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Introduction:

A central hypothesis of this grant proposal is that tumors can be eradicated in vivo using adoptive transfer of tumor-specific
T cells. However, many of the underlying principles of adoptive T cell therapy are not well understood. This grant
describes experiments that aim to elucidate some of these principles. The specific aims of this proposal are to, (1)
determine the immune effector arm most effective in the eradication of rat neu overexpressing tumors in neu-tg mice using
adoptive immunotherapy of rat neu specific CD8+ and CD4+ T cells and (2) determine the feasibility of the expansion of
HER? specific CD4+ and CD8+ T cell lines from patients previously immunized with a HER2 peptide-based vaccine.

Body:

1. To determine the immune effector arm most effective in the eradication of rat neu-overexpressing tumors in neu-tg mice
using adoptive immunotherapy. The work in year 3 of the proposal has focused further on generating T cells,
characterizing the T cells ex vivo, and infusing them into animals to assess an anti-tumor response. In general, I have
confirmed my previous findings and established new principles for adoptive T cell therapy. Mice were immunized with
peptides derived from the neu protein sequence that had been shown to be immunogenic and to generate a tumor specific
response. In my previous report, I had shown that a potent immune response is able to generate antigen-loss variants. To
further enhance the adoptive T cell therapy model, I established a cell line from this antigen-loss tumor. After several
passages, I characterized the tumor for growth in neu-tg and the parental mice, FVB/N. The in vivo growth of my original
neu” MMC cell line and the new antigen-negative variant cell line, ANV, is shown in Fig. 1. MMC are unable to grow in
parental FVB/N as previously reported and are able to grow in neu-tg mice where neu is a self-antigen (Fig. 1A). ANV, in
contrast, lacks neu expression and is able to grow rapidly in both FVB/N and neu-tg mice (Fig. 1B). Also, Figure 1C
shows that for the MMC tumor cells, neu is a biologically relevant antigen as growth of the tumor cells is inhibited by
7.16.4., an inhibitory mouse anti-neu antibody. In contrast, the growth of ANV was unaffected by inclusion of the
antibody. ’

T cell lines generated against neu-derived CD4 helper peptides p781, p932, and p1166 were tested for activity against
peptide and tumor cell lines MMC and ANV (Fig. 2). Spleens from immunized animals were .removed and peptide-
specific T cells expanded ex vivo using IL-2. Peptide-specific T cells were generated against all 3 neu peptides after 1 in
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= vitro stimulation (IVS) (Fig. 1A). Consistent with my previous studies, the peptide-specific T cells were able to recognize

neu+ MMC tumor cells. Specificity of the T cells for neu peptides was confirmed by demonstrating that the cells were

unable to recognize the ANV cell line which does not express neu (Fig. 1). Previously I had shown that peptide-specific T

cells were able to mediate partial inhibition of tumor growth. I have begun to question how this effect can be improved.

Although there are a number of factors that should be considered, one possibility is that the cells have reduced avidity

compared to cells from animals that are not tolerized against neu. If this were the case, then peptide-specific T cells

derived from parental FVB/N may have better tumor inhibition. I examined this by infusing peptide-specific T cells derived

from parental FVB/N and compared this to cell lines generated from the tolerized neu-tg mouse as shown in Figure 3A.

p1166-specific cells lines derived from neu-tg demonstrated a similar level of tumor growth inhibition as those derived

from FVB/N. Another possibility for the tumor growth inhibition was not complete was the generation of antigen-negative

variants. I examined this by staining fresh tumor samples with neu-specific monoclonal antibody and assessing the

: expression of neu at the cell surface (Fig. 3B). I observed that tumors still retained neu expression comparable to that in

control animals. It is possible, however, that expression of p1166 peptide in MHC class II is diminished in the tumors.

One way to circumvent this problem is by the use of polyclonal T cell lines. Polyclonal T cell lines were generated in vitro

by repetitive restimulation using whole irradiated tumors. These T cells lines were infused into tumor bearing animals and

| completely inhibited tumor growth with a single infusion (Fig. 4A). These polyclonal lines were examined by ELIspot

analysis testing for both IFN-y and IL-4 against both MMC and ANV tumor cell lines (Fig. 4B). Polyclonal T cell lines

contained high levels of IFN-y and IL-4 responding T cells. Of those that produced IFN-y, the vast majority recognized

MMC, with a smaller fraction (12%) recognizing ANV. These results suggest that the major IFN-y response is directéd

against neu. A large fraction of the cells also secreted IL-4 targeting both MMC and ANV. Although the importance of

Th1 type IFN-y-secreting cells for anti-tumor immunity is well established, the role of IL-4-producing Th2 cells is unclear.

These cells may be involved in the humoral response against tumor. I have found in preliminary studies that tumor-bearing

animals generate a significant humoral response against multiple antigens including a 185 kDa protein that is most likely

neu (data not shown). Alternatively, IL-4-secreting cells may represent immunosuppressive cells which could interfere

with tumor eradication. I have began to explore immunosuppression as a mechanism by which tumors continue to grow

despite infusion of tumor-specific T cells. I evaluated for the presence of CD4/CD25 regulatory T cells (Tregs) associated

with tumors. To do this, I injected tumor into the peritoneal space and after 10 days harvested ascites fluid associated with

the tumor (Fig. 5). The cells were examined by flow cytometry for dual expression of CD4 and CD25. Tregs were

associated with both MMC and ANV tumors and constituted approximately 32% and 61% of the tumor-associated

lymphocytes, respectively. These results suggest that one potential reason that T cells do not completely prevent tumors

from growing is the presence of inhibitory Tregs. Since my interests are in the direct application of adoptive T cell therapy

to human HER-2/neu-overexpressing breast cancer, I have begun to alter my model to more adequately reflect human

breast cancer. Specifically, patients with advanced stage HER-2/neu-overexpressing breast cancer are being treated with

trastuzumab, a HER-2/neu inhibitory monoclonal antibody. I have identified a similar monoclonal antibody active in the

mouse 7.16.4. This antibody when infused into tumor-bearing animals is able to inhibit or stall progression of tumor

- similar to the effects of trastuzumab in humans (Fig. 6). Studies can be designed to use T cell therapy in tumor-bearing

animals undergoing monoclonal antibody therapy. To study trafficking of T cells to tumor site, I have also developed a

protocol for labeling that does not impact the function of the cells, as assessed by ELIspot analysis, for at least 48 hours

after labeling (Fig. 7). T cell lines specific for neu helper peptide p781 were generated as described in Specific Aim 1 and

labeled with varying concentrations of '''Indium-oxine (0, 1, 3, and 6 pCi/million cells) for 45 minutes. The cells were

then examined by ELIspot and it was found that antigen-specific T cell function was retained at all the doses of radiolabel

used when compared to cells without label (i.e. zero concentration of indium on the graph) (Fig. 7A). I also examined

whether dose of radiolabel affects uptake into the cells (Fig. 7B). It was observed that at a concentration of 1 pCi only

about 30% of the label was taken up. The uptake increased as a function of dose and peaked at or below 3 pCi with a
maximal uptake of the added dose.

3. To determine the feasibility of the expansion of HER2-specific CD4+ and CD8+ T cell lines from patients previously

immunized with a HER2 peptide-based vaccine. The studies in this funding period have focused on the use of CD3/CD28

beads for rapid expansion following antigen-specific enrichment (Fig. 8A). This method successfully induced the rapid

expansion of T cells as shown in Figure 8B. Using a method with whole CMV antigen and IL-2 during enrichment, it was

observed that antigen specificity can be maintained at or above the levels measured in pre-expansion cultures (Fig. 9A).

The resulting cells can be added back to autologous PBMC to improve antigen specificity (Fig 9B). If CMV was not

present in the cultures during enrichment, CMV antigen-specificity drops by greater than 65% following expansion {data

not shown). The inclusion of various cytokines during the enrichment phase is also being examined based on my previous
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« findings studying IL-12 and IL-15. I observed that IL-12, but not IL-15, was able to enhance the growth rate of cells during
bead stimulation (Fig. 10A). However, the inclusion of IL-15, but not IL-12, significantly enriched for CD8 T cells
specific for an MHC class I binding epitope derived from the flu matrix peptide (Fig. 10B). These results suggest that IL-

“ 15 may be a cytokine appropriate for expanding CD8 T cells. Iam currently examining the effects of the inclusion of IL-
12 or IL-15 on expansion of CD4 T helper cells using helper peptides as antigens. My preliminary findings suggest that IL-
12 may be the cytokine of choice for CD4 T helper cells Based on my findings, our group have written a clinical trial for
the infusion of T cells specific for HER2 which has been approved by our local IRB and the University of Washington

Clinical Research Center. Batch records and standard operating procedures are currently being prepared for the T cell
infusion trial.

Key Research Accomplishments:

¢ An neu antigen-negative variant tumor cell line was developed to enhance the breast cancer model of adoptive T
cell therapy.

T cell lines can be established using 3 different helper peptides derived from rat neu.
Thl T cell lines specific for neu oncoprotein are partially effective at inhibiting tumor growth in neu-transgenic
miice.

¢ Thl T cell lines derived from neu-tg mice are equally effective as lines derived from the parental FVB/N mice
suggesting similar T cell avidity. .
Regulatory T cells associate with tumor which may reduce the efficacy of adoptive T cell therapy.

Monoclonal antibody therapy was adapted to the model to reflect the current clinical setting in human HER-2/neu-
overexpressing breast cancer. :

* Antigen-specificity can be maintained in cells expanded non-specifically with anti-CD3/CD28 beads when an
antigen-specific enrichment step is used in prior to expansion.

»  Cytokines such as IL-15 can be used to augment low-level antigen-specific responses during ex vivo expansion.

Reportable outcomes:

Publications: (Published or submitted pertaining to the application during the funding period (April, 2002-April, 2003))

1. Knutson KL and Disis ML, 2002, Clonal diversity of the T cell repertoire responding to a dominant HLA-A2 epitope
of HER-2/neu after active immunization in a patient with ovarian cancer. Human Immunology 63:547-57.

