Fig. 3B;
ref. 39). D2F2/neu cells were rejected by 4 of 5 (80%) mice. Mice
which rejected TUBO tumors had 34 + 9 ug/mL anti-neu antibody
just before they received the second tumor challenge. The level of
antibody cross-reactive with D2F2 was below 1 pg/mL and
remained low after these mice rejected D2F2/neu, suggesting that
the second challenge of D2F2/neu cells was rejected primarily
through anti-neu immunity.

In summary, depletion of Treg in mice carrying TUBO tumors
resulted in anti-neu antibodies, neu-specific IFN-y-producing T
cells, eradication of the growing tumor, as well as immunologic
memory to neu and possibly other tumor-associated antigens.

Experimental autoimmune thyroiditis induced in resistant
BALB/c mice. We have shown that elimination of Treg in mTg-
tolerized CBA/J mice resulted in their reversion to the susceptible
phenotype (4, 24). To test whether depletion of Treg in BALB/c
mice, an experimental autoimmune thyroiditis-resistant mouse
strain, would render them susceptible, mice were treated with anti-

CD25 mAD twice, 4 days apart. On days 5 and 12 after the second
mAb injection, mice received 40 pg of mTg and 20 ug of
lipopolysaccharide (29), and they were sacrificed 4 weeks after the
second immunization. Anti-mTg antibody was measured by ELISA.
Depletion of Treg before mTg and lipopolysaccharide treatment
resulted in a significant increase in anti-mTg antibodies (P = 0.003;
Fig. 44), including both IgG1 and IgG2a. To measure T-cell response,
splenocytes were cultured with mTg for 4 days and cell proliferation
was measured by [*H]thymidine incorporation. A significant
increase (P = 0.002) in T-cell response was detected in mice depleted
of Treg (Fig. 4B). The incidence and severity of thyroiditis was
significantly increased (P = 0.01) with Treg depletion (Fig. 4C).
Compared with control mice without anti-CD25 mAb treatment,
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Figure 3. Induction of memory T cells after Treg depletion and tumor
regression. A, BALB/c mice which had been treated with anti-CD25 at 1 and 3
days following TUBO cell inoculation, and of which tumors had regressed,
were rechallenged with 2 x 10° TUBO or D2F2/neu cells. Three mice were given
a second challenge with TUBO (V) and five mice with D2F2/neu tumor cells (H).
Control groups were naive mice inoculated with D2F2/neu (&) or TUBO (+)
cells. B, flow cytometric analysis of D2F2/neu cells (filled histogram). Normal
mouse immunoglobulin was used as control (open histogram).
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Figure 4. Enhanced anti-mTg immunity following Treg depletion. BALB/c

mice were injected with 0.5 mg anti-CD25 mAb 4 days apart. On days 5 and
12 after the second injection, each mouse received i.v. 40 pg mTg and 20 pg
lipopolysaccharide. On day 40, thyroids, sera, and spleen cells were collected for
evaluation. A, mTg antibody measured by ELISA. Serum samples were tested
at 1:2,500 dilution. B, in vitro proliferative response to mTg. A total of 6 x 10°
spleen cells were incubated in the presence of 40 ug/mL mTg for 4 days and
[®H]thymidine uptake was measured. C, infiltration of individual thyroids by
mononuclear cells in histologic sections was recorded. There were seven mice
in each group.

the incidence of thyroid infiltration was 100% (7 of 7) versus 43%
(3 of 7). Follicular destruction which is associated with >10%
mononuclear infiltration of the thyroid was detected only in Treg-
depleted mice. Therefore, removal of Treg enabled “resistant” BALB/c
mice to develop moderate experimental autoimmune thyroiditis.
Concurrent induction of anti-neu and anti-mouse thyro-
globulin response in Treg-depleted mice. To evaluate the risk of
autoimmunity in mice undergoing Treg depletion to enhance
antitumor immunity, we inoculated BALB/c mice with TUBO cells,
followed on days 1 and 3 with anti-CD25 mAb (Fig. 54). The same
mice also received mTg to assess the concurrent induction of anti-
mTg immunity. Rather than immunizing with mTg and lipopoly-
saccharide, because the latter may complicate antitumor immunity,
mice received 40 pg of mTg i.v. on 4 consecutive days each week, for 4
weeks. In our previous report, this regimen induced experimental
autoimmune thyroiditis in about 50% of susceptible CBA/J mice (30).
All mice inoculated with tumor cells developed solid tumors in 2
weeks (Fig. 54 and B). In naive mice, the tumors grew progressively
and mice were sacrificed by week 7. All mice receiving TUBO cells
and mTg without Treg depletion developed tumors by week 3. None
of the tumors regressed (Fig. 54 and B). In mice depleted of Treg,
tumors started to regress when they reached ~ 100 mm? and three
of four tumors regressed completely. In all seven mice which

received anti-CD25 mAb and mTg, TUBO tumors completely
regressed. A repeated experiment showed similar results. Therefore,
TUBO tumors were rejected following Treg depletion regardless of
the presence of mTg.

To characterize the immune response, anti-neu antibodies were
measured at week 10 or at time of sacrifice. Anti-neu IgG in
untreated, tumor-bearing mice averaged 6 + 2.4 pg/mL (Fig. 5C).
With Treg depletion and tumor regression, average antibody level
increased to 28.7 + 26 pg/mL. Although the difference did not reach
statistical significance, an increase in anti-neu antibody was
observed consistently after Treg depletion. Serum samples from
these two groups did not react with mTg when tested by ELISA (not
shown), showing the absence of cross-reactivity between neu and
mTg. Interestingly, exposure to mTg in Treg-depleted mice which
undergo TUBO tumor regression resulted in an average of 78.6 + 56
pg/mL of anti-neu IgG, demonstrating an up-regulation of anti-neu
response in about 50% of the mice responding to both neu and mTg
(P = 0.05). Neu-specific T-cell response was measured by ELISPOT
following in vitro stimulation with the engineered antigen-present-
ing cells 3T3/NKB. Low, but detectable, IFN-y-producing cells were
detected following tumor regression. Figure 5D shows the result of a
representative experiment from four independent analyses. Reactive
T cells increased to ~ 45 per 10° spleen cells after the mice were also
immunized with mTg. Neu-specific IL-4-producing cells were not
detected (not shown). Therefore, injection of mTg in TUBO cell-
bearing mice without anti-CD25 mAb treatment did not result in
enhanced anti-neu immunity (Fig. 5C and D), demonstrating that
exposure to mTg, a self-antigen, per se did not enhance antitumor
immunity. Rather, depletion of regulatory T cells resulted in tumor
regression with anti-neu immunity, which is further enhanced when
anti-mTg reactivity is also triggered with this regimen.

To assess anti-mTg response in Treg-depleted mice which
received mTg immunization after TUBO cell inoculation, serum
antibody to mTg was measured. In three of seven mice, the antibody
level was higher than that in mice which were immunized with mTg
after Treg depletion, but were not inoculated with tumor cells,
although the difference between these two groups was not
statistically significant with this sample size (Fig. 64). Mice
inoculated with TUBO cells and treated with anti-CD25 mAb did
not produce anti-mTg antibody. Anti-mTg antibody in Treg-
depleted, mTg-immunized mice did not interact with neu when
measured by flow cytometry (not shown), showing the absence of
cross-reactivity between mTg and neu. mTg-specific T-cell prolifer-
ation or cytokine production was not detected at week 9 (not
shown). To amplify possible T-cell responses, spleen cells were
cultured with mTg for 3 days before they were transferred to
ELISPOT plates precoated with anti-IFN-y (Fig. 6B) or anti-IL-4
(Fig. 6C). Using this two-step ELISPOT assay, 612 + 31 IFN-y-
producing and 79 + 10 IL-4-producing cells per 10° spleen cells
were detected in Treg-depleted mice which received TUBO and
mTg. Mice inoculated with TUBO cells and injected with mTg did
not develop T-cell response to mTg (not shown). Histologic
analysis of the thyroid glands revealed low level of mononuclear
cell infiltration, consisting mostly of T lymphocytes and macro-
phages as we previously reported (36, 40), in 3 of 7 mice (43%;
Fig. 6D). Photomicrograph showing an area of thyroid with
mononuclear cell infiltration is shown in Fig. 6E. There were no
pathologic changes in thyroids of mice which received mTg
without experiencing tumor. Therefore, depletion of Treg en-
hanced autoreactivity to mTg with further elevation after tumor
regression, leading to thyroid infiltration.
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Discussion

The observed tumor regression in Treg-depleted mice was
paralleled by the induction of anti-neu immunity. The accelerated
and heightened anti-neu antibody response may contribute
significantly to TUBO tumor regression because BALB NeuT
tumors, like TUBO, are effectively controlled by anti-neu antibody
(41). This may be due to antibody-mediated down-regulation of
neu protein and neu-mediated signaling, which is critical to their
survival. Antibody-dependent, cell-mediated cytotoxicity may also
contribute to tumor destruction. Significant anti-neu T-cell
response was shown. Unlike TUBO cells, the rejection of D2F2/
neu cells is controlled primarily by T cells as we previously
described (42, 43). Rejection of D2F2/neu supports the presence of
neu-specific memory T cells after TUBO tumor regression.
Therefore, both humoral and cellular immune responses to
tumor-associated antigen were significantly elevated following
Treg depletion.

Anti-neu and anti-mTg IgG1 and IgG2a were detected in Treg-
depleted mice, suggesting the activation of both Thl and Th2 cells.
When T-cell response was tested, neu-specific IFN-y-producing
cells, but not IL-4-producing cells, were detected. mTg-specific IFN-
v- and IL-4-producing T cells were detected in the amplified two-
step ELISPOT assay with greater number in IFN-y-producing cells.
These results show that depletion of Treg enhanced both Thl and
Th2 immunity.

T-cell response to mTg is usually evaluated by [*H]thymidine
incorporation because, unlike anti-mTg antibody response, in vitro
proliferation generally correlates with thyroid infiltration (36).
Compared with T-cell proliferation, ELISPOT assay for IFN-y-
producing cells is more sensitive in detecting T-cell response. It is
possible to further amplify the sensitivity of ELISPOT assay by the
two-step incubation. Immune cells were expanded by preculturing

with the antigen for 3 days before they were subjected to ELISPOT
assay. If we estimate that effector cells divide every 12 to 16 hours
on antigen stimulation, the cell number would increase between
16- and 64-fold in 3 days. Every 16 to 64 spots detected in the
amplified ELISPOT assay would represent one responding cell in
the starting population. The sensitivity of ELISPOT is increased
significantly by preincubation, yet the difference between the
control and test groups is unequivocal.