2. Knutson KL, Curiel TJ, Salazar L, and Disis ML, 2003, Immunologic Principles and Immunotherapeutic Approaches
in Ovarian Cancer, Hematology/Oncology Clinics of North America. Editors: Holland and Disis, WB Saunders (in
press).

3. Disis ML, Knutson KL, Salazar L, Schiffman K, 2003 Immunology and Immunotherapy, Breast Cancer Lippman (in
press). ’

4. Knutson, K.L., Bishop, MR, Schiffman, K., and Disis, M.L.: Immunotherapy of Breast Cancer. Cancer
Chemotherapy and Biologic Response Modifiers- Annual 20. Editors: Giaccone, Schilsky and Sondel; Elsevier
Science (20:351-69), 2001.

5. Knutson KL, Almond B, Mankoff DA, Schiffmann K, and Disis ML, 2002, Adoptive T-cell Therapy for the Treatment
of Solid Tumors. Expert Opinion on Biological Therapy 2:55-66.

6. Bernhard H, Salazar L, Schiffman K, Smorlesi A, Schmidt B, Knutson KL, Disis ML, 2002, Active immunization
against the HER-2/neu oncogenic protein. Endocrine-Related Cancer 9:33-44.

7. Knutson KL, Almand B, Ahlquist RM, and Disis ML, Neu-specific antibody therapy results the generation of antigen-
loss variants in the neu-transgenic mouse (Submitted).

8. Knutson KL and Disis ML, IL.-12 enhances the function and number of tumor antigen-specific Th1 lymphocytes during

. ex vivo expansion (Submitted).

9. Knutson, KL, Smorlesi, A, and Disis, ML, A Murine Neu-Transgenic (neu-tg) Breast Cancer Tumor Cell Line
Established In Vitro, Expresses Class I and I MHC and Retains Expression In Vivo. (Submitted). '

10. Almand, BA, Ahlquist, RM, Mankoff, DA, Disis, ML, and Knutson KL, 2002, Application of imaging approaches to
the monitoring of targeted therapies for breast cancer. Proc. AACR 44:871 (Abstract #3807). '

11. Knutson KL, Ahlquist RM, Almand, BA, and Disis, ML, 2002, Identification of helper peptides of rat neu that can

mediate partial therapeutic anti-tumor responses in tumor-bearing neu-transgenic mice. Proc. AACR 44:873 (Abstract
#3818).




¢ 12. Almand, BA, Ahlquist, RM, Disis, ML, and Knutson KL, 2002, Neu-specific antibody therapy results in tumor
inhibition without receptor down-modulation in the neu-transgenic mouse. Proc. AACR 44:874 (Abstract #3819).

13. Disis ML, Faith M. Shiota, and Douglas G. McNeel, Knutson KL, 2003, Soluble Cytokines Can Act as Effective
Adjuvants in Plasmid DNA Vaccines Targeting Self Tumor Antigens. Immunobiology 207:1-8.

14. Salazar LG, Fikes J, Southwood S, Ishioka G, Knutson KL, Gooley TA, Schiffman K, and Disis ML, Immunization of
cancer patients with HER-2/neu-derived peptides demonstrating high affinity binding to multiple class II alleles
(Submitted). ‘ :

Research opportunities: As a result of the success of this research project, I have been promoted to Assistant Professor at

the University of Washington. The position will be effective July, 2003.

Funding applied for: Data resulting from this award has been used to apply and obtain funding:

Title of project: Ex Vivo Expansion of HER-2/neu specific T helper cells.

PI: Keith Knutson, Ph.D.

Agency: NCI :

Status: Pending (Priority Score 171)

Period: 2003-2008

Type: KO1

Annual Direct Cost/% Effort: $121,350/80%

This grant outlines animal preclinical studies, human in vitro studies, for the development of T helper cell (Th1 and
Th2) therapy for HER2 expressing advanced stage cancer.

Title of project: Multi-Antigen Vaccines for Breast Cancer

PI: Mary L. Disis, MD

Co-PL: Keith Knutson, PhD

Agency: NCI

Status: Active

Period: 2003-2007

Type: RO1

Annual Direct Cost/% Effort: $225,000/20% ,
The overall goal of this proposal is to develop multi-antigen cancer vaccines targeting immunogenic overexpressed
self-proteins that are biologically relevant to the growth of breast cancer and are involved in the malignant
transformation. The utility of breast cancer vaccines will be in the immunization of breast cancer patients at high

risk of relapse after optimal therapy or, eventually, immunization of individuals at high risk of developing breast
cancer.

Title of project: The identification of tumor rejection antigens induced via epitope spreading in patients
with breast and ovarian cancer after active immunization
PI: Keith L. Knutson, Ph.D.
Agency: NCI
Status: Pending
Period: 2003-2008
Type: R21
Annual Direct Cost/% Effort: $100,000/25%
The goal of this proposal is to identify tumor rejection antigens induced via epitope spreading in patients with
breast and ovarian cancer after active immunization. '

Title of Project: Vaccination Against Ovarian Carcinoma
PI: Karl-Erik and Ingegerd Hellstrom

Co-PI: Keith L. Knutson, Ph.D.

Agency: NCI

Status: Pending

Period: 2003-2008

Type: RO1

Annual Direct Cost/% Effort: $75,000/20%




The goals of the proposal are to: (1) determine whether tumors transfected with murine CD137 scFv can prime
tumor specific T cells in vitro using syngeneic tumors from neu transgenic mice, (2) determine whether tumors
transfected with murine CD137 scFv can mediate an intraperitoneal antitumor response in vivo, and, (3) determine
whether human ovarian tumors can be transfected with human CD137 scFv and can prime human tumor specific T
cells in vitro.

Title of project: The identification of breast tumor antigens targeted by the immune response during tumor
rejection
PI: Keith L. Knutson, Ph.D.
Agency: DOD
Status: Pending
Period: 2003-2004
Type: Concept
Annual Direct Cost/% Effort: $75,000/25%
The goal of this proposal is to identify tumor rejection antigens induced via epitope spreading in patients with
breast and ovarian cancer after active immunization. ‘
Project generated resources: I will submit the ANV and MMC cell lines to ATCC.

Conclusions:

In my previous funding period I were able to define strategies to generate Thl neu-specific T cells that were able to mediate
partial protection. During the current funding period, I have confirmed these findings and demonstrated that the T cell
lines generated with the peptides were specific for neu-overexpressing tumors and could not lyse antigen-negative
syngeneic tumors. I have began to identify methods of improving the outcome of adoptive T cell therapy. My efforts are
focusing on the generation of a polyclonal response which has a more pronounced ability to eradicate tumor cells. I have
also identified that some of the lymphocytes that ordinarily associate with tumor are regulatory T cells which can reduce the
efficacy of adoptive T cell therapy. Understanding how to eliminate endogenous immunosuppression will likely improve
my strategy. Recent studies by Drs. Dudley and Rosenberg at the NCI suggest the induction of lymphopenia prior to
adoptive T cell may enhance the function of adoptively transferred T cells. While the mechanism of this effect is still
unclear, a leading theory is that immunosuppressive regulatory T cells are reduced to levels that facilitate expansion and
anti-tumor activity of transferred T cells. The widespread use of Herceptin will have a great impact on the translation of
HER-2/neu targeted therapies to the clinic. I am beginning to adapt my adoptive T cell therapy to reflect changes in the
treatment of patients with HER-2/neu-overexpressing cancers. I have improved our understanding of how to rapidly
expand human antigen-specific T cells that maintain polyclonality with the use of IL-12, IL-15 and anti-CD3/CD28 beads.

These findings are being applied to a clinical trial of adoptive T cell therapy of HER-2/neu-overexpressing tumors in
advanced stage breast cancer patients.
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Figure 1. A neu-negative mammary tumor cell line, ANV, was established in vitro from an antigen-
escape variant. A. Shown is the growth of neu-expressing MMC in either neu-Tg (circles) or parental
FVB/N (squares). B. Shown is the growth of neu-negative ANV in either neu-Tg (circles) or parental FVB/N
(squares). Each data point shows the mean and SEM of 3 mice. C. Shown are the éffects of a neu-specific
inhibitory monoclonal antibody on the growth of neu-expressing MMC and neu-negative tumor cells. Each
data point represents the mean (+SEM) of triplicate determinations.
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Figure 2. Tumor antigen specific T cell lines generated in vitro are specific neu-overexpressing tumors.

Shown are the IFN-y ELIspot responses of a representative p781- (Panel A), p932- (Panel B), and p1166-specific

(Panel C) T cell lines to peptide antigens and murine breast tumor cell lines. The data are presented as the

number of spots observed per well. Each data point is the mean (SEM) of 6 replicates. MMC are neu- ,
overexpressing tumor cells and ANV are neu-negative tumor cells. Both tumor cell lines are derived from

mammary fumors in neu-tg mice.
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Figure 3. T cells specific for rat neu peptide p1166, expanded ex vivo, from either neu-tg or parental FVB/N can
be partially therapeutic in vitro. (A) 6 x 10° neu-expressing MMC tumor cells were injected on day 0. One day later, 6
x 10° p1166-specific T cells (circles or squares) or normal neu-tg splenocytes (control, diamonds) were infused and tumor
growth was monitored. The p1166-specific T cells were derived from either neu-tg or parental FVB/N mice. Each data
point represents the mean (+SEM) of measurements from 3 mice. (B) Tumors derived from the mice in panel A were
stained with anti-neu antibodies. The average (+SEM) mean relative staining intensity (fMFI) is shown for each group.

10




B
000
4000-
=
8
A =§ 30004
125+ E
i
E]
100
—s— Confrol 1500+
&
E 751 o
% Antigen
= C
E 504 8000y
s0004
254 .
—-Teells g o
z
S A S — e Rt
0 1 2 3 4 5 [ 7 8 g §
Time (days) 2000
1000+
ol

Figure 4. Polyclonal T cell lines completely inhibit tumor growth. A. 6 x 10° neu-expressing MMC tumor
cells were injected on day 0. One day later, 6 x 10° T cells or normal neu-tg splenocytes (control, diamonds)
were infused and tumor growth was monitored. The T cells were derived from parental FVB/N mice. Each data
point represents the mean (+SEM) of measurements from 5 mice. Shown are the IFN-y (panel B) or IL-4 (panel
C) ELIspot responses of tumor-specific T cell lines in response to neu-expressing MMC or neu-negative ANV.
The data are presented as the mean number of spots calculated from 6 replicates.
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Figure 5. CD4/CD25+ T regulatory cells associate with both MMC and ANV mammary tumor cells. T cells
derived from ascites fluid of mice bearing peritoneal tumors were evaluated by flow cytometry. T cells were dual-
stained with anti-CD4 and anti-CD25 antibodies. CD25 intensity is shown on the X-axis for panels A and B. CD4
intensity is shown on the Y-axis for panels A and B. Irrelevant fluorescence is shown in panel C. Panels A and B
‘depict lymphocytes derived from MMC and ANV tumor-bearing animals respectively. The value in the upper right
quadrant represents the percentage of the total cells that the cells in this quadrant constitute.
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Figure 6. Neu-specific monoclonal antibody inhibits nen-mediated tumor growth in vive in an established
tumor setting. Shown are tumor measurements from tumor-bearing control mice (PBS, circles) and tumor-bearing
mice treated with 7.16.4 antibody starting on either day 10 (squares) or day 14 (diamonds) following tumor cell
injection. Each data point is the mean tumor measurements (+SEM) from 15-16 mice.
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Figure 7. Neu-specific T cells can be radiolabeled without loss of function. Panel A shows the percent of label
associating with the cells following 45 minutes of labeling a neu-specific T cell line with varying (0, 30, 300, 600
pCi/10° cells) concentrations of 'Indium-oxine. Panel B shows IFN-y secretion results using ELIspot assay
following labeling of a T cell line specific for the p781 helper peptide of neu. The T cell line was labeled with
varying concentrations of '"'Indium-oxine and stimulated in vitro with p781 peptide (circles), an irrelevant neu
helper peptide (irrel, triangles) or no antigen (squares). ELIspot analysis was performed. Each symbol is the mean
(£SEM) of 3 replicates.
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Figure 8. T cells can be expanded with anti CD3/CD28 beads. An expansion scheme was established that has
two phases (Panel A). The first phase is an antigen enrichment period in which antigen-specific T cells are selected.
The second phase is a rapid expansion phase in CD3/CD28 beads.
results of T cells from 2 donors taken thru the expansion scheme.

In the lower graph (Panel B)is the growth
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Figure 9. Antigen-specificity is preserved following ex vivo expansion. Cells were taken through the ex vivo
expansion described in Figure 8. The antigen used was CMV lysate. Following enrichment and bead expansion,
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ELSEVIER

Clonal Diversity of the T-Cell Population

Responding to a Dominant HLA-A2
Epitope of HER-Z/neu After Active

Immumzatlon in an Ovarlan Cancer Patxent

| 'Keit‘h L. Knui:sﬂn, and Mary 'L. Disis

ABSTRACI Natural antxgen pmcessmg and pseseata—
tion of antigen is thought to be i important for the gener-
~ ation of a broad functional repertoire of antxgen-specxﬂc T
cells. In this study, the T-cell fepertoire to an immuno-
dominant human leukocyte antigen A2 (HLA-A2) bind-
ing peptide epitope of HER-2/neu, p369-377, was exam-
inedina patient foﬂawmg immunization with a pepnde-
based vaccine consxstmg of helper peptides encompassing
HLA-A2 peptide epitopes. The responding T-cell repet-
toire generated was both phenotypically and functionally
diverse. A total of 21 p369-377 clones were generated
from this patient. With the exception of two clones, ali
clones were CD3™. Sixteen of the clones were CD8™/
CD4~. Five of the clones were CD4*/CD8™, despite
being genetated with an HLA-A2 binding peptide Nine-
teen of 21 of clones expressed the af-T-cell receptor
(TCR). The remaining two clones expressed the 8 T-cell
response (TCR). Selected af-TCR clones, both CD8™

ABBREVIATIONS o
BLCL  B-lymphoblastic cell ime
TCR T-cell receptor

INTRODUCTION

One of the most common vaccination strategies used to
generate T cells specific for tumor antigen is to use
peptides formulated to bind directly to human leukocyte
antigen (HLA) molecules eliminating the need for intra-
cellular processing and presentation of antigen. Vaccina-
tion with peptides is advantageous compared with other

methods, such as using DNA or proteins, for several

reasons including the fact that peptides are easily con-
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and CD4+, could lyse HLA-A2 transfected HERZ over-
expressing tumor cells and p369-377-loaded B-lympho-
blastic cell line. In addition to their lytic capabilities these
clones could be mduced to produce interferon-y (IFN-y)
specifically.in response to p369-377 peptide stimulation.

The 2 ¥8-TCR clenes expressed CD8 and lysed HLA-
A2" HER-2/neu” rumor cells, but not HLA-A2~ HER-
2/neu” tumor cells. One of 'yﬁ TCR clones also released
IFN-y directly in response to p369-377 stimulation.
These results suggest that a tumor antigen TCR, directed =
against a specific epitope, can be markedly polyclonal at . -
multiple levels including CD4/CD8 and TCR. Human

_Immtmlagy 63, 547-557 (2002). © American Society for

Histocompatibility and Immunagenetscs, 2002. Pub—y
ixshed by Elsevier Scnence Inc »

KEYWORDS: vaccination; T lymphocytes, CTL; tumor
immunity; Y8 T cells

CTL cytolytic T lymphocyte .

structed and can be chosen to target specific T-cell
subsets, such as cytolytic T cells (CTL) [1-3}. Vaccina-
tion using HLA class I binding peptides have been tested
most often because of the availability of HLA class I
sequence information and the observatmns that CTL are
critical for antitumor immunity.

Some clinical studies using ‘vaccination w1th HLA
class I binding peptides have reported that peptide-
specific precursor frequencies can become elevated, but
that these peptide-specific T cells may not recognize
naturally processed : antxgen [4}. The lack of recognition
of antigen presented in the major histocompatibility
complex (MHC) may be due to the fact that the peptides,
usually constructed from motif-based algorithms, were
not naturally p:ecesseci Aitematweiy, the high pharma-
cologic levels of peptides usually administered in'a vac-
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PII 50198-8859(02)00401-9




- 548

cine could have elicited a T-cell repertoire that cannot
respond to the low levels of peptides presented naturally.
Thus, it is becoming apparent that natural ‘levels of
presentation of peptide antigen, delivered through anti-
gen processing pathways, may be better suited to gen-
erate an immune response when using peptide-based
vaccines. The levels of endogenously processed antigen
presented by antigen presenting cells is a function of
many factors including the antigen load as well as the
types and amounts of proteasomes present [5}. Several
strategies have been developed to deliver peptides to the
inside of the cell where natural presentation can be
achieved, including mini-gene epitope delivery [6} or
fusing the epitopes with molecules designed to deliver
the peptides to the endosomal pathway, such as lysoso-
mal membrane associated protein {7]. Another strategy

is to deliver the HLA class I peptides that are fully

contained within longer helper epitopes, which'can re-
sult in natural presentation-of the encompassed class I
peptldes {8]. ‘

In this study, we examined the phenotypic and func-

tional diversity of the T-cell repertoire to HER-2/neu
peptide p369-377 in a HLA-A2 patient with a HER-2/
neu-overexpressing ovarian cancet. The patient had been
previously immunized with a HER-2/neu helper peptide
vaccine, which contained the helper peptide p369-386
[8}. This helper peptide encompassed the HLA-A2 pep-
tide, p369-377. Therefore, the resulting p369-377-spe-
cific T-cell repertoire produced in vivo was a function of
natural processing of antigen.

MATERIALS AND METHODS
Patient

The patient was enrolled in a Phase I HER-2/neu pep-
tide-based vaccine trial approved by the University of

Washington’s Human Subjects Division and the United

States Food and Drug Administration, and had received
definitive conventional therapy for het disease [8]. This
Phase I clinical trial was designed to evaluate safety and
immunologic responses to the vaccine. Furthermore, all
of the patients had either no evidence of disease or
minimal residual stable disease. Clinical responses to
vaccine were not possible unless patients were followed
for an extended time to relapse. The patient sxgned a
protocol-specific consent and received monthly vaccina-
tions with ‘three 15 amino acid (15-aa) HER-2/neu-
derived peptides (p369-386, p688-703 and p971-984)
containing within each the putative HLA-A2 binding
motifs p369-377 [9], p689-697 {10}, and p971-979
[11}. The vaccine preparation was prepared and delivered
as previously described [8]. The patient underwent pe-
ripheral blood draws prior to and 30 days following each
vaccination for immunologic monitoring. Leukapheresis

K. L. Knutson and M. L. Disis "

was obtained 30 days following the final vaccination for
the generation of T-cell clones

Materials

The following peptides used in this study, either for .
immunization or iz vitro use, were as follows: HER-2/neu
peptides, p369-386, KIFGSLAFLPESFDGDPA {12},

: p688-703, RRLLQETELVEPLTPS {121, p971-984,

ELVSEFSRMARDPQ {121, p369-377, KIFGSLAFL,

'p1066-1074, SEEEAPRSP. All peptides used for in vitro

immunologic assays were manufactured either by United

- Biochemical Inc. (Seattle, WA, USA) or Multiple Pep-

tide Systems (San Diego, CA, USA) and all were > 95%
pure as assessed by HPLC and mass-spectrometric anal-
ysis. Ficoll/Hypaque was purchased from' Amersham
Pharmacia Biotech (Uppsala, Sweden). RPMI-1640,
HBSS, and PBS were purchased from Life Technologies
(Rockville, MD, USA), and EHAA-120 was purchased
from Biofluids (Rockville, MD, USA). The [>H} thymi-
dine and [*'Cr} sodium chromate were purchased from
NEN Life Science Products (Boston, MA, USA), human
AB+ serum from Valley Biornedical, Inc. (W mchester
VA USA), sterile nitrocellulose-backed microfiltration
96-well plates from Millipore Corp (Bedford, MA, USA),
and streptavidin-alkaline phosphatase and AP-colorimet-
ric reagents were from BioRad (Hercules, CA, USA).
Purified anti-IFN-y (clone # 1-D1K) and biotin-conju-
gated anti-IFN-y (clone # 7-B6-1) were purchased from
Mabtech AB (Nacka, Sweden). Anti-CD8-FITC, anti-
CD4-PE, anti-y3-TCR, and anti-af-TCR antibodies
were purchased from Pharmingen (San Diego, CA, USA).
HLA testing was performed by the Puget Sound Blood
Bank (Seattle, WA, USA).