Induction of experimental autoimmune thyroiditis in Treg-
depleted BALB/c mice indicated that resistance to experimental
autoimmune thyroiditis determined by MHC class II was influenced
in part by Treg because mononuclear cell infiltration was much less
pronounced in resistant BALB/c mice carrying intact Treg (Fig. 4C).
After depletion, greater humoral and cellular immunity to mTg was
induced by the conventional immunization with mTg and
lipopolysaccharide (Fig. 44 and B). When immunized by repeated
mTg injection without lipopolysaccharide as adjuvant, a mild
response to mTg was induced, but the response was significantly
elevated in mice undergoing tumor regression such that more mice
developed inflammatory infiltration in their thyroids (Fig. 6D). The
mononuclear cell infiltration of ~10% in this experiment was
insufficient to cause thyroid hormonal changes. Nevertheless, this
synergy between anti-neu and anti-mTg responses was both
intriguing and alarming. Although the specific mechanisms remain
to be delineated, it is possible that repeated injections of the self-
antigen mTg in Treg-depleted mice not only stimulated mTg-
specific T cells, but that the attendant inflammatory cytokines
released systemically may also enhance antitumor response. From
the tumor standpoint, in Treg-depleted mice, TUBO tumors grew to
palpable size before sufficient immune effectors were generated to
commence tumor regression. At the tumor site, tumor cell
destruction can be envisioned following immunologic attack.
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A cascade of immunologic events may lead to elevated reactivity to
both mTg and tumor-associated antigens.

In cancer patients, more strenuous effort than one-time depletion
may be required to overcome immune regulatory mechanisms
before effective antitumor immunity can be induced, with increasing
risk of autoimmunity from each new regimen. Our results showed
that even genetically resistant BALB/c mice became more
susceptible to experimental autoimmune thyroiditis once Treg were
removed, particularly during tumor regression. Patients expressing
high-risk HLA haplotypes will require close monitoring of their
autoreactivity to self-antigens when their immune regulatory
mechanisms are modulated. In a pilot study to test Her-2 peptide
vaccine with FIt3 ligand administered systemically as an adjuvant, 2
of 15 subjects developed elevated thyroid stimulating hormone with
symptoms of grade 2 hypothyroidism, indicating thyroid destruc-
tion. Thyroid hormone replacement therapy was required at the
conclusion of the study (22). Significantly elevated levels of antibody
to thyroglobulin and thyroid peroxidase were detected in one
patient, demonstrating autoimmunity to thyroid antigens. In
another study, 14 patients with metastatic melanoma received
gpl00 peptide vaccines along with mAb to CTLA-4, which is
expressed on regulatory and activated T cells (23). In six patients,

grade III/IV autoimmune manifestations were observed, including
dermatitis, enterocolitis, hepatitis, and hypophysitis. The three
patients with objective cancer regression all developed severe
autoimmune symptoms requiring treatment. Because of the grade
III/IV autoimmune toxicity in >3 patients, accrual intended for 21
patients ceased after 14 patients were enrolled. Therefore, immu-
nomodulating reagents which can amplify antitumor immunity in a
profound manner can trigger significant autoimmunity to self-
antigens. For patients with genetic predisposition, the risk of
autoimmunity may be overwhelming. With the sensitive in vitro
assays to monitor immune reactivity to self-antigens, it may be
possible to detect the onset of autoimmunity during cancer
immunotherapy before clinical symptoms and counter measures
may be taken in a timely fashion.
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Abstract

To assess the efficacy of self versus heterologous ErbB-2 vaccines, the reactivity to human and rat ErbB-2 (Her-2 and neu, respectively)
DNA vaccines were tested in normal, Her-2 or neu transgenic mice. When immunized with either Her-2 or neu DNA, normal BALB/c and
C57BL/6 mice produced cross-reactive T cells, but only antigen specific antibodies. In Her-2 Tg mice, weak to no anti-Her-2 response was
induced by either self Her-2 or heterologous neu DNA, demonstrating profound tolerance to Her-2 and the inability to induce anti-Her-2
immunity with either vaccine. In NeuT mice, vaccination with self neu but not heterologous Her-2 DNA induced anti-neu antibodies and
delayed spontaneous tumorigenesis. Both neu and Her-2 DNA induced anti-neu T cell response, but depletion of CDS8 T cells did not
change the delay in tumorigenesis. Therefore, in NeuT mice, both self and heterologous DNA activated anti-neu T cells, although T cell
response did not reach sufficient level to suppress spontaneous tumorigenesis. Rather, induction of anti-neu antibodies by self neu DNA is
associated with the delay in spontaneous tumor growth. Overall, NeuT mice were more responsive to DNA vaccination than Her-2 Tg mice
and this may be associated with the continuous production of neu by the 10 mammary glands undergoing tumor progression.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Tumor vaccine; DNA vaccine; Her-2; Neu; Transgenic mice

1. Introduction neu based vaccines are under active investigation, such as
Her-2 DNA developed in our lab [3,4], T cell reactive

Her-2/neu! over-expression, which occurs in about  peptides [5,6], tumor cells expressing GM-CSF [7] or
25% of breast cancers [1], is associated with poor progno-  MHC 1I transactivator [8], dendritic cells loaded with
sis [2], making Her-2/neu an important target of cancer  apoptotic tumor cells [9], etc. Although encouraging
therapy and active vaccination. Several forms of Her-2/  results are observed in both experimental and clinical
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U Abbreviations used: APC, antigen presenting cell; 3T3/EKB, 3T3 cells transfected to express Her-2, K¢ and CD80; 3T3/NKB, 3T3 cells transfected to
express neu, K9 and CD80; DNA, deoxyribonucleic acid; DMEM, Dulbecco’s modified Eagle’s medium; E2, human ErbB-2 (Her-2); ELISPOT, enzyme
linked immuno spot; FITC, fluorescein isothiocyanate; PE, phycoerythrin; GM-CSF, granulocyte-monocyte colony stimulating factor; Her-2, human
ErbB-2; Her-2 Tg, Her-2 transgenic mice; MHC, major histocompatibility complex; neu, rat ErbB-2; NeuT, BALB NeuT mice; PBL, peripheral blood
leukocytes; TM, transmembrane domain; TRP, tyrosinase-related protein; WAP, whey acidic protein promoter.
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studies, further improvement of the vaccine regimen is
still warranted.

Transgenic mice expressing either human Her-2 [10] or
rat neu [11-13] have been established. BALB NeuT mice
(NeuT) express a transforming rat neu in their mammary
glands and females develop spontaneous mammary tumors
around 17 weeks of age [11]. Her-2 transgenic mice (Her-2
Tg) express human Her-2 in the mammary gland and cere-
bellum under the control of whey acidic protein (WAP)
promoter [10]. Unlike NeuT mice, Her-2 Tg mice do not
develop spontaneous mammary tumors. Tolerance in Her-2
Tg mice was previously reported by our group [10]. Only
30% of Her-2 Tg mice rejected tumors after five time immu-
nizations with DNA encoding a secreted form of Her-2
together with pGM-CSF, whereas all non-transgenic litter-
mates rejected tumors. The tolerant status and immune
reactivity to Her-2/neu vaccine in different model systems
have not been directly compared and seemingly conflicting
results in the literature can be problematic in designing fur-
ther studies.

Immunization with cross-reactive microbial antigen has
been shown to induce autoreactive antibodies or T cells,
resulting in autoimmune diseases [14]. Heterologous anti-
gens are commonly used to induce autoimmune diseases in
the animal models. In the murine model of multiple sclero-
sis, immunization of mice or rats with bovine or guinea pig
myelin basic protein leads to demyelination, resembling dis-
ease in humans [15,16]. Collagen-induced arthritis, the
murine model of rheumatoid arthritis, can be induced by
bovine, porcine, or human collagen, generating comple-
ment-fixing autoantibodies [17]. Autoantibodies are gener-
ated in experimental autoimmune myasthenia gravis
following immunization with the Torpedo californica ace-
tylcholine receptor antigen [18].

Vaccination with heterologous tumor-associated anti-
gens has been tested by immunizing mice with human mela-
noma associated antigen gpl00. Mice developed T cell
response to self gpl00 with significant anti-tumor activity
[19]. Similarly, immunization with DNA encoding human
tyrosinase-related protein (TRP), but not the self protein,
induced both antibody and T cell responses to self TRP,
leading to protection from B16F10 tumor growth [20].

In this study, we measured Her-2 and neu reactivity to
DNA vaccination in normal, Her-2 Tg and NeuT mice.
NeuT mice were much more responsive to neu DNA vac-
cine than Her-2 Tg mice to Her-2 DNA vaccine. When
NeuT mice were immunized with self neu, but not heterolo-
gous Her-2 DNA, there was a delay in spontaneous tumor-
igenesis which was independent of CD8 T cells.

2. Materials and methods
2.1. Mice and cell lines
BALB/c and C57BL/6 (6-8 week old) female mice were

purchased from Charles River Laboratory (Frederick,
MD). Heterozygous NeuT mice, which express a trans-

forming neu under the control of the mouse mammary
tumor virus promoter were maintained by breeding with
BALB/c mice [11,12]. Heterozygous Her-2 Tg, which
express the full-length Her-2 under the whey acidic protein
(WAP) promoter were maintained by breeding with
CS57BL/6 mice [10]. Transgene positive mice were identified
by PCR. All animal procedures were performed in accor-
dance with the regulation of Wayne State University, Divi-
sion of Laboratory Animal Resources, following the
protocols approved by the Animal Investigation Commit-
tee.

All cell lines were maintained in vitro in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 5%
heat-inactivated cosmic calf serum (Hyclone, Logan, UT),
5% heat-inactivated fetal calf serum (Sigma, St. Louis,
MO), 10% NCTC 109 medium (Invitrogen, Carlsbad, CA),
2mM L-glutamine, 0.1 mM MEM non-essential amino
acids, 100units/ml penicillin, and 100 pg/ml streptomycin.
All tissue culture reagents were purchased from Invitrogen
(Gaithersburg, MD) unless otherwise specified.