Cell Lines

Epstein-Barr virus (EBV) transformed B- lymphoblastoxd :
cell lines (BLCL) were produced from peripheral blood
mononuclear cells (PBMC) using culture supernatant
from the EBV-producing B95-8 cell line (American
Type Culture Collection, Manassas, VA, USA). The
HER-2/neu-overexpressing cell lines SKOV3 and
SKOV3-A2, and BLCLs wete maintained in RPMI-1640
with L-glutamine, penicillin, streptomycin, 2-mercapto-
ethanol, and 10% fetal calf serum. The SKOV3-A2
tumor cells are the same as SKOV3 tumor cells, except
that they are stably transfected with a vector encoding
HLA-A2 [13}.

Preparation of PBMC and Cloning of
Peptide-Specific T Cells

PBMC were isolated by density gradient centrifugation
as previously described [12]. Cells were analyzed imme-
diately or aliquoted and cryopreserved in liquid nitrogen
in freezing media (90% fetal bovine serum and 10%
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dimethylsulfoxide) at a-cell density of 25 to 50X10°
cells/ml until use. Antlgen-speczﬁc T-cell clones were
generated by culturing 25X10° PBMC in T25 tissue
culture flasks in 20 ml of T-cell medium. The HLA-A2
peptide, p369-377, was added to the flasks to 1 pM. The
flasks were incubated at 37 °C and 5% CO,. On day 3
and every other subsequent day, IL-2 was added to 5
U/ml. On day 10, in »itro stimulation was performed
with peptide-pulsed, irradiated autologous PBMC. The
cultures were further incubated for an additional 10 days

with periodic IL-2 administration. T-cell clones were
derived from the T-cell lines after two in vitro stimula-

tions. For cloning, bulk cultures were diluted to achieve
approximately 0.3 viable cells/200.pl and plated onto
four flat-bottom 96-well plates in complete medium.

Peptide-pulsed, irradiated autologous PBMC (2.0X10%)
were added to each well in the presence of 50 U/ml IL-2.

The wells were then tested for lytic activity in a e
release assay using 50 p..i of cells from each well after 14
days Posmve wells were 1dent1ﬁed as those having spe-
cific activity of 5% or greater. The positive wells were

transferred to new 96-well plates and subsequently re--

stimulated with pept;de—puiseé 1rradxated autologous
BLCL.

The cultures were eventually expanded and carried

using IL-2 and peptide-pulsed, irradiated autologous
BLCL.

T-Cell Proliferation Assays ,
HER-2/neu-specific T-cell proliferative responses were

measured at baseline and at the end of the study. T-cell -

- proliferation was assessed using a modified limiting di-
lution assay designed for detecting low frequency lym-
phocyte precursors based on Poisson distribution as pre-
viously described {12, 14}. HER-2/neu peptide-specific
T-cell responses were measured at- baseline and at the
time of the final vaccination using freshly prepared
PBMC. PBMC were prepared by Ficoll-Paque (Pharma-
cia AB, Uppsala, Sweden) centrifugation and resus-
pended in media consisting of equal parts of EHAA 120
(Biofluids, Inc.) and RPMI 1640 (Gibco, Grand Island,
NY, USA) with L-glutamine, penicillin/streptomycin,

B-2 ME, and 10% AB serum (ICN Flow, Costa Mesa,

CA). PBMC were cocultured with 50 pg/ml of the

various individual HER-2/neu peptides. Specifically,

2X10’ PBMC/well were plated into 96-well round bot-

tom :mcratzter plates (Costar Cambﬂdge, MA, USA)

with antigen at 37 °C in an atmosphere of 5% CO, for

5 days. All antigens were tested in 24-well rephcates -

Eight hours before termination of culture, each well was
pulsed with 1 nCi >H-thymidine (New England Nu-
clear, Wilmmgton, DE). The cultures were ther bar-
vested onto glass fiber filters and the incorporated radio-
activity was measuted with a Microbeta 1450

a0 -~ 549-

scintillation counter (Wallac). Peripheral blood . T-cell
response data presented here is expressed as a standard
stimulation index @D, whxch is defined as the mean of aIl‘ :
24 expenmental wells divided by the mean of the 24
control wells (no antigen). An age-matched control pop-
ulation’ of 30 volunteer blood donors was ana.lyzed sim-
;},a:ly (data not shown). No volunteer donor had a re-
sponse to HER-2/neu peptides. The mean and 3 standard -
deviations of the volunteer donor responses to all anti-
gens (SI of 1.98) es{abkshed a baseline, therefore an SI of
> 2 was cons;de:ed canslstent wsth an fmmumzed re-
sponse.

Enzyme—Lmked Immunosarbant Spet o

An enzyme-hnkeé xmmunosorbent spot (ELIspot) assay .
was used to determine precursor frequenc;es of peptide-
spec:ﬁc T iymphecytes as previously described with some
minor modifications [8}. On day 1, 2.5X10% viable cells,
as determined by trypan blue staining were plated, in -
quadruphcate, into 96-well, anti-IFN-y-coated nitrocel- -
lulose plates in 100 pl media. Because at 10 days fol-
lowing restimulation some irradiated PBMC and BLCL'
can still exclude trypan blue, the wabie cell counts do

. not reflect the true numbers of each ant:gen-specxﬁc

clonal population. Thus, our ELIspot analysis is only able
to measure the numbets of cells responding to antigen

_and not the proportion of the antigen-specific T-cell

clones that are responding with IFN-y release. The cells
were st:mulated with 100 pl of media containing
2.0X10° autolcgous, irradxated (3300 rads) BLCLs pre- .
pulsed (1 h, RT) with ot without antigen (10 pg/ml).

The cells were further, incubated for 20 h at 37 °C and -

detection of bound IFN—’Y was performed as prevmusiy
descnbed {S} , .

r ICJ:}--I{elease Assays "

Cytolytic activity was measu:ed using standard _
4-h{*'Crl-release assays as previously described [8}. The
percent specific activity was calculated using the foiiow—
ing equation: % specific lysis = (sample well release —
basal release)/(detergent release — basal release). .

. Flow Cytometry

Clories were harvested and washed in FACS staining
buffer (PBS containing:20-mM glucose and 0.5% BSA).
Cells were stained in 50-pl FACS staining buffer con-
taining control antibody, anti-CD4, anti-CD8; anti-o-
TCR, anti~yd-TCR, or anti-CD3, for 1-2 h at 4 °C.
Following two washes the cells were fixed in PBS con-
taining 1% paraformaldehyde and analyzed by flow cy-
tometry. Data presentation was completed using
CellQuest flow cytometry: software (Becton-Dickinson -
Immunocytometry Systems, San Jose, CA, USA).
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RESULTS

Immunity to HER-2/neu peptide p369-386 is generated
as a result of vaccination with helper peptides in an
HLA-A2" ovarian cancer patient. T-cell ptohferatlve
responses Were measured against 15-aa HER-2/neu pep-
tides prior to, durmg, and following the vaccination
series. As illustrated in Figure 1A, prior to immunization
proliferative responses were not detected to any of the

HER-Z/neu peptides contained within the vaccine for-

mulatlon The stimulation index to p369-386 was 0.9,
to p688-p703 was 0.9, and to p971-984 was 0.8. The
patient demonstrated a proliferative response to tetanus
toxoid (SI = 7.5). Following vaccination, 6 months after

the initial immunization, a T-cell proliferative response

was measured against 15-aa HER-2/neu peptide, p369-

386 (Figure 1B). The stimulation index to p369-386 was

4.2, to p688-p703 was 1.4, and to p971-984 was 1.6.
The tetanus toxoid response remained stable during the
course of immunization and after the last vaccine was
4.9. The peptide, p369-386, encompassed within its
sequence a defined HLA-A2 binding epitope, p369-377
[8, 151. Twenty-one T-cell clones were isolated using
this HLA-A?2 peptide, representmg a cloning efficiency
of approximately 5%.

. A polyclonal T-cell response could be elicited to

p369-377, an HLA-A2 HER:2/neu epitope encompassed -

with the sequence of the helper epitope, after active
immunization. The majority (19/21) of the clones were
> 90% CD3™. Nineteen of 21 clones expressed the
.aB-TCR, and two clones expressed y3-TCR (clones IDI

and 3F7). Representative histograms of TCR staining for

2 OLB-TCR (example clones 2F10 and 2G2) and the 2
¥3-TCR ‘T-cell clones are depicted in Figure 2. Alchough
the majority of the monoclonal populations expressed
CD8 (16/21), some clones expressed CD4 (5/21) despite
being cloned using the HLA-A2 peptide, p369-377.
Representative flow  cytometry dot plots from 4 a3-TCR
clones, 2F10 (CD8™), 2G2 (CD8™), 2A2 (CD4™), and
3G9 (CD4™) stained with anti-CD8 and anti- CD4; are
illustrated in Figure 3. Representative clones from each
phenotypic group both a3 or ¥8 were chosen for eval-
uation in a more detailed fashion.

HER-2/neu peptide-specific af-TCR clones secrete
IFN-y in response to antigen. The a-TCR clones were
examined for ‘peptide-specific release of IFN-y in an
ELIspot assay (Figure 4). Representative. aB-TCR,
CD8+ T cells were tested against p369-377, an irrele-
vant HER-2/neu 9 amino acid peptide, or no antigen.
The number of spots detected in wells containing p369-
377 was 137 £ 17 (inean % standard error of mean
[SEMD), 177 £ 22, and 102 =% 17, for the clones, 3H8
(CD8), 2G2 (CD8), and 2F6 (CD8) respectively. These

. means were significantly greater than the mean number
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FIGURE 1 Immunity to HER-2/neu peptide, p369-386 is

generated as a resule of vaccination with helper peptides in a
human leukocyte antigen A2 (HLA-A2") ovarian cancer pa-
tient. Depicted are the proliferation responses to media alone,
the vaccine peptides, p369-386, p689 703, and p971-984.
Tetanus toxoid (tt) was added as a positive control. Data from
peripheral blood mononuclear cells drawn at the time of the
first visit (Panel A) and the last immunization (Panel B) are
illustrated. The long horizontal line spanning the width of the
graph depicts average CPM of the no antigen wells + 3
standard deviation. The short horizontal lines within the data
symbols represent the mean of the 24 replicates for each
condition. The values above each data set are the calculated
stimulation index.
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FIGURE 3 Both CD4" and CD8" clones were isolated following HER-2/neu peptide vaccination. Illustration is the
representative flow cytometry data of p369-377-specific afy T-cell reponse (xB~TCR) T-cell clones dual-stained for both CD4 and
CD8 (top row). Background irtelevant staining (FITC-conjugated mouse IgG) for the same clones is illustrated in the bottom row.
The results are representative of two independent experiments yielding similar results. :
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FIGURE 4 HER-2/neu pepnde-specxﬁc af3-TCR clones se-
crete IJFN-7y in response to antigen. ELIspot data from off
T-cell receptor (@B-TCR) clones 3HS8, 2G2, and 2F6 are
depicted ‘presented as the mean (* SEM; * = p < 0.05)
number of spots calculated from quadruphcate determinations
for clones stimulated with p369-377 (black bars), p1066-1074
(gray bars), or no peptide (white bars).

of spots detected in wells containing either no antigen
(3H8, 45 * 4, p = 0.003; 2G2, 63 * 10, p = 0.002;
2F6, 54 * 15, p = 0.02) or irrelevant peptide (3H8, 50
* 7,p = 0.03; 2G2, 59 * 19, p = 0.03; 2F6, 51 * 15,
P = 0.05). These clones also all released IFN-vy into the
supernatant as assessed by ELISA (data not shown).
HER- 2/neu peptxde-specxﬁc aB-TCR clones lyse
HLA-A2", HER-2/neu” tumor cells. The clones were
examined for lysis of peptide-loaded autologous BLCL or

HER-2/neu-expressing tumor cell lines. As an example,

two CD3*CD8*CD4 ™ clones (2G2 and 2G7) and one
CD3*CD8™CD4" (3G9) are revealed in Figure 5. The
clones examined all demonstrated detectable lysis of
p369-377-loaded BLCL and HLA-A2" HER-2/neu-ex-

pressing tumor cells. At an effector:target (E:T) ratio of

40:1, the petcent of specific lysis was 9%, 12%, and 13%
for clones 2G2 (Panel A), 2G7 (Panel B), and 3G9 (Panel
C), respectively against p369-377-loaded autologous
BLCL. Responses against non peptide-loaded BLCL were
< 4% for all clones tested. Against the HLA-A2+,
HER-2/neu-expressing SKOV3 tumor cell line, the per-
cent of specific lysis at 40:1 E:T was 7%, 7%, and 6% for
2G2 (Panel A), 2G7 (Panel B), and 3G9 (Panel C),
respectively. Lysis, of .parental, HER-2-expressing
SKOV3 tumor cells was not detectable for any of the
tested clones.

K. L. Knutson and M. L. Disis

“The y8-TCR clones secrete IFN-y and lyse HLA-
A2", HER-2/neu-expressing tumor cells. The y8-TCR
clones were examined for expression of, CD4 CDS8 (Fig-
ure 6). Clone 3F7 was predominantly CD8™. In contrast,
clone 1D1 displayed heterogeneous but consistent ex-
pression of CD4 and CD8. As assessed by flow cytometry
expression of the y8-TCR was observed in 90% of cells
(Figure 2). The remaining 10% expressed neither CD3
(not shown) nor y8-TCR suggesting nonspecific pattic-
ulate debris. Approximately 50% of 1D1 expressed CD8,
10% expressed CD4, and the remaining 40% did not
express either CD8 or CD4 (Figure 6). Peptide-specific -
release of IFN-y against p369-377, an irrelevant

HLA-A2 HER-2/neu peptide p1066-1074, or fio anti-

- gen was examined in an ELIspot assay (Flgure 7). The

mean number of spots detected in wells’ containing
p369-377 was 57 (* 7, SEM) and 6 (£ 1, SEM) for 1D1
and 3F7 respectively. The mean number of spots, in the
presence of p369-377, for 1D1 was significantly higher
than the mean number of spots detected in wells con-
taining either no antigen (19 * 4, SEM, p = 0.015) or
irrelevant peptide (26 * 8, SEM, p = 0.03). Clone 3F7
did not demonstrate 51gmﬁcantly elevated IFN-’y release
in response to peptide. .
The y3-TCR clones were also exammed for lysis of
HER-2/neu-expressing cells lines (Figure 8). Both clones
displayed lysis of the HLA-A2", HER-2/neu-expressing
tumor cell line SKOV3-A2. At an E:T ratio of 40:1, the
percent of specific lysis was 25% and 20% for 1D1

- (Panel A) and 3F7 (Panel B), respectively. Lysis of pa-

rental HER-2-expressing SKOV3 tumor cells was < 1%
for both clones at all E:T ratios examined.

' CONCLUSIONS

We immunized patients with T-helper epitopes derived
from HER-2/neu, each of which encompassed known
HLA class I motifs to generate HER-2/neu-specific CTL
in cancer patients [8]. Clinical vaccination with longer
peptides encompassing HLA class I binding motifs al-
lowed exogenous uptake of helper epitopes within the
HLA class II processing pathway. Once internalized and
processed, peptides are available to the HLA-class I pro-
cessing pathway for presentation [16}. Thus, the subse-
quent stimulation of HLA class I restricted T cells rep-
resents an immune response that likely required internal

‘processing and presentation of antigen rather than exog-

enous peptide loading. We cloned T cells from a patient
successfully immunized with a T-helper peptide (p369-
386) derived from HER-2/neu to evaluate the repertoire
of the HLA class I specific peptide (p369-377) encom-
passed within the longer epitope. The studies described
here demonstrate substantial diversity of the vaccinated -

‘repertoire, which consisted not only of CD4™ and CD8"
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FIGURE 5 HER-2/neu peptide-specific aff T-cell receptor
(@B-TCR) clones lyse human leukocyte antigen A2 (HLA-
A2h), 'HER 2/neu-expressing tumor cells. Cytolytic activity
data from B-TCR clones 2G2 (Panel A), 2G7 (Panel B), and
3G9 (Panel C) are depicted against BLCL-A2 alone (open
circles), p369-377-loaded BLCL-A2 (closed circles), or the
HER-2/neu-overexpressing tumor cells SKOV3 (open squares)
and SKOV3-A2 (closed squares). The data are presented as the
mean (£ SEM) of triplicate determinations at each of three E:T
ratios, 40:1, 20:1, and 10:1. The absence of a standard error bar
indicates a SEM of < 0.5% specific lysis.
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FIGURE 6 The y3 T-cell receptor (y8-TCR) T-cell clones
could be isolated following HER-2/neu vaccination. This il-
lustrates the flow cytometry data of p369-377-specific y3-
TCR T-cell clones dual-stained for both CD4 and CDS8, (top
row). Background irrelevant staining (FITC-conjugated anti-
mouse IgG) for the same clones are depicted in the bottom
row. The results are representative of two independent exper-
iments yielding similar results. )

T cells, but also «B-TCR and y8-TCR T cells specific for
HLA class I, HER-2/neu peptide antigen. .

As expected, the majority of peptide-specific clones
isolated were CD8™; however, nearly 25% of the clones
identified were CD4". A representative clone of the
CD4™ T-cell population could lyse both peptide-loaded
BLCL as well as HER-2/neu ovetexpressing HLA-A2
tumor cells. The lysis observed by CD4™ T-cell clones
was weak and of similar magnitude to the lysis observed
by the CD8" T-cell clones, a finding that is consistent
with previous studies of HER-2/neu-specific T-cell lines
or clones {4, 10, 15, 17]. Isolation of T cells with weak
lytic activity is likely due to loss of higher affinity T cells
against self antigens by tolerizing mechanisms [18].
HLA class II restricted cytolytic CD4™ T cells have been
defined and have been described to play a roles in the
pathogenesis of autoimmune disease via responses to self
antigens, such as myelin [19]. Reports of HLA class I
restricted CD4+ T cells are rare. There have been only a

~ few reports of cytolytic CD4™ T cells responding to HLA

class I peptides in melanoma [17, 20]. One study was a-
report of a2 HLA-B57-restricted CD4™" cytolytic clone,
which dfuld lyse autologous melanoma and allogeneic

.
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FIGURE 7 One of the CD8" 8 T-cell receptor (y3-TCR)
clones, 1D1 secretes IFN-y in response to antigen. ELIspot
data from'y8-TCR clones '1D1 and 3F7 are depicted and
presented as the mean (£ SEM; * = p <0.05) number of spots
calculated from quadruplicate determinations for clones stim-
ulated with'p369-377 (black bars), p1066-1074 (gray bars), or
no peptide (white bars). :