D2F2 is a mouse mammary tumor cell line derived from
a spontaneous mammary tumor that arose in a BALB/c
hyperplastic alveolar nodule line D2 [21]. D2F2 cells were
co-transfected with pRSV2/neo and either pCMV/neu,
which encodes wild-type rat neu, or pCMV/E2, which
encodes wild-type Her-2 [3]. Stable clones of D2F2/neu or
D2F2/E2 were established and the expression of neu or
Her-2 protein on the cell surface was verified by flow
cytometry. Transfected cell lines were maintained in
medium containing 0.8 mg/ml G418 (Geneticin, Invitro-
gen). The TUBO line was cloned from a spontaneous mam-
mary tumor in a NeuT female and the cells express neu
protein [22]. TUBO cells grow progressively in normal
BALB/c mice and give rise to tumors which are histologi-
cally similar to those seen in NeuT mice [23].

Antigen presenting cells (APC) 3T3/NKB and 3T3/EKB
were generated as previously described [24]. Briefly, BALB/c
NIH 3T3 cells were transfected with K¢, B7.1, and Her-2
(EKB) or neu (NKB). Stable clones were selected, and main-
tained in supplemented DMEM (as above) with the addition
of 0.8 mg/ml neomycin and 0.8 mg/ml zeocin. TC-1/E2 and
TC-1/neu were generated by transfecting C57BL/6 TC-1 cells
(generously provided by Dr. T.C. Wu, The Johns Hopkins
University, Baltimore, MD) with pMSCV/puro and
pCMV5/neu or pPCMVS5/E2. Stable clones were selected, and
maintained in supplemented DMEM with 7.5 pg/ml puromy-
cin. TC-1 is a tumor cell line derived by transforming lung
epithelial cells with human papilloma virus-16 E6, E7 and ras
oncogene [25]. Expression of neu or Her-2, K¢ or K® and
B7.1 was measured by flow cytometry (Fig. 1E).

2.2. Peptides

Peptide corresponding to K9 restricted, dominant neu
epitope, N63 (TYVPANASL) [26] was synthesized by New
England Peptide, Inc. (Gardner, MA) and dominant Her-2
epitope, E63 (TYLPTNASL) by Quality Controlled
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Fig. 1. Immunization of BALB/c or C57BL/6 mice with neu or Her-2 DNA induced cross-reactive T cells. BALB/c mice were electro-vaccinated once with
pneuTM (A) or pE2TM (C). C57BL/6 mice were electro-vaccinated twice, with pneuTM (B) or pE2TM (D). Spleen cells from immunized BALB/c mice
were cultured with 3T3/NKB, 3T3/EKB, or specific peptides. Peripheral blood cells from immunized C57BL/6 mice were cultured in the presence of TC-1/
neu or TC-1/E2 cells. The ratio of spleen cells or peripheral blood cells to APC was 10:1. Peptides were added at 100 pg/ml. The results were expressed as
number of spots per 10° spleen cells or PBL and analyzed by student’s  test. ** p < 0.005, * p < 0.05. (E) Expression of Her-2 or neu (grey shaded), K® or K¢
(dotted line) and B7.1 (black line) on antigen presenting cells was measured by flow cytometry. Isotype control was shown in black shade.

Biochemicals (Hopkinton, MA). Peptides were used for
in vitro culture at a concentration of 20 pg/ml.

2.3. DNA immunization and tumor challenge

pcDNA 3.1 was purchased from Invitrogen (Carlsbad,
CA). Construction of pcDNA-neuTM plasmid encoding the
extracellular and transmembrane domains of rat neu was
previously described [22]. pE2TM was generated by PCR
amplification of full-length Her-2 with a 3’ primer engineered
to create a stop codon at the end of the transmembrane
domain. This created a fragment of Her-2 which included the

extracellular and transmembrane domains. This E2TM frag-
ment was cloned into the pCMVS5 vector using HindIII and
Xbal. The plasmid pEFBos-GM-CSF encoding murine
granulocyte-monocyte colony stimulating factor (GM-CSF)
was provided by Dr. N. Nishisaki at Osaka University,
Osaka, Japan. Mice were injected in the quadriceps muscle
with pEFBos-GM-CSF combined with pE2TM or pneuTM
as previously described [3]. In most experiments, DNA injec-
tion was followed immediately by square wave electropora-
tion at the injection site using a BTX830 (BTX Harvard
Apparatus, Holliston, MA). A tweezer electrode was used to
deliver eight pulses at 100V for 20ms. In experiments which
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monitor spontaneous tumorigenesis, DNA was injected i.m.
without electroporation.

In some of the mice, CD8 T cells were depleted by injec-
tions of 0.5mg anti-CD8 mAbD (clone 2.43), twice per week
for 7 weeks.

To measure tumor growth, mice were challenged subcu-
taneously with 2 x 10° cells in the flank. Tumor growth was
monitored by weekly palpation, and mice were sacrificed
when any one dimension of the tumor reached 15mm.
Tumor volume was calculated by (X x Y)/2. X and Y rep-
resent the short and long dimension, respectively, of the
tumor. Comparison of the survival curves was analyzed by
the Log rank test. To measure spontaneous tumorigenesis,
the size of individual tumors was measured and the total
volume of all tumors in one mouse was combined and pre-
sented as a function of age.

2.4. Measurement of anti-neu and anti-Her-2 antibody by
flow cytometry

For measurement of anti-neu antibody, 3T3/NKB cells
were incubated with serially diluted immune mouse sera as
we previously reported [27]. Fluorescein (FITC) or phyco-
erythrin (PE) conjugated goat-anti-mouse antibody
directed to the y-chain of mouse IgG (Jackson ImmunoRe-
search, West Grove, PA) were used to detect bound anti-
body. The c-erbB2/c-neu mAb (Ab4, clone 7.164;
Calbiochem, San Diego, CA), which recognizes an extracel-
lular domain of neu protein, was used as the positive con-
trol (Calbiochem, San Diego, CA). A standard curve was
established using serially diluted Ab4 and the concentration
of anti-neu antibody in the test sera was calculated by
regression analysis as we described [27]. Normal mouse
serum or isotype matched mAb was the negative control.
Flow cytometric analysis was performed with a FACS Cal-
ibur (Becton Dickinson, San Jose, CA). To measure anti-
Her-2 antibody, Her-2 overexpressing SKOV3 cells were
incubated with immune mouse sera, followed by PE-goat-
anti-mouse IgG (Jackson ImmunoResearch, West Grove,
PA). The standard curve for Her-2 was generated using c-
erbB2 mAb (AbS, clone TA-1; Calbiochem, San Diego,
CA) and analyzed as described above. Differences in anti-
body concentration were analyzed by the student’s 7 test.

2.5. Measurement of T cell response by ELISPOT Assay

Neu and Her-2-reactive T cells were measured by ELI-
SPOT assay. Spleen cells or peripheral blood lymphocytes
(PBL) were suspended in RPMI 1640 medium supplemented
with 10% FCS, 2mM L-glutamine, 100 units/ml penicillin and
100 ug/ml streptomycin. 3—4 x 10° cells were added to each
well of a 96-well HTS IP plates (Millipore, Bedford, MA)
which were pre-coated with 2.5 ug/ml rat anti-mouse IFN-y
(IgG1, clone R4-6A2) and incubated for 48h at 37°C in 5%
CO,. To measure T cell response in BALB/c or NeuT mice,
the engineered APCs, 3T3/NKB or 3T3/EKB were also
added to the wells. The control 3T3/KB cells expressed

H2-KY and B7.1. To measure T cell response in C57BL/6 or
Her-2 Tg mice, TC-1/E2 or TC-1/neu cells were added as
APC. TC-1 cells were used as control. The ratio of spleen
cells to APC was 10:1. Following a 48 h incubation, cells were
removed and 2pg/ml biotinylated rat anti-mouse-IFN-y
(IgG1, clone XMG 1.2) was added. All antibodies were pur-
chased from BD/Pharmingen. Plates were incubated for
another 12h at 4°C, then washed to remove unbound anti-
body. Bound antibody was detected by incubating the plates
with 0.9 pg/ml avidin-horseradish peroxidase (Pharmingen)
for 2h at room temperature. The substrate 3-amino-9-ethylc-
arbazole (AEC; Pharmingen) in 0.1 M acetic acid and 0.003%
hydrogen peroxide was added and the plate was incubated
for 3-5min. AEC solution was discarded and the plates were
washed 6 times with water. The visualized cytokine spots
were enumerated with the ImmunoSpot analyzer (CTL,
Cleveland, OH) and the results expressed as number of cyto-
kine producing cells per 10° spleen cells. Data were analyzed
using the student’s 7 test

3. Results

3.1. Neu and Her-2 cross-reactive T cells are induced by
DN A immunization

To measure the immune cross-reactivity between Her-2
and neu, BALB/c and C57BL/6 mice were immunized 2
times with 50 pg of plasmid DNA encoding the extracellu-
lar and transmembrane domains of Her-2 (pE2TM) or neu
(pneuTM) in combination with 50 pg of pGM-CSF. T cell
response was measured 1-2 weeks following the last immu-
nization using IFN-y ELISPOT assay. In BALB/c mice,
splenocytes were pooled from three mice, while in C57BL/c
mice, peripheral blood lymphocytes were pooled from 3 to
6 mice. Anti-Her-2/neu T cell reactivity in splenocytes is
comparable or somewhat higher than that in PBL of the
same mice(unpublished results). Neu-reactive T cell
response was measured after incubation with the 3T3/NKB
(BALB/c background) or TC-1/neu cells (C57BL/6 back-
ground). Her-2 reactive T cells were measured after incuba-
tion with 3T3/EKB or TC-1/E2 cells. Expression of Her-2
or neu, K¢ or K® and B7.1 by the APC was demonstrated
by flow cytometry (Fig. 1E). In BALB/c mice, 546 +40 and
370+ 53 IFN-y-secreting cells per million were detected
after in vitro stimulation with 3T3/NKB cells and neu pep-
tide N63 [26], respectively, demonstrating significant T cell
response to the neu protein and that N63 was the dominant
epitope (Fig. IA). When cultured with 3T3/EKB or Her-2
peptide, E63, there were 160+ 37 and 146 4+ 32 responding
cells, respectively, indicating significant cross-reactivity of
anti-neu T cells with Her-2 epitopes (Fig. 1A). Control 3T3/
KB cells which expressed only K¢ and CD80, did not acti-
vate T cells. Therefore, in wild type BALB/c mice, T cells
activated by pneuTM cross-reacted with Her-2 epitopes. In
C57BL/6 mice immunized with pneuTM, there was a
similar trend, where immunization resulted in 157436
neu-responsive cells and 38+ 14 Her-2-responsive cells,



100 J. Jacob et al. | Cellular Immunology 240 (2006 ) 96—106

indicating cross-reactivity of anti-neu T cells with Her-2
epitopes (Fig. 1B).

In the converse experiment, BALB/c or C57BL/6 mice
were immunized with pE2TM (Figs. 1C and D). After a 48h
incubation with APC or peptides, over 900 spots per million
cells were detected when immune splenocytes were stimulated
with 3T3/EKB (938 £ 81 cells) (Fig. 1C). Immune splenocytes
also recognized Her-2 peptide E63 (426 £ 80 cells). Significant,
but greatly reduced, response at 1114+60 and 33420 spots
were detected when splenocytes were stimulated with either
3T3/NKB or N63, respectively (Fig. 1C), showing cross-reac-
tivity. PBL from C57BL/6 mice immunized with pE2TM were
re-stimulated with TC-1/E2 or TC-1/neu and showed signifi-
cant anti-Her-2 response at 122460 cells per million with a
low level anti-neu response at 18+£12 cells per million
(Fig. 1D). Therefore, in BALB/c and C57BL/6 mice, where
neu and Her-2 are foreign antigens, high levels of T cell
response were generated to cognate antigens with cross-reac-
tivity to the non-cognate antigens.

3.2. Antibodies induced by Her-2 and neu DN A recognized
only cognate antigen

To determine whether Her-2/neu immunization also
generated cross-reactive antibodies, sera were collected 2
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Fig. 2. Antibodies induced by pneuTM or pE2TM immunization in
BALB/c (A) and C57BL/6 (B) mice did not cross-react. Mice were electro-
vaccinated twice, two weeks apart, with either pE2TM or pneuTM
admixed with pGM-CSF. Sera were collected 2 week after the final immu-
nization. Antibody binding to Her-2 or neu was measured by flow cytom-
etry and antibody concentration was calculated by regression analysis as
described in Section 2.

weeks after the last immunization. Neu and Her-2 binding
antibodies were measured by flow cytometry, as we previ-
ously described [27]. Although high levels of antibodies to
the cognate neu (64 & 15 pg/ml) and Her-2 (118 48 pg/ml)
were detected in BALB/c mice, no cross-reactivity was
detected (Fig. 2A). When sera from immunized C57BL/6
mice were analyzed (Fig.2B), the same specificity was
observed where antibodies only recognized cognate anti-
gen, showing that DNA vaccine induced only specific non-
cross-reactive antibody.

3.3. Immunization with pE2TM or pneuTM protected
BALBIc mice from tumors expressing either cognate or non-
cognate antigen

To assess the level of protection from tumor growth,
BALB/c mice were immunized twice with either pE2TM or
pneuTM, admixed with pGM-CSF, and challenged with
D2F2 tumor cells expressing either Her-2 (D2F2/E2) or neu
(D2F2/meu). In mice immunized with cognate DNA (immu-
nized with pneuTM and challenged with D2F2/neu, or
immunized with pE2TM and challenged with D2F2/E2), all
tumors were rejected (Fig. 3). Also, 4 of 7 mice immunized
with pE2TM rejected D2F2/neu tumors (57%; Fig. 3A) and
5 of 6 mice immunized with pneuTM rejected D2F2/E2
tumors (83%; Fig. 3B). Since immunization with pneuTM
and pE2TM induced cross-reactive T cells, but not antibod-
ies, rejection of tumor cells transfected with non-cognate
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Results were analyzed by Log rank test, ** p < 0.005.
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neu or Her-2 may be mediated primarily by cross-reactive
T cells. This is consistent with our previous report that
rejection of transfected D2F2 tumor was mediated primar-
ily by T cells [28,29].

When mice were sacrificed at week 14, after they rejected
tumors, sera were collected and the antibody profiles were
measured again (Fig. 4). Mice immunized with pneuTM and
rejected D2F2/neu produced antibodies to neu, which recog-
nized Her-2 either weakly or not at all (Fig. 4A). Mice which
rejected D2F2/E2 after pE2TM immunization produced
antibody to Her-2 which did not cross-react with neu
(Fig. 4B). Therefore, exposure to Her-2 or neu presented as
DNA vaccine or tumor resulted in little or no cross- reactive
antibody. When mice immunized with neu DNA were chal-
lenged with D2F2/E2, anti-Her-2 antibodies were induced by
the challenging tumor (Fig. 4A). Similarly, mice immunized
with Her-2 DNA and challenged with D2F2/neu produced
low-level anti-neu antibody (Fig. 4B). Therefore, exposure to
tumor cells was sufficient to activate humoral responses,
which may contribute in part to tumor rejection in mice
immunized with non-cognate antigen (Fig. 3).

3.4. Vaccination of Her-2 or neu transgenic mice with self or
heterologous DN A

We tested whether heterologous DNA immunization
can activate anti-neu or Her-2 in mice which express either
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neu as described in Fig. 3 legend. Neu and Her-2 binding antibodies were
measured as described in Section 2.

neu or Her-2 transgene. NeuT mice were subjected to four
rounds of electro-vaccination using self pneuTM in combi-
nation with pGM-CSF. Splenocytes were prepared 2 weeks
after the final immunization. IFN-y-producing cells mea-
sured after incubation with 3T3/NKB ranged from 220 to
407 per million (Fig. 5A), demonstrating the feasibility of
inducing significant T cell response by DNA vaccination
encoding the self antigen. Although anti-neu T cells were
induced, T cells which recognized the dominant epitope,
N63, were not found, indicating deletion of N63 reactive T
cells during thymic selection (Fig. 5A). Unlike in BALB/c
mice, neu reactive T cells did not recognize Her-2, suggest-
ing a reduced T cell repertoire in NeuT mice.

When immunized with heterologous pE2TM, spleno-
cytes reacted strongly to 3T3/EKB or E63, as expected
(Fig. 5B). In addition, significant cross-reactivity to neu was
evident by the detection of 400-900 per million IFN-y-pro-
ducing neu-reactive cells following stimulation with 3T3/
NKB (Fig. 5B). One of the four mice recognized N63, in
addition to E63. Thus, immunization of NeuT mice with
pE2TM encoding the heterologous Her-2 induced signifi-
cant neu reactive T cells. Immunization with self or heterol-
ogous vaccine was also tested in Her-2 Tg mice, which are
tolerant to Her-2. In these mice, 4 times immunization with
Her-2 (pE2TM) did not result in any Her-2 nor neu reactive
T cells when measured by ELISPOT following stimulation
with TC-1/E2 (Fig. 5D), demonstrating profound tolerance
to Her-2. When Her-2 Tg mice were immunized with
pneuTM, 134+99 IFN-y-secreting neu-reactive T cells
were generated. However, they did not recognize Her-2
(Fig. 5C), thus heterologous neu DNA vaccination was not
sufficient to induce anti-Her-2 response in Her-2 Tg mice.

Therefore, repeated immunization with autologous
DNA in NeuT, but not Her-2 Tg mice induced specific T
cell response, indicating a weaker reactivity to Her-2 in
Her-2 Tg mice. Consistent with the milder T cell tolerance
in NeuT mice, T cell response to neu was also induced by
both autologous and heterologous Her-2 DNA vaccina-
tion.

3.5. Antibodies to Her-2 and neu recognized only cognate
antigen in transgenic mice

To determine whether Her-2 or neu tolerant mice gener-
ated cross-reactive antibodies upon vaccination, immune
sera in NeuT and Her-2 Tg mice were analyzed. In NeuT
mice, two of three mice produced anti-neu antibodies fol-
lowing three-time immunizations with pneuTM which did
not bind Her-2 (Fig. 6A). Anti-neu antibody level (0-25 pg/
ml) was lower than that induced by a single immunization
in BALB/c mice (40-80 pg/ml), consistent with the moder-
ate tolerant state of NeuT mice. Immunization with
pE2TM encoding heterologous Her-2 induced over 60 pg/
ml anti-Her-2 antibodies, but they did not cross-react with
neu (Fig. 6A). Therefore, in both BALB/c and NeuT mice,
antibodies induced by DNA vaccination only recognized
cognate antigen. In Her-2 Tg mice, immunization with
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pE2TM encoding self Her-2 resulted in very low-levels of
Her-2 antibodies (2+ 2 pg/ml; Fig. 6B) and immunization
with pneuTM resulted in 51+ 8 pg/ml anti-neu antibody,
which did not recognize Her-2 (Fig. 6B), demonstrating
that antibodies induced by DNA vaccines in wild type or
Her-2/neu transgenic mice were specific to the cognate anti-
gen, without detectable cross-reactivity.

3.6. Spontaneous mammary tumor development was delayed
by self pneuTM, but not heterologous pE2TM immunization

NeuT female mice develop spontaneous mammary
tumors between 17 and 21 weeks of age, with 10 tumors
arising in a single mouse. To determine the effect of DNA
immunization on spontaneous tumorigenesis, NeuT
females were injected im. with either pneuTM or pE2TM
admixed with pGM-CSF, without electroporation, when
they were 6, 8, 10 and 12 weeks of age. The size of individ-
ual tumors was measured with a caliper and the total vol-
ume of all tumors in one mouse was calculated and
presented as a function of age (Fig. 7). All mice injected
with vector DNA developed spontaneous tumors before
120 days of age. Immunization with pneuTM significantly
delayed spontaneous tumor formation, and 9 of 10 mice did
not have palpable tumors until 150-280 days of age

(p=0.0001, Fig. 7B). Once the tumors appeared, the growth
rate was comparable to those of control mice. In the six
mice immunized with pE2TM, spontaneous tumors arose
between 120 and 140 day of age, not significantly different
than in mice receiving control vector. Therefore, self
pneuTM, but not heterologous pE2TM immunization
delayed spontaneous tumorigenesis in NeuT mice.