Nishimura and colleagues {17] petformed a more exten-
sive analysis of a CD4™ T-cell line derived from tumor
infiltrating lymphocytes derived from a melanoma pa-
tient. The CD4™ T cells were specific for a tyrosinase
peptide, p368-376, secreted cytokines of a Thl pheno-
type and were weakly cytolytic. Furthermore, although
the cell line demonstrated high'CD4 expression, CD4
apparently was not involved in antigen-specific signaling
through the TCR. The authors concluded that the HLA
class I restricted CD4" T cell was most likely a rare
event with unknown functional significance. Data pre-
sented here suggests the HLA class I restricted CD4™ T
cells may be ‘present in number greater than previously

. thought. Whether the functional importance of these.

cells lay in direct killing or regulating the immune
response through cytokine secretion is currently un-
known.: ,

Most analyses of the T-cell repertoire generated in
response to dominant HLA class:I epitopes have focused
exclusively af-TCR™, CD3™", CD8* T cells. Specifi-
cally, investigations have analyzed the V[3 usage and the
CDR3 size of the aB-TCR of viral peptide-specific T
cells {21, 22}. In general, findings from viral studies
suggest that the repertoire to dominant viral epitopes is
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A

301 1pt
2 20
>
0
=
[53
[0
o
7]
R 404

SKOV3
0 Q@ T Q- —e -
40:1 20:1 10:1
ET
B ..
3F7
- SKOV3-A2
g 20 :
o
B
Q
&
R 404
SKOV3
0 9 T & T Q —
40:1 20:1 10:1

E:T

FIGURE 8 The CD8'2b y8 T-cell receptor (y5-TCR)
clones displayed human leukocyte antigen A2 (HLA-A2) re- -
stricted, HER2" tumor cell lysis. Cytolytic activity data from
¥8-TCR clones 1D1 (Panel A) and 3F7 (Panel B) are depicted
against the HER-2/neu overexpressing tumor cells SKOV3
(open circles) and SKOV3-A2 (closed circles). The data are
presented as the mean (£ SEM) of triplicate determinations at
each of three E:T ratios, 40:1, 20:1, and 10:1.

tightly restricted in terms of TCR usage. Recently, how-
ever, Dietrich and colleagues {23} examined the clonality
of the T-cell repertoire to an HLA-A2 restricted immu-
nodominant epitope of the melanoma-associated antigen,
Melan-A. They observed, by analyzing the VB segment
and CDR3 lengths, that the natural repertoire to this self
peptide was considerably broader than what had ‘been
previously observed in viral peptide systems, suggesting
that the a3-TCR usage is not as narrowly restricted in
response to tumors as it is in viral infections. As ex-
pected, in the present study, the predominant TCR was
the a3-TCR. However, 2 of 21 clones (10%) expressed



Diversity of the T—Cell-Repertdire

¥3-TCR. ¥3-TCR T cells are involved in a wide range of
immune responses to infectious and non-infectious dis-
eases, including malaria, mycobacterial infections, can-

cers, and autoimmune disorders, such as multiple scle- .

rosis {24}. The y8-TCR T-cell clones have been isolated

from tumor-infiltrating lymphocytes derived from tu-.

mors, such as dysgerminoma {25}, seminoma [25], renal
carcinoma {26}, lung [27], colorectal [28}, and mela-
noma {29]. Tumor-associated y3-TCR T cells that have
been described in colorectal cancers have a CD8™, ¢yto-
lytic.phenotype similar to those described in the present
study {27}. In the present study, 18—'{'CR T-cell clone

'1D1, displayed heterogeneous expression of CD4 or

CD8. In general, circulating y8-TCR T cells do.not
express CD4 or CD8, which is distinct from af-TCR T
cells in which either CD4 or CD8 expression occurs
during early thymocyte ontogeny [30}. Little is known
about the regulation of expression of CD4 and CD8 in
Y¥3-TCR. T cells, but since the majority of circulating
YO-TCR T cells are CD4~/CD8™ , it is thought that
some coreceptor upregulation may be due to environ-
mental maturation [24, 31}. Therefore, it is possible that
the differential expression of CD8 and CD4 in our clonal
population was induced by iz vitro maturation that could
have led to clonal divergence [32}. :
In autoimmune diseases, pathology has been attrib-

uted to infiltrating y8-TCR T cells. For example, anti-

body: depletion of y8-TCR reduces demyelination and
inflammation in experimental murine multiple sclerosis
{331. It is unknown' if autoreactive y3-TCR T cells
respond secondarily to damaged and stressed tissue [34}
or if they initiate autoimmunity directly. One hypothesis
[35} is that, given the broad range of regulation by
multiple’ mechanisms of antigen presentation and natural
localization to epithelial tissue, y3-TCR T cells are sen-

tinels for the immune system and are capable of aiertmg ,
- the immune system to the presence of danger (eg., i

fection, tumors, etc.).

Immunization against tumor antigens in cancer pa-
tients with peptide-based vaccines has been best studied
in patients with existing disease burden and clinical
responses have occurred only infrequently {36, 37}. We
hypothesize that vaccines may be better suited for the

prevention of relapse following conventional therapies .
{81. Nevertheless, characterization of the T-cell response

to tumor antigen-specific -peptide vaccines is necessary
for optimizing design and i improving clinical outcome.
The results presented here demonstrate that the T-cell
population specific for the HER-2/neu peptide, p369-
377 elicited after active immunization is polyclonal both
at the level of the TCR and the T-cell subsets stimulated.
These data reflect the distinct differences between the
highly monoclonal immunodominant responses directed
against foreign infectious disease antigens and the diverse
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polyclonal respcsse against self tumor autxgens Many of
the elements i in the immune response described in this
report are unpastant in the autoimmunity (i.e, CD4*
cytolytic T cells and Y8TCR T cells). Perhaps functional
immunity directed against specific self antigens mimics
the pathogenic pathways of autmmmune dlsease cIose: -
than ant;mpated : ~
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ABSTRACT

Purpose: The purpose of this study was to immunize patients with HER-2/neu overexpressing cancer
with a multi-peptide vaccine comprised of four class Il HER-2/neu peptides that had been identified as
the most immunogenic in a previous clinical trial. Furthermore, we questioned if MHC binding
affinity could predict the in vivo immunogenicity of the HER-2/neu helper peptides.

Experimental Design: Four putative class II HER-2/neu peptides which were found to generate

detectable specific T cell responses (S.1. > 2) in a majority of patients in a previous‘study were used to
formulate a single vaccine. The multi-peptide vaccine was administered intradermally with GM-CSF
as an adjuvant. Ten patients with HER-2/neu overexpressing bréast or lung cancer were enrolled.
HER-2/neu peptide-and protein-specific T cell and antibody immune responses were measured.
Conipetitive inhibition assays were used to analyze the class II HER-2/neu f;eptides for their binding
affinity to 14 common HLA-DR alleles.

Results: Twenty-five percent of patients developed HER-2/neu peptide-specific T cell immunity and
50% developed HER-2/neu peptide-specific antibody immunity. No patient developed HER-2/neu
protein-specific T §e11 or antibody immunity. The majority of peptides exhibited high binding affinity,
in vitro, to three or more of the 14 DR alleles analyzed.

Conclusion: The group of peptides used in this study demonstrated high binding affinity to multiple
DR alleles suggesting that in vitro binding affinity may be able to predict the in vivo immunogenicity
of class II peptides. However, only a minority of patients immunized with the multi-peptide vaccine

developed HER-2/neu peptide-specific T cell or antibody immunity and none developed HER-2/neu

protein-specific immunity.




INTRODUCTION

Studies have now shown that tumor antigen specific peptide-based vaccines are effective in generating
immune responses to self-proteins (1, 2). Furthermore, the inclusion of well-defined MHC class II
epitopes in tumor antigen specific vaccines, appear to play an important role in augmenting the
immune response. A current focus of study is identifying immunogeﬁic MHC class II epitopes of self-
tumor antigens for use in peptide vaccines. In addition, methods of delivering multiple epitopes,
inciuéing multi-peptide vaccines are being developed. Over the last several years the identification of
MHC class II binding epitopes to common tumor antigens has been facilitated by improvements in the
ability to predict MHC class II binding. More specifically, methods utilizing quantitative binding
assays which associate in vitro high peptide-DR binding affinity with immunogenicity of class II

epitopes (3) have been developed but have yet to be demonstrated in vivo.

As a result of an earlier HER-2/nen peptide vaccine study incorporating putative HER-2/neu T-helper
epitopes (1), we questioned whether formulating a peptide: vaccine comprised of multiple
immunsgenic class II peptides would result in a more robust immune response. Thus, in this study we
evaluated whether active immunization with a multi-peptide vaccine comprised of four HER-2/neu T
helper epitopés which had been identified as the most immunogenic in a previous study, would
generate HER—Z/neu peptide- and protein-specific immunity. Furthermore, we questioned if in vitro

DR binding affinity could predict the in vivo immunogenicity of these antigenic HER-2/neu helper

peptides




METHODS AND MATERIALS

‘Patient population. The University' of Washington Human Subjects Division and the United States
Foo& and Drug Administration approved a Phase I trial of a HER-2/neu multi-peptide vaccine. Ten
patients with HER-2/neu overexpressing Stagé III (n=5) or IV (n=4) breast, and stage III non-small cell
lung cancer (n=1) gave informed consent and were enrolled in the study according to institutional and
federal regulations. Median age was 54 (range 40-69) years and median time from last chemotherapy
was 10 (range 8-16) months. Criteria for entry to the study were identical to previously described
vaccine trials (1). Four peptides derived from the HER-2/neu protein sequence were formulated into a
single vaccine and admixed with 125 pg. GM-CSF (Immunex Corporation, Seattle, WA). Vaccines
were administered ihtradermally once monthly for 6 months to the same regional draining lymph node
site. Toxicity was graded according to NCI Common Toxicity Scoring defined prior to August 1998
(4). Ten patients met eligibility criteria and were enrolled on the study, 9 of whom completed all 6
vaccines. Two patients did not complete the study, 1 due to progressive disease requiring treatment
during the vaccine series. The other patient dropped out of the study for personal reasons prior to
completing scheduled immanolegic follow-up after completing the vaccine s&ries. Immune response

data presented here details the 8 patients who completed all 6 vaccines and scheduled immunologic

follow-up.