It has been suggested that antibody to neu is critical in
the control of spontancous tumorigenesis [30]. Sera were
collected on day 147 or about 7 weeks after the last immu-
nization. Anti-neu antibody was detected in 7 of 10
pneuTM immunized mice, but not vector or pE2TM immu-
nized mice (Fig. 8). The antibody levels were plotted against
the number of days required for the total tumor volume to
reach 600 mm®. pE2TM immunized NeuT mice did not pro-
duce anti-neu antibodies and all mice developed tumors
before they were 120 days old. In pneuTM immunized mice,
development of anti-neu antibody was associated with a
delay in tumor formation (Fig. 8).

Immunization of NeuT mice with pE2TM induced neu
reactive T cells (Fig. 5B), but did not protect against tumor-
igenesis (Fig. 7C). To test if T cells contribute to tumor
growth inhibition, NeuT female mice immunized at 6, 8, 10,
and 12 weeks of age with pneuTM were depleted of CD8 T
cells between 13 and 20 weeks of age by specific mAb every
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34 days. Spontaneous tumorigenesis was delayed in CD§
T cell depleted and vaccinated mice (Fig. 9A) when com-
pared with untreated mice (Fig. 7A), but was similar to that
in immunized mice with intact T cells (Fig. 7B). When ana-
lyzed at 18 weeks of age, the majority of mice immunized
with pneuTM and depleted of CD8 T cells maintained anti-
neu antibodies (Fig. 9B). These results support the role of
vaccine-induced antibodies in suppressing spontaneous
tumors in NeuT mice.

4. Discussion

When compared side-by-side, Her-2 Tg mice were much
less responsive to Her-2 than NeuT mice to neu as mea-
sured by their humoral and T cell responses. Although the
C57BL/6 background of Her-2 Tg mice and BALB/c back-
ground of NeuT mice may contribute to their reactivity, the
difference in their antigen load warrants consideration. In
NeuT mice, the antigen neu is continuously produced by
the 10 mammary glands undergoing tumor progression.
This rich reservoir of neu is a constant in situ antigen boost
once immune reactivity is triggered by the active vaccina-
tion. In Her-2 Tg mice, a modest level of recombinant Her-
2 is expressed in the cerebellum and the pregnant or lactat-
ing mammary glands with little expression in the virgin
glands [10]. These mice do not develop tumors, thus they do
not experience the same level of Her-2/neu antigen as in
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NeuT mice. Breast cancer patients in disease remission
would not experience the level of Her-2 stimulation as in
NeuT mice either. Therefore, the tolerant state in Her-2 Tg
mice may mimic that in patients. NeuT mice with their
spontaneous tumorigenesis are valuable for analyzing the
role of humoral versus cellular immunity in neu-induced
tumor progression.

When comparing immune reactivity to self versus heter-
ologous DNA vaccines, Her-2 Tg mice showed weak to no
anti-Her-2 response after self or heterologous DNA vacci-
nation, consistent with their profound tolerance to this
antigen. By depleting regulatory T cells before vaccination,
a significant level of anti-Her-2 antibodies can be achieved
with autologous vaccines (our unpublished results). In
NeuT mice, both neu and Her-2 DNA induced anti-neu T
cells, but this was not essential to tumor suppression
because depletion of CD8 T cells did not change the delay
in tumorigenesis although T cells may be effective in sup-
pressing tumorigenesis if induced at higher level. Anti-neu
antibodies induced by self neu but not heterologous Her-2
DNA is associated with a delay in spontaneous tumorigen-
esis. These findings are consistent with the efficacy of anti-
Her-2 monoclonal antibodies observed in the clinics. Induc-
tion of anti-Her-2 antibodies by the autologous, rather than
heterologous Her-2/neu and the efficacy of antibodies in

suppressing tumorigenesis should be considered when
developing clinical Her-2 vaccines.

The primary role of anti-neu antibody in NeuT sponta-
neous tumorigenesis was also observed by Park et al. who
immunized NeuT mice with an adenoviral vector encoding
neu [30]. In their study, anti-neu antibodies were induced by
the adenovial vaccine encoding autologous neu and a sig-
nificant delay in spontaneous tumorigenesis was observed.
Using B cell deficient mice, immunization with the adenovi-
ral vaccine was not protective against a neu* tumor, sup-
porting anti-neu antibody as the primary effector in neu-
induced tumors.

BALB/c mice immunized with pneuTM exhibited cross-
reactive T cells which recognized both Her-2 and neu and
immunized mice rejected D2F2 tumors transfected with
either Her-2 or neu. In NeuT mice, pneuTM immunization
induced T cells reactive to 3T3/NKB but not the dominant
neu epitope, N63 which was identified in BALB/c mice,
indicating a reduced T cell repertoire (Fig. SA). With this
limited repertoire, cross-reactivity to Her-2 was also lost.
Consistent with this finding, Reilly et al. reported the recog-
nition of sub-dominant, rather than dominant epitopes by
the immunized FVB neuN transgenic mice [31]. Bos et al.
also described the recognition of sub-dominant CEA epi-
topes in CEA transgenic mice as a result of CEA expression
in thymic epithelial cells [32]. Interestingly, immunization of
NeuT mice with a distant heterologous Her-2 DNA
induced T cells which recognized not only Her-2, but also
neu antigen (Fig. 5B). Perhaps a broader and more potent
activation of the residual neu reactive T cells can be
induced by the distant Her-2 homologue [33], resulting in
cross-reactivity to neu, while reactivity induced with self-
neu is blunted with no demonstrable cross-reactivity to
Her-2.

There have been a number of one-sided studies on the
vaccination efficacy of heterologous Her-2 vaccines in neu
transgenic mice. Immunization of NeuT mice with an aden-
oviral vector encoding Her-2 induced low level cross-reac-
tive antibodies to neu and delayed tumor formation [26].
The adenoviral vector may have functioned as an adjuvant
to induce a broader spectrum of antibodies than naked
DNA, thus rendering an anti-tumor effect. T cell response
to the foreign Her-2 was observed as expected, but the reac-
tivity to neu was not shown and its effect on tumorigenesis
could not be evaluated. In FVB neuN mice, immunization
with Her-2 DNA every month for 10 months delayed spon-
taneous tumorigenesis, reduced tumor foci, and reduced
tumor positive glands [13]. T cell response to Her-2 or neu
was not measured either. Ten time DNA vaccinations may
induce some T cell responses to exert anti-tumor effect, but
this can only be speculated. Recently, Tegerstedt et al. [34]
reported that when NeuT mice were immunized with a sin-
gle dose of virus-like particle coated with heterologous Her-
2, a significant number of T cells were generated to the for-
eign Her-2 antigen. Spontaneous tumorigenesis was
delayed up to a year in 80% of NeuT mice. Since the
immune response to neu was not measured either, the
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mechanism was difficult to assess. Taking into consider-
ation our data and these reported results, we suggest that T
cell response can be induced by either self or heterologous
vaccine, but the level necessary for suppressing spontane-
ous tumorigenesis may be very high. On the other hand,
spontaneous tumors are suppressed by antibodies which
can be induced by autologous DNA vaccines. The exquisite
sensitivity of NeuT tumors to anti-neu antibodies may
reflect their dependence on neu-mediated signals for their
survival and proliferation.

Immunization with heterologous antigen has been effec-
tive in the treatment of experimental melanoma in mice,
using human gp100 or TRP-2 as the vaccine [19,20]. The
efficacy of self or heterologous antigen as a cancer vaccine
will be determined by the immunogenicity of the self vac-
cine and the sensitivity of tumor cells to humoral or T cell
response. With Her-2 antigen, induction of antibodies is
highly advantageous and achievable, whereas antibodies to
intracellular antigens, such as gp100 or TRP-2 will not be
effective. T cells may be effective against either intracellular
or membrane bound antigens and induction of sufficient
level of T cell response in highly tolerant hosts remains a
challenge.

The different tolerance status of Her-2 Tg and NeuT
mice should be considered when using them in Her-2
immunotherapy studies. The design of clinical Her-2 vac-
cines should take into consideration that antibody response
may be effective and is induced more effectively by autolo-
gous than heterologous DNA. T cell response will be
required for controlling antibody resistant tumors and
continues to be an important goal in cancer vaccine
development.
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Abstract

Immune reactivity to self-antigens in both cancer and
autoimmune diseases can be enhanced by systemic immune
modulation, posing a challenge in cancer immunotherapy. To
distinguish the genetic and immunoregulation of tumor
immunity versus autoimmunity, immune responses to human
ErbB-2 (Her-2) and mouse thyroglobulin (mTg) were tested in
transgenic mice expressing Her-2 that is overexpressed in
several cancers, and HLA-DRB1%0301 (DR3) that is associated
with susceptibility to several human autoimmune diseases, as
well as experimental autoimmune thyroiditis (EAT). To induce
Her-2 response, mice were electrovaccinated with pE2TM and
pPGM-CSF encoding the extracellular and transmembrane
domains of Her-2 and the murine granulocyte macrophage
colony-stimulating factor, respectively. To induce EAT, mice
received mTg i.v. with or without lipopolysaccharide. Deple-
tion of regulatory T cells (Treg) with anti-CD25 monoclonal
antibody enhanced immune reactivity to Her-2 as well as mTg,
showing control of both Her-2 and mTg responses by Treg. On
mTg immunization, Her-2xDR3 and B6xDR3 mice expressing
H2"xDR3 haplotype developed more profound mTg response
and thyroid pathology than Her-2 or B6 mice that expressed
the EAT-resistant H2" haplotype. In Her-2xDR3 mice, the
response to mTg was further amplified when mice were also
immunized with pE2TM and pGM-CSF. On the contrary, Her-2
reactivity was comparable whether mice expressed DR3 or
not. Therefore, induction of Her-2 immunity was independent
of DR3 but development of EAT was dictated by this allele,
whereas Tregs control the responses to both self-antigens.
These results warrant close monitoring of autoimmunity
during cancer immunotherapy, particularly in patients with
susceptible MHC class II alleles. [Cancer Res 2007;67(14):1-8]

Introduction

Thymus-derived CD4'CD25"Foxp3* regulatory T cells (Treg;
refs. 1-4), which also express glucocorticoid-induced tumor necrosis
factor receptor family-related gene (5) and Toll-like receptors 4, 5, 7,
and 8 (6), are potent suppressors of antitumor immunity (7-10). The
evidence is convincing from mice harboring a Foxp3 knock-in allele,
Foxp3gfp or Foxp3rfp, which encodes a fluorescent fusion protein,
that cells expressing Foxp3 are regulatory cells of a distinct lineage

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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(3, 11, 12). We and others have shown that removal of CD4*CD25M
Treg resulted in tumor regression and greater antitumor immunity
(7, 8, 10, 13), indicating that Treg depletion can be a powerful
regimen in cancer immunotherapy.