HER-2/neu multi-peptide based vaccine. Four peptides derived from the HER-2/neu protein sequence
were identified as being the most immunogenic after analysis of a previously performed Phase I study
in Whi{}il nine HER-2/neu peptides were used to formulate three peptide-based vaccines (1). The four
peptides were determined to be the most immunogenic based on the ability to generate a detectable

immune response after active immunization in the greatest number of patients (Table 1). The peptides




were constructed and formulated as previously described (1). The four HER-2/neu peptides included
in the current vaccine formulation were; p98-114 (p98), p369-384 (p369) derived from the
extracellular domain (ECD) of the HER-2/neu protein and p776-790 (p776) and p927-941 927)
derived from the intracellular domain (ICD) of the HER-2/neu protein (Corixa Corp., Seattle, WA).

The peptide dose in each vaccination was 500 pg/peptide.

HER-2/neu peptide binding affinity for Class I MHC. Binding of HER-2/neu derived pepﬁdes to
HLA-DR molecuies was tested using competitive inhibition assays performed as previously descri‘ned
(3). Briefly, puriﬁed human class II 'molecules, 5 to 500 nM, an excess of “I-radiolabeled probe
peptides, and various doses of each unlabeled peptide were co-incubated for 48 hours in the presence
of a protease .inhibitar cocktail. Following the incubation period, MHC-peptide complexes were
separated from unbound radiolabeled peptide by one of two methods: size-exclusion gel-filtration
chromatography, or capture of complexes utilizing anti-DR mAb LB3.1. The percent of bound
radioactivity was then determined. The concentration of unlabeled peptide required to inhibit the
binding of the labeled peptide by 50% (ICsp) was determined by plotting dose versus % inhibition.
Under conditions where [label] < [MHC] and ICsy > [MHC], the measured ICs, values are reasonable

approximations of true Ky values. Significant binding affinity was defined as 1500 nM.

Detection of peripheral blood T cell responses. T cell proliferation was assessed using a modified
limiting dilution assay designed for detecting low frequency lymphocyte precursors based on Poisson
distribution (5) and as previously described (6). Results are reported as a standard stimulation index
(SI), defined as the mean‘ of all 24 experimental wells divided by the mean of the control wells (no

antigen). Phytohemagglutinin incubated with patient T cells at a concentration of 5 pg/ml, was used as




a positive control for the ability of T cells to respond to antigen and resulted in an S.I. > 2.0 in all
assays reported (data not shown). Peripheral blood mononuclear cells (PBMC) from 30 female
volunteer donors without cancer, age range 32-58, were evaluated in similar assays to establish
baseline values. The mean and 3 standard deviations of the T cell response in the reference population
to any of the HER-2/neu antigens tested was a maximum S.I. of 1.98, therefore an S.I. > 2 was
considered evidence of an immunized response. If subjects had a S.I. > 2 at baseline, i.e. pre-existent

immunity to HER-2/neu (7), a post-vaccination response was defined as positive if it was a minimum

of 2 times baseline.

Determination of HER-2/neu peptide antibodies. 96-well microtiter plates (Dynex ‘Technalogies, Inc.,
Chantilly, VA), were coated with HER-2/neu peptides ét a concentration of 20 pg/ml, dilutéd with
carbonate buffer and added at 50 ul per well alternating with wells coated with 50 ul/well of carbbnate
buffer alone. One row consisted of purified IgG (Sigma Chemical Co., St. Louis, MO) to generate a
standard curve. After overnight incubation, all wells were blocked with 1% casein/PBS, 100 pl/well
and incubated at room temperature for 1-2 hours. Plates were then washed with a 0.15% casein/1%
PBS/0.05% Tween-20 wash buffer 4 times before experimental serum diluted in 10% FCS/PBS/ 1%
BSA/25 pg/ml mouse IgG was added ét 1:100, 1:200, 1: 400 and 1:800 dilutions. Plates were
incubated for 2 hours at room temperature. Plates were then washed 4 times with casein-based wash
.and incubated for 45 minﬁtes at room temperature after addition of 50 pl/well IgG-HRP conjugate
(Zymed Laboratories, San Frmcisco, CA) diluted 1:10,000 in PBS/BSA buffer. After a final 4 washes
with casein-based wash buffer, TMB reagent (Kirkegaard and Perry Laboratories, Gaithersburg, MD)
was added 75 pl/well and color reaction read at 640 nm until the well containing the 0.16 pg/ml

standard reached an OD of 0.3. Reactions were stopped with 75 pl/well IN HCL and read at 450 nm.




The OD of each serum dilution was calculated as the OD of the peptide-coated wells minus the OD of
| the buffer-coated wells. Values for pg/ml were calculated from the log-log eqtation of the line for the
standard curve on each plate. A positive sample was defined as an antibody concentration greater than
the mean of a volunteer blood donor population and 3 standard deviations, 0.07+/-0.26 pg/ml (n=108).
Some patients did have pre-existent detectable antibody immunity to an immunizing peptide and were
only considered to have responses if they boosted the antibody level to twice their baseline value. The
accuracy of the HER-2/neu peptiée antibody assay was described with an average coefficient of
variation (CV) of 12%, Iineaﬁty by a correlation coefficient of 0.97. Based on repeated measures of 20

- volunteer and 20 experimental sera over a 6-month period the intra and inter-assay coefficient of

variations were 12% and 18%, respectively.

Determination of HER-2/neu protein antibodies. Analyses were performed as previously described
(7). Serum from a patient with a documented HER-2/neu specific antiboéy response was used as a
positive control (8). A positive sample was defined as an antibody concentration greater than the mean
of a volunteer blood donor population and 2 standard deviations, 0.20+/-0.4 pg/ml (n=200). Positive
results were confirmed by Western blot analysis. Some patients did have pre-existent detectable |
~antibody immunity to the HER-2/neu proteinvané were only considered to have responses if they
boosted the antibody level to twice their baseline value. The specificity of the assay was 78% and
sensitivity 90%. The accuracy of the HER-2/neu protein antibody assay was described with an average
CV of 10%, linearity by a correlation coefficient of 0.99. Based on repeated measures of 20 volunteer

and 20 experimental sera over a 6-month period the intra and inter-assay coefficient of variations were

-15% and 9%, respectively.




Statistical methods. To determine whether the percentage of patients who developed an immune
response after active immunization correlated with the number of DR alleles with significant binding
for specific alleles, Pearson's correlation coefficient was estimated. The data used for this analysis
were simply the percentage of patients with a response for a particular peptide and the corresponding
pércentage of alleles with significant binding. No adjustment was made to account for the fact that the

number of patients immunized with a particular peptide varied, as this number was relatively constant

(11 to 14).




RESULTS

Immunodominant HER-2/neu peptide epitopes determined by in vivo immunogenicity also bind MHC
class II molecules with high affinity. Nine peptides used in active immunization in a previously
reported study (1), were analyzed for their binding affinity to 14 HLA-DR alleles (Table 2). Of the
nine peptides evaluated p98, p369, p776 and p927 were considered the most immunogenic in vivo and
formulated into a single vaccine used in the current study (Table 1). All 14 DR alleles tested were
shown to have high in vitro binding affinity, defined as 1500 nM, to at least one of the nine HER-2/neu
peptides originally assessed (Table 2). Five of 9 peptides had high binding affinity, in vitro, to three or

more of the 14 DR alleles analyzed. p328 and p927 were not associated with significant binding of

any of the DR alleles evaluated.

The affinity of in vitro peptide binding correlates with in vivo immunogenicity. Assessment of binding
of the HER-2/neu peptides to class I MHC molecules revealed that the percentage of high binding DR
alleles for a given peptide significantly correlated with the percentage of patients who responded to

that peptide when it was administered as a vaccine, R=0.76 (95% Cl is 0.50 to 1.0) (Fig. 1).

Patients enrolled had MHC Class II alleles capable of binding HER-2/neu immunizing pepridés.
Three of the 4 immunogenic HER-2/neu peptides, p98, p369, and p776, used for Vaccinétion had high
in vitro binding affinity to 1 or more of the HLA-DR alleles analyzed (Table 2). All 8 patients

evaluated had 2 or more DR alleles associated with high binding affinity of HER-2/neu peptides in

their immunizing mix (Table 3).




The minority of patients immunized with the vaccine containing peptides associated with high affinity
binding to multiple DR alleles developed HER-2/neu peptide-specific T cell immunity and none
’deve[oped HER-2/neu protein-specific T cell immunity. Figure 2 shows the pre- and post-
immunization T cell responses of the 8 patients who comﬁieted 6 vaccines. Two of 8 (25%) patients
developed immune response to at least one of the HER-2/neu peptides, one to p369 (S.I 6.5) and one to
' ;3‘?7 6 (S.I.‘ 2.4). Four patients had pre-existent immune responses to one or more peptides, 3 patients to
p98 (S.1. 2.0, 17.3 and 18.1), 1 patient to p369 (S.I. 3.9), 3 patients to p776 (S.L 2.7, 2.8, and 2.9), and
3 patients to p927 (S.I. 2.8, 6.4, and 6.7). All patients who had pre-existent immune responses had a
decrease in S.I. post-immunization. None of the patients developed HER-2/neu prdtein—speciﬁc
nnmumty after peptide immunization (Fig. 2). Five patients had pre-existent immune responses to
either ICD or ECD. All 5 patients had pre-existent immune responses to ICD (range S.I. 4.2-11.6) and
3 of the 5 patients responded to ECD prior to immunization (range S.I. 3.2-3.5). All 5 patients with

pre-existent immunity had a decrease in S.1. post-immunization.