Modulation of the immune system to amplify antitumor
immunity may, however, be accompanied by the induction of auto-
immunity. Autoimmune symptoms or antibodies to self-antigens,
such as thyroid antigens, occurred in 26% of melanoma patients
undergoing IFN-a treatment, and this autoimmunity was associated
with statistically significant improvements in both relapse-free and
overall survival (14). In another trial testing a Her-2 peptide vaccine
combined with systemic Flt-3 ligand, 2 of 15 subjects developed
autoimmune hypothyroidism with increased levels of thyroid-
stimulating hormone and autoantibodies to thyroid antigens (15),
further indicating the induction of autoimmune symptoms by
systemic immune activation.

Consistent with the observation in cancer patients undergoing
immunotherapy, the most prevalent autoimmune manifestations in
humans is thyroiditis, with 45% of women and 20% of men in the
United States showing focal thyroiditis at routine autopsy, although
only 1% of women and 0.5% of men exhibit clinical symptoms.
Focal thyroiditis is strongly correlated with circulating antibodies
to thyroglobulin and thyroid peroxidase (16). The disease is
characterized by mononuclear cell infiltration and destruction
of the thyroid, elevation of thyroid-stimulating hormone, and
decrease of thyroid hormones (T3 and T4). Autoantibodies and
T-cell responses to thyroglobulin and thyroid peroxidase (17, 18)
are clinically sensitive indicators of autoreactivity.

Autoimmunity induced by immune modulation is, however,
not just a positive indicator of responsiveness but can be a life-
threatening disorder. In patients with metastatic melanoma who
received gpl00 peptide vaccines along with an antagonistic
monoclonal antibody (mAb) to CTLA-4 (19-21), grade III/IV
autoimmune manifestations were observed, including hypothy-
roidism, dermatitis, enterocolitis, hepatitis, and hypophysitis.
The three patients in this study with objective cancer regression
all developed severe autoimmune symptoms requiring interven-
tion. Patients with autoimmune hypophysitis manifested hypo-
cortisolism and low testosterone, requiring prolonged replacement
therapy with steroids, thyroid hormone, and testosterone. Hence,
the balance between cancer immunotherapy and autoimmunity
becomes a critical issue.

The primary determining factor in many autoimmune diseases
is the MHC class II allele (22). For example, human HLA-DRBI*0301
(DR3) or murine H2X confers susceptibility to autoimmune
thyroiditis (23), whereas murine H2¢ or H2® is associated with
resistance (24). In this study, experimental autoimmune thyroiditis
(EAT), the murine model of Hashimotos thyroiditis, is used to
assess autoimmunity. EAT is induced with mouse thyroglobulin
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(mTg), the 660-kDa storage protein for iodinated thyroid hormone.
To simulate humans with circulating thyroid antigens and
experiencing additional triggering factors, EAT is induced by
injecting mTg with bacterial lipopolysaccharide (LPS). Alternative-
ly, mTg is given repeatedly without adjuvant (25, 26) such that,
in EAT-resistant BALB/c mice, repeated iv. injection with mTg
induces modest levels of humoral and cell-mediated immunity (7).

To simulate human tolerance to the tumor-associated antigen
Her-2, Her-2 transgenic mice were generated by using the whey
acid protein (WAP) promoter to drive the wild-type (WT) human
ErbB-2 gene and they exhibit profound immune tolerance to Her-2
(27). The EAT-susceptible human DR3 allele was introduced by
mating HLA-DR3 transgenic mice with Her-2 transgenic mice. We
show concurrent induction of autoreactivity to self-Her-2 and self-
mTg in Treg-depleted Her-2 and Her-2xDR3 mice and that
expression of DR3 dictates the severity of thyroid pathology
without significantly affecting Her-2 immunity.

Materials and Methods

Mice. All animal procedures were conducted in accordance with
accredited institution guidelines and the USPHS Policy on Humane Care
and Use of Laboratory Animals.® C57BL/6 (B6) female mice were purchased
from Charles River Laboratory. Heterozygous Her-2 mice, which express the
full-length, WT human ErbB-2 (Her-2) under the WAP promoter, were
maintained by breeding with normal B6 mice as we previously reported
(27). Transgene-positive mice were identified by PCR. HLA-DR3 mice were
generated by introducing the HLA-DRA/DRBI*0301 transgene into class
II-negative Ab” mice and backcrossed to B10 mice, resulting in DR3
transgenic Ab®/B10 mice (23, 28). B6xDR3 F1 (B6xDR3) mice were produced
by mating HLA-DR3 males with C57BL/6 females. Expression of DR3 by the
peripheral blood leukocytes (PBL) was verified by flow cytometry using
mouse mAb L1243 to human HLA-DR (BD Biosciences). Her-2xDR3 F1
(Her-2xDR3) mice were produced by mating HLA-DR3 males with Her-2
females. Expression of Her-2 was determined by PCR as in Her-2 mice (27).

Cell lines. All tissue culture reagents were purchased from Invitrogen
unless otherwise specified. Cell lines were maintained in vitro in DMEM
supplemented with 5% heat-inactivated cosmic calf serum (HyClone),
5% heat-inactivated fetal bovine serum (Sigma), 10% NCTC-109 medium,
2 mmol/L L-glutamine, 0.1 mmol/L MEM nonessential amino acids,
100 units/mL penicillin, and 100 pg/mL streptomycin.

Generation of Her-2-expressing EL4/E2 cells was described previously
(29), and the cells were maintained in supplemented DMEM with
0.8 mg/mL G418 (geneticin, Sigma). TC-1/E2 was generated by transfecting
C57BL/6 TC-1 cells (generously provided by Dr. T.C. Wu, The Johns Hopkins
University, Baltimore, MD) with pMSCV/puro and pCMV5/E2 (30).
TC-1 was a tumor cell line derived by transforming lung epithelial cells
with human papillomavirus-16 E6, E7, and ras oncogene (31). Stable TC-1/
E2 clones were selected and maintained in supplemented DMEM with
7.5 ng/mL puromycin.

Depletion of T-cell subsets in vivo. Rat hybridoma lines PC61
producing rat anti-mouse CD25, GK1.5 producing anti-CD4, and 2.43
producing anti-CD8 mAb (American Type Culture Collection) were
propagated in severe combined immunodeficient mice. To deplete CcD25",
CD4, or CD8 T cells, mice were injected i.p. with 1 mg anti-CD25, 0.5 mg anti-
CD4, or 0.5 mg anti-CD8 mAb at the indicated times. Depletion of
CD4°CD25™, CD4, or CD8 T cells was verified by flow cytometry.

DNA immunization and tumor challenge. pE2TM was generated by
PCR amplification of full-length Her-2 with a 3" primer engineered to create
a stop codon at the end of the transmembrane domain (29). This fragment
of Her-2 encoding the extracellular and transmembrane domains was

© http://grants.nih.gov/grants/olaw/olaw.htm#pol

cloned into pCMV5 using HindIIl and Xbal. pEFBos-GM-CSF encoding
murine granulocyte macrophage colony-stimulating factor (GM-CSF) was
provided by Dr. N. Nishisaki (Osaka University, Osaka, Japan). Mice were
injected in the quadriceps muscle with plasmid DNA as described previously
(32). DNA injection was followed immediately by square wave electro-
poration at the injection site using a BTX830 (BTX Harvard Apparatus). A
tweezer electrode was used to deliver eight pulses at 100 V for 25 ms/pulse.

To measure tumor growth, mice were challenged s.c. with 2 X 10° EL4/E2
cells in the flank. Tumor growth was monitored by weekly palpation, and
mice were sacrificed when any one dimension of the tumor reached 15 mm.
Tumor volume was calculated by the following equation: (X* X ¥) / 2. X and
and Y represented the short and long dimension, respectively, of the tumor.
Differences in tumor incidence were analyzed by the log-rank test.

Measurement of anti-Her-2 antibody by flow cytometry. For
measurement of anti-Her-2 antibody, human ovarian cancer cell line
SKOV-3 was incubated with serially diluted immune mouse sera as we
previously reported (33). Phycoerythrin-conjugated goat anti-mouse anti-
body directed to the vy-chain of mouse IgG (Jackson ImmunoResearch)
was used to detect bound antibody using flow cytometry. Normal mouse
serum or isotype-matched mAb was the negative control. A standard curve
for Her-2 binding was generated using c-erbB2 mAb (Ab5, clone TA-1;
Calbiochem). Antibody concentrations in the test sera were calculated
based on the standard curve. The isotype of bound antibody was measured
with FITC-goat anti-mouse IgG1l or IgG2c (Caltag). Results are shown as
mean channel fluorescence intensity. Flow cytometric analysis was done
with a FACSCalibur (Becton Dickinson). Differences in antibody concen-
tration were analyzed by the Student’s ¢ test.

Immunization with mTg. mTg was prepared from frozen thyroids by
fractionation on a Sephadex G-200 column as we described previously
(34, 35) and diluted in nonpyrogenic saline before use. The presence of
LPS was measured by Limulus amebocyte assay (Associates of Cape Cod;
ref. 26). A 40 pug dose of mTg contained <0.5 ng of LPS.

Mice were injected iv. with 40 ng mTg followed in 3 h with 20 pg
Salmonella enteritidis LPS. The injections were repeated in 7 days.
Alternatively, 40 pg mTg was injected i.v. on 4 successive days with 3 days
of rest (26). This treatment was repeated for 4 weeks.

Measurement of anti-mTg antibody. Anti-mTg antibody titers were
determined by ELISA as described previously (36). Briefly, Immulon I
microtiter plates (Dynatech Laboratories, Inc.) were coated with mTg at
1 pg/well and serially diluted test sera were added. After washing, bound
antibody was detected with alkaline phosphatase-labeled goat anti-mouse
IgG and enzyme substrate. The isotype of bound antibody was determined
with alkaline phosphatase-labeled goat a-mouse IgG1 or IgG2c (Southern
Biotech). Sera pooled from EAT-susceptible CBA/J mice immunized with
mTg and LPS were used as the control at a designated concentration of
10,000 units/mL. A standard curve of mTg binding was generated with
serially diluted control sera, and relative concentrations of test sera were
determined based on this standard curve.