The vaccine was very well tolerated with only 5 events of grade 1 toxicities that included headache,
hematuria, chills, and, localized infection at the vaccination site in 4 patients. No patient developed
any detectable evidence of autoimmune toxicity particularly in organs known to express basal levels of

HER-2/neu protein such as liver, digestive tract, and skin (9).

The minority of patients immunized with the vaccine containing peptides associated with high affinity
binding to multiple DR alleles vaccine developed HER-2/neu peptide-specific antibody immunity and
none developed HER-2/neu protein-specific antibody immunity. Figure 3 demonstrates the pre- and

post-immunization peptide- and protein-specific antibody responses of the 8 patients who completed 6




vaccines. Four patients developed antibodies to one or more HER-2/neu peptides in the peptide mix, 2
patients to p98 (1.1 and 2.07 pg/ml), 1 patient to p776 (4.6 ug/ml), and 2 patients to p927 (1.6 and 2.3
pg/ml). None of the patients developed HER-2/neu protein-specific antibodies post-immunization.

Only a few patients had pre-existent antibody immune responses to either peptides or protein, 1 patient

to p98 (0.93 pg/ml) and 2 patients to pfotein (1.5 and 6.3 pg/ml).

-




DISCUSSION

The focus of this study was to immunize patients with HER-2/neu overexpressing cancers with a
multi-peptide vaccine éompriseé of four HER-2/neu peptides that had been identified as the most
immunogenic, i.e. those that generated immunity in the majority of patients immunized in a previous
study (1). Further analysis demonstrated that these four HER-2/neu peptides were associated with high
affinity binding to multiple DR alleles. Thus, immunodominant HER-2/neu peptide epitopes
determined by in vivo immunogenicity also bind MHC class II molecules with high affinity in vitro.
However, only a minority of patients immunized with the multi-peptide vaccine developed HER-2/neu

peptide-specific T cell or antibody immunity and none developed HER-2/neu protein-specific

immunity.

The in vivo immunogenicity of HER-2/neu peptides could have been predicted by in vitro binding to
MHC class II alleles. It is well known that MHC class I molecules recognize small peptide epitopes,
-8-12 residues in size, which bind specific alleles (10). Binéing affinity is critical to MHC class I
molecules and the extent to which epitopes are able to bind determine the immunogenicity of the given
epitope (11). In fact, modification of peptide motifs to increase binding results in improved
immunogenicity (12). Investigators have shown that replacement of certain amino acids in the peptide
seqﬁences of CEA and gp100-derived epitopes result in enhanced MHC binding and induction of a
greater number of antigen specific CTL (12, 13). Several algorithms have now been developed to
predict peptide binding motifs for the most common MHC class I molecules. Unlike MHC class 1, |
MHC class II molecules interactk with larger peptides, are promiscuous and are able to bind multiple
alleles (3, 14). In vitro binding studies have suggested that high affinity binding‘ to MHC class II

molecules is associated with immunogenicity of a given peptide epitope (3). Data presented here in




the present study demonstrates that binding is able to predict the immunogenicity of cias’s II peptides.
Interestingly, the peptide, p927, which was shown to be immunogenic in vivo demonstrated low
affinity DR allele binding in vitro. This observation is not surprising as several studies investigating
tolerance in autoimmune disease models have described epitopes displaying only negligible affinity for
MHC class II molecules that occasionally become immunodominant in preference to other epitopes
known to display far higher binding affinities (15). Although we made our vaccine based on the i
vivo response from a previous study we could have used binding affinity to predict immunogenicity of

peptides and predicted nearly the same vaccine formulation.

Unlike the parent study (1), few patients enrolled in this trial developed an immune response to HER-
2/neu after active immunization with the four selected immunodominant HER—Z!ﬁeu peptides. This
current study utilized the same constructed peptides, as well as the same dose and route of
administration as in the parent trial (1) so one would expect the vacciﬁe to elicit peptide and protein
specific immunity. The four peptides used were highly immunogenic in vivo and three of the four
peptides had high binding affinity for several DR alleles in vitro. Furthermore, all the patients had
HLA-DR alleles which were capable of binding one or more of the three high binding peptides. A
possible explanation for the lack of observed immune response is potential competition of the
immunodominant epitopes at the level of the MHC or T cell. MHC restricted epitopes have to
compete with other peptides presumably at different levels and severai factors such as enzymatic
stability, uptake, intracellular transport, number of peptide molecules, flanking sequences, MHC
binding, and T cell repertoire may influence the selection of immunogenic peptides (16). Competition
at the level of the T cell may also occur and studies have shown that T cells directly compete with each

other for antigen suggesting that epitope dominance may be the result of competitive interactions




between antigen bearing APC and T cells (17). Of note, however, studies in animal models using
vaccines comprised of multiple class I epitopes have not supported lack of immunogenicity due to
competition (18). Recent investigations using multi-epitope polypeptide vaccines comprised of high
binding epitopes (9 CTL and PADRE epitopes) have been shown to induce both CD8+ IFN-y and T--

helper lymphocyte immune response (18).

Another potential reason for the lack of immune response after active immunization is theoretical
immunosuppression in advanced stage disease cancer patients. Although the majority of patients in
this study had advanced stage disease they were treated to a minimal or non-detectable disease state
prior to enrolling in study. Furthermore, the patients in this study were similar to the cohort of patients
in ighe previous study (1) in regards to age, disease burden and time from last chemotherapy.
Lymphocyte PHA responses in this population did not differ significantly from normal éonors (data
not shown). Previous peptide vaccine studies by our group have demonstrated the ability to induce |

significant immune responses in heavily treated patients with minimal disease burden (1, 2).

Our goal was to determine the immunogenicity of a multi-peptide vaccine. Although predicted to be
immunogenic by a previous study, the selected immunodominant peptides did not elicit immunity in
vivo when formulated into a single vaccine. However, in vitro binding studies of the selected peptides
did demonstrate high binding affinity which correlated with the development of immune response seen
in the previous study. To our knowledge, this is one of the first studies to demonstrate that in vitro
MHC binding affinity can predict the in vivo immunogenicity of MHC class II peptides. This

correlation has significant implications in identifying immunogenic peptides when designing multi-




peptide vaccines. However, combination of immunodominant epitopes in a single vaccine may inhibit

immunogenicity.
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FIGURE LEGENDS

Table 1. Immmunodominant HER-2/neu peptide epitopes determined by in vivo immunogenicity also
bind class IT molecules with high affinity. Shown is the number and percentage of patients who
developed specific T cell responses to 9 HER-2/neu peptides (S.1>2) when those peptides were
administered as a vaccine (1). The number and percentage of HLA-DR alleles associated with in vitro
high binding affinity of the 9 HER-2/neu peptides are also shown. ]jata is based on analysis of 14

HLA-DR alleles.

Table 2. Binding affinities of HER-2/neu peptides with common class II alleles. The binding
specificities of 14 HLA-DR alleles for nine different HER-2/neu derived peptides are shown. Peptides

which bind at 1500 nM are considered to bond HLA-DR with high affinity (shaded boxes).

Table 3. Patients enrolled had MHC Class II alleles capable of binding HER-2/neu immunizing
peptides. Shown are the HLA-DR allele types of patients immunized on this study. Bold checkmarks
(v) represent DR allele types for individual patients. The HER-2/neu peptides associated with high

affinity binding are listed above the appropriate alleles.

Figure 1. The affinity of in vitro peptide binding correlates with in vivo immunogenicity. Shown is the
correlation coefficient for the percentage of high binding DR alleles for a given peptide and the

percentage of patients who developed immune responses after active immunization in a previous study

(1).
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Figure 2. The minority of patients immunized with the vaccine containing peptides associated with
high affinity binding to multiple DR alleles developed HER-2/neu peptide-specific T cell immunity and
none developed HER-2/neu protein-specific T cell immunity. Shown are pre- and post-immunization
peptide- and protein-specific T cell responses. Open circles represent pre-immunization T cell
response. Solid black circles represent post-immunization T cell response. The dotted line defines

mean and 2 standard deviations of 30 aged matched controls.

Figure 3. The minority of patients immunized with the vaccine containing peptides associated with
high affinity binding to multiple DR alleles developed HER-2/neu peptide-specific antibody immunity
and none developed HER-2/neu protein-specific antibody immunity. Shown are pre- and post-
immunization peptide- and protein-specific antibody responses. Open circles represent pre-
immunization antibody response. Solid black circles represent post-immunization antibody response.
The dotted lines define mean and standard deviations of controls for HER-2/neu peptide and protein

antibody assays.
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Number (%) of patients with

. Number (%) of DR alleles

; o HER-Z/_lieu | SI>2 to HER-2/neu peptides . | - associated with I{E,R-Z/neu
‘Peptides after vaccination - MHC peptide binding "

p42-56 7/13 (54) 3/14 (21)

p98-114 10/13 (77) 9/14 (64)

p328-345 5/13 (38) 0/14 (0)

p369-386 12/14 (86) 5/14 (36)

p688-703 5/14 (38) 1/14 (7)

p776-790 11/11 (100) 9/14 (64)

p927-941 8/11 (73) 0/14 (0)

p971-984 9/14 (64) 4/14 (29)

p1166-1180 6/11 (55) 1/14(7)

Table 1
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Abbreviations: APC: Antigen presenting cell
CTL: cytolytic T lymphocyte
DC: Dendritic cell
ip.: intraperitoneal
FBP: folate binding protein
GM-CSF: Granulocyte-macrophage colony-stimulating factor
HLA: Human leukocyte antigen
IFN-a.: Interferon alpha
IFN-y: Interferon gamma
IL-12: Interleukin 12
IL-2: Interleukin 2
iv.: intravenously
MHC: Major histocompatibility complex
NK: Natural killer cells
NKT: Natural killer T cells
STn: sialyl-Tn
TAL: tumor associated lymphocytes

TIL: tumor infiltrating lymphocytes

Synopsis: Ovarian tumors are immunogenic and several ovarian-related antigens