Measurement of IFN-y-secreting T cells by enzyme-linked immu-
nospot assay. Her-2-reactive T cells were measured by enzyme-linked
immunospot (ELISPOT) assay. Spleen cells or PBLs were suspended
in RPMI 1640 supplemented with 10% FCS, 2 mmol/L L-glutamine,
100 units/mL penicillin, and 100 pg/mlL streptomycin. A total of 3 X 10°
to 4 x 10° cells was added to each well of a 96-well HTS IP plates
(Millipore), which were precoated with 2.5 pg/mL rat anti-mouse IFN-y
(IgG1, clone R4-6A2), and cells were incubated for 48 h at 37°C in 5% CO,,
TC-1/E2 cells were added as antigen-presenting cells (APC). TC-1 cells
were used as control. The ratio of spleen cells to APCs was 10:1. Following a
48-h incubation, cells were removed and 2 pg/mL biotinylated rat anti-
mouse IFN-y (IgGl, clone XMG 1.2) was added. All antibodies were
purchased from BD PharMingen. Plates were incubated for another 12 h at
4°C and then washed to remove unbound antibody. Bound antibody was
detected by incubating the plates with 0.9 pg/mL avidin-horseradish
peroxidase (BD PharMingen) for 2 h at room temperature. The substrate
3-amino-9-ethylcarbazole (AEC; BD PharMingen) in 0.1 mol/L acetic acid
and 0.003% hydrogen peroxide was added, and the plate was incubated for
3 to 5 min. AEC solution was discarded and the plates were washed six
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times with water. The visualized cytokine spots were enumerated with the whether mice expressed DR3 (Fig. 14). In tolerant Her-2 or Her- F1

ImmunoSpot analyzer (CTL Analyzers), and the results were expressed as
the number of cytokine-producing cells per 10° cells. Data were analyzed
using the Student’s ¢ test.

mTg-reactive T cells were measured with a two-step ELISPOT assay.
Spleen cells were incubated with 80 pug/mL mTg in 96-well tissue culture
plates for 3 days before the content of the wells was transferred to HTS IP
plates and further incubated for 24 h. The detection and enumeration of
cytokine spots were done as described.

Histologic evaluation of EAT. Thyroid specimens were sectioned
vertically through both lobes, and 50 to 60 histologic sections were prepared
from 10- to 15-step levels. The extent of mononuclear cell infiltration was
scored based on the pathology index scale of 0 to 4 and presented as
percentage thyroid infiltration: 0, no infiltration; 0.5, >0% to 10% thyroid
infiltration consisting of perivascular foci without follicular destruction;
1.0, >10% to 20% thyroid infiltration with follicular destruction; 2.0, >20%
to 40% diffuse thyroid infiltration; 3.0, >40% to 80% thyroid destruction;
and 4.0, >80% to 100% thyroid destruction (35). The sections were scored
without knowledge of the groups. Statistical differences were analyzed by
the nonparametric Mann-Whitney U test.

Results

Induction of anti-Her-2 immunity in H2" versus H2"xDR3
mice. Because expression of DR3 has been associated with
immune reactivity to several self-antigens, the immune reactivity
to self-Her-2 was tested in either Her-2 transgenic mice in the H2"
background or Her-2xDR3 mice in the H2°xDR3 background. B6
(H2) and B6xDR3 (H2°xDR3) mice were used as controls. Mice
were electrovaccinated four times, every 2 weeks, with pE2TM
encoding the extracellular and transmembrane domains of Her-2.
Equal amounts of pGM-CSF were also given in the same DNA
mixture. Sera were collected 2 weeks after each immunization,
and anti-Her-2 antibody was analyzed by flow cytometry as we
previously reported (33). After the fourth immunization, B6 and
B6xDR3 mice produced 88 + 33 and 76 + 30 ug/mL Her-2-
specific antibodies, respectively, with no significant difference

2xDR3 mice, less than 3 pg/mL of antibody were detected,
regardless of DR3 status. These results verified the profound
tolerance to Her-2 in Her-2 and Her-2xDR3 mice and that
expression of DR3 did not increase their anti-Her-2 antibody
response.

To test if Her-2 response was controlled by Treg (7, 8, 29), mice
received anti-CD25 mAb 1 week before the first DNA electro-
vaccination and then they were boosted thrice every 2 weeks.
Reduction in CD4*CD25™ cells in the peripheral blood was verified
by flow cytometry. Compared with mice carrying intact Treg
(Fig. 14), antibody levels were elevated in all four strains of mice
immunized after Treg depletion (Fig. 1B). In B6 mice, antibody
levels increased from 88 + 33 to 173 £ 46 pg/mL (P < 0.01) after
four vaccinations, and in B6xDR3 mice, the levels increased from
76 £ 30 to 163 £+ 76 pg/mL (P < 0.005). Her-2 and Her-2xDR3 mice,
which did not otherwise respond to DNA vaccination, produced
28 + 27 and 29 + 24 pg/mL antibodies, respectively, when
immunized four times following Treg depletion. Therefore, Treg
suppressed Her-2 reactivity whether Her-2 was a foreign or self-
antigen and DR3 status did not change the outcome of the
vaccination.

To measure T-cell response, PBLs from each group of six to eight
mice were pooled after the third immunization and incubated
for 48 h with the engineered APCs TC-1/E2. TC-1 cells expressed
H2-K®/D® and B7.1 constitutively and were stably transfected
with Her-2 to establish TC-1/E2. B6 and B6xDR3 mice produced
150 + 17 and 134 * 21/10° of IFN-y-secreting Her-2-reactive
T cells, respectively (Fig. 1C). After Treg depletion, the level
increased to 487 + 22 and 432 * 30 spots, respectively (P < 0.001;
Fig. 1D). In Her-2-tolerant mice, T-cell response was not detected
even after Treg depletion and four immunizations (data not
shown), again showing the profound tolerance in these mice.

Activation of both CD4 and CD8 T cells by Her-2 DNA
vaccination. Her-2-reactive T cells were further analyzed in B6
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mice, which were depleted of Treg and vaccinated with pE2TM and
pGM-CSF. After the first and second vaccination, 674 + 37 and
761 + 20 per million, respectively, Her-2-specific, IFN-y-producing
cells were detected in the spleen (Supplementary Fig. S1).
Depletion of both CD4 and CD8 T-cell populations before the
assay removed most, if not all, IFN-y-producing T cells, showing
that T cells are the primary responders. Depletion of either CD4 or
CD8 T cells alone resulted in partial reduction as expected. Cells
incubated with the control APC, TC-1, produced <10 spots/10° cells
(data not shown).

To further verify the subtype of reactive T cells, mAb Y3P to 1A%,
the only MHC II expressed by B6 mice, was added to CD8 T-cell-
depleted spleen cells during in vitro stimulation and IFN-y-
producing cells were reduced by ~80% (data not shown).
Conversely, when a mixture of mAb 28-14-8S to Db and B8-24-3
to K” was added to CD4 T-cell-depleted spleen cells during culture,
~70% reduction in IFN-y spots was observed (data not shown).
Therefore, CD4 and CD8 T cells were the major IFN-y-producing
cells that responded to Her-2 DNA vaccination.

To further define CD4 T cells that responded to Her-2 DNA
vaccination, we measured the level of anti-Her-2 IgG1 and IgG2c in
the sera of B6, B6xDR3, Her-2, and Her-2xDR3 mice that were
described in Fig. 1. Results from sera collected after the second
vaccination are shown in Supplementary Fig. S2. Both IgG1l and
IgG2c were induced in B6 and B6xDR3 mice, showing the
activation of both Thl and Th2 in nontolerant mice. Very little
antibody was induced in Her-2 or Her-2xDR3 mice, consistent with
their profound tolerance. After Treg depletion, Her-2-reactive IgG1
and IgG2c levels were both detected. Therefore, both Th1l and Th2
were activated in tolerant and nontolerant mice by DNA electro-

vaccination. Direct comparison of IgG1 versus IgG2c levels would
not be informative because different secondary antibody must be
used to measure the two IgG isotypes.

Tumor rejection in Treg-depleted, DNA-vaccinated mice. To
measure antitumor activity, mice were depleted of Treg, electro-
vaccinated with pE2TM and pGM-CSF, and then inoculated s.c.
with EL4/E2 cells 2 weeks after the last immunization. EL4/E2
tumors developed and progressed in B6 and Her-2 mice receiving
blank vectors and they were sacrificed 4 weeks after tumor cell
inoculation due to their tumor burden (Fig. 24). In 13 of 16 (82%)
B6 mice that received vaccinations twice and in 3 of 7 (43%) Her-2
mice that received vaccinations four times, tumors were rejected
or regressed after transient growth, showing the activity of Her-2
vaccination. These results further verified immune tolerance in
Her-2 mice because Her-2 mice received two more vaccinations
than B6 mice to reach half the level of protection (Fig. 24). In
B6xDR3 and Her-2xDR3 mice, 92% (12 of 13) and 63% (5 of 8) of the
mice eventually rejected their tumors after two- and four-time
vaccinations, respectively (Fig. 2B). In one of nine control B6xDR3
mice that received blank vector, the tumor regressed spontaneously.
Anti-Her-2 antibody level was measured at 3 weeks after tumor
inoculation and elevated levels were found in vaccinated mice when
compared with nonvaccinated mice (Fig. 2C and D). As expected,
Her-2 and Her-2xDR3 mice produced lower levels of antibodies
than Her-2-negative mice. Taken together, DR3 expression did not
have a significant effect on tumor growth or antibody response.

Immune reactivity to self-thyroglobulin in H2" versus
H2"xDR3 mice. Induction of EAT was tested in B6, B6xDR3,
Her-2, and Her-2xDR3 mice with a standard regimen (ie., iv.
injection twice, 7 days apart, with 40 ug mTg followed in 3 h with
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Figure 3. Antibody and T-cell responses to mTg with or without Treg depletion.
Mice received two injections, 1 wk apart, of 40 pg mTg and 20 pg LPS with (B)
or without (A) Treg depletion 1 week before mTg and LPS immunization.

At 3 wks following the last mTg injection, sera were collected. The levels of
anti-mTg antibodies measured by ELISA were expressed as units/mL as
described in Materials and Methods. C, at 3 wks following the final injection of
mTg and LPS, spleen cells from individual were collected and incubated with
mTg in a two-step IFN-y ELISPOT assay. There were five to nine mice in each
group. Columns, mean spot numbers from individual mice; bars, SD.

20 pg LPS). Some mice also received anti-CD25 mAb 10 and 7 days
before the first mTg injection to deplete Treg. At 3 weeks after the
second injection with mTg and LPS, anti-mTg antibodies were
measured by ELISA, and their relative concentrations were
calculated by regression analysis based on pooled mTg-reactive
control sera. B6 and Her-2 mice produced little to no anti-mTg
antibodies except in one Her-2 mouse, whereas B6xDR3 and
Her-2xDR3 mice produced 5 + 2 and 3 + 3 x 10° units/mL, with
significant difference observed between B6xDR3 and B6 mice
(Fig. 34). This higher reactivity in DR3" mice became prominent
when Tregs were depleted before mTg injection (Fig. 3B), with
443,18+ 12,2 + 4,and 20 + 9 x 10° units/mL detected in B6,
B6xDR3, Her-2, and Her-2xDR3 mice, respectively. T-cell response
was measured with a 3-day, two-step IFN-y ELISPOT assay (Fig. 3C).
The number of IFN-y-producing T cells from each mouse was
measured individually, and the mean and SD in each test group
are shown. B6xDR3 mice produced more mTg-reactive T cells
(41 £ 26/10° than B6 mice (3 * 1/10°). The number of mTg-
reactive T cells from B6xDR3 was further amplified by Treg
depletion to reach 203 + 74/10° cells. Consistent with HLA-DR3
being a susceptible allele for EAT induction (23), its expression
remains a dominant determinant of both anti-mTg antibody and
T-cell responses.

The extent of thyroid infiltration and destruction by mononu-
clear cells were also analyzed 3 weeks after the second injection of
mTg and LPS. B6 and Her-2 mice bore the EAT-resistant haplotype
and exhibited weak EAT (Fig. 44). Both B6 and Her-2 mice
displayed mild pathology and thyroid infiltration (Fig. 4C). In DR3-
expressing B6xDR3 and Her-2xDR3 mice, thyroid destruction was
more extensive. After Treg depletion, more severe EAT was
observed in all test strains and up to 80% of the thyroids in some
B6xDR3 or Her-2xDR3 mice were involved (Fig. 4B and C). These
results showed the determining effects of both DR3 and Treg on
EAT development.

Balance between anti-Her-2 and anti-mTg immunity with
Treg depletion. Because immune responses to both Her-2 and
mTg were elevated after Treg depletion, we measured the immunity
to Her-2 and mTg in mice exposed to both self-antigens. Her-2 and
Her-2xDR3 mice received anti-CD25 mAb before they were injected
iv. with mTg, four times each week for 4 weeks, without LPS. We
have previously shown that repeated treatment with mTg without
LPS induced weak to moderate EAT in ~ 50% of susceptible mice
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Figure 4. Induction of autoimmune thyroiditis. At 3 wks following the second
injection of mTg and LPS, thyroid infiltration in mice with (B) or without (A)
Treg depletion was determined by pathology score as described in Materials and
Methods. C, representative H&E sections of normal and infiltrated thyroids.
Top left, normal thyroid with no infiltration; top right, Her-2 mice with 5%
infiltration (arrow) without follicular destruction; lower left, Her-2xDR3 mice
with 20% infiltration showing follicular destruction of the thyroid; lower right,
Her-2xDR3 mice depleted of Treg with 80% infiltration showing extensive
destruction of the thyroid. There were five to nine mice in each group.
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(26). LPS was omitted to avoid complication on immune reactivity
to Her-2. At 14, 28, and 42 days after anti-CD25 mAb treatment,
mice were immunized with pE2TM and pGM-CSF (Fig. 5). Humoral
and cellular immune responses were measured at week 8. As
expected, Her-2 mice with intact Treg did not produce anti-Her-2
antibodies (Fig. 54). With Treg depletion, Her-2 and Her-2xDR3
mice immunized with both Her-2 DNA and mTg produced low
levels of Her-2 antibodies averaging 12 + 17 and 10 + 11 pg/mL
(Fig. 54). Both IgG1 and IgG2c were detected in Her-2 immune
sera, although at low levels (Supplementary Fig. S3). IFN-y-
producing T cells were also analyzed. Her-2 mice did not have
detectable T-cell response. After Treg depletion, 38 + 3 and 50 +
1 spots/10° cells were observed in Her-2 and Her-2xDR3 mice,
which received Her-2 DNA and mTg (Fig. 5B). Thus, reactivity to
the Her-2 vaccination regimen in tolerant hosts was enhanced by
Treg depletion in a DR3-independent fashion.

Antibody and T-cell responses to mTg were measured in Her-2
and Her-2xDR3 mice with or without Treg depletion. In Her-2 mice,
little to no antibodies to mTg were detected even after Treg
depletion (Fig. 5C). In mice also vaccinated with pE2TM and pGM-
CSF, low level of mTg antibody at 11 + 5 units/mL was detected.
In Her-2xDR3 mice, repeated mTg injections resulted in 10 +
5 units/mL of antibodies, which increased after Treg depletion,
with some mice reaching >70 units/mL, whether mice also received
Her-2 DNA vaccination. Both IgG1 and IgG2c were detected in mTg
immune sera (Supplementary Fig. S3).

mTg T-cell response of individual mice was measured by the
two-step ELISPOT assay using splenocytes. Her-2 mice showed
little to no T-cell response to mTg whether Tregs were depleted or
not (Fig. 5D). Her-2xDR3 mice generated 21 = 7/10° of IFN-y-
secreting T cells after mTg injection. T-cell response increased to
84 + 17/10° when mice were depleted of Treg cells and 189 + 21
when mice were also vaccinated with Her-2 and GM-CSF DNA
(Fig. 5D). Moreover, two of the six mice in the latter group
developed 10% and 15% thyroid infiltration (data not shown).
Thyroiditis was not detected in mice from the other groups.
Therefore, Treg depletion enabled mice expressing HLA-DR3 to
develop autoimmune thyroiditis when exposed simultaneously to
a regimen of Her-2 vaccination with repeated mTg injections.

One might question whether bidirectional synergy between
Her-2 and mTg immunity observed in Her-2-tolerant mice (Fig. 5)
also occurs in nontolerant mice. Using a similar scheme as outlined
in Fig. 5, WT B6 mice were depleted of Treg and vaccinated with
Her-2 and GM-CSF DNA followed by 16 iv. mTg injections. The
single Her-2 DNA electrovaccination resulted in sustained Her-2
antibody production with 21 + 5 pug/mL detected 6 weeks after
vaccination (data not shown). Additional immunization with mTg,
however, did not increase Her-2 response. Conversely, 16 iv.
injections with mTg induced modest level of mTg antibody as

shown in Fig. 5. Additional Her-2 vaccination did not enhance mTg Q4

response either (data not shown). Therefore, we did not observe
bidirectional synergy in WT mice. Chronic exposure to both tumor
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and self-antigens in the tolerant mice may be important in the
mutual amplification of immune reactivity to Her-2 and mTg.

Discussion

Expression of HLA-DR3 has minimal effect on anti-Her-2 or
antitumor immunity in mice of the B6 background. Although one
cannot rule out the possibility that other MHC class II alleles differ
in their presentation of Her-2, DR3 status had little effect on Her-2
reactivity.

On the other hand, autoimmune disease to self-antigens is often
associated with particular MHC class II alleles. Examples of such
associations are systemic lupus erythematosus with expression of
both HLA-DR2 and HLA-DR3 (37), multiple sclerosis with HLA-DR2
(38, 39), rheumatoid arthritis with HLA-DR4 (40, 41), type I diabetes
with HLA-DR3 and HLA-DR4 (40, 42), and Hashimoto's thyroiditis
and Graves' disease with HLA-DR3 (22, 40). Thus, MHC class II
alleles, such as DR2, DR3, and DR4, are major determinants in the
manifestation of several autoimmune diseases, presenting antigenic
epitopes to peripheral T cells, which have escaped thymic scrutiny.
In the current study, more severe EAT was induced in B6xDR3 and
Her-2xDR3 mice than in B6 and Her-2 mice. During cancer
immunotherapy, it would be important to closely monitor
autoimmune indicators in patients with particular MHC class II
alleles.

The weak anti-Her-2 immunity in Her-2 and Her-2xDR3 mice
was augmented after CD4°CD25™ Treg depletion such that
elevated levels of anti-Her-2 IgG were observed. Although few
IEN-y-producing T cells were detected, T-cell help was indicated
because anti-Her-2 IgG, including IgG1 and IgG2c, were induced,
and tumor growth was inhibited. Further, Her-2 and Her-2xDR3
mice depleted of Treg and immunized with both pE2TM/pGM-CSF
and mTg exhibited a modest increase in Her-2 T-cell response
(Fig. 5B) compared with Treg depletion and pE2TM/pGM-CSF
vaccination alone (Fig. 1D), suggesting increased Her-2 immunity
by concurrent immune response to mTg. Therefore, Her-2-reactive
T cells are under Treg regulation and can be amplified with
adequate immune stimulation. Although modest, the detection of
any T-cell response in Her-2-tolerant mice is significant. We have
reported the profound tolerance to Her-2 in our human Her-2 Tg
mice with very little antibody and no T-cell response induced by
Her-2 DNA vaccination (30). The results in the current article are
particularly important because Her-2 T-cell response was induced,
for the first time, in Her-2 or Her-2xDR3 mice by immunization
with both Her-2 and mTg after their Tregs were depleted. Several
T-cell modulating reagents, such as anti-CTLA-4 and anti-4-1BB,
may further amplify Her-2 T-cell response. We have also shown that
anti-4-1BB enhanced EAT induction (43).

The combination of Treg depletion with active vaccination is
undergoing clinical testing. In a phase I trial of metastatic renal
cell carcinoma, the patients who received DAB389-interleukin-2
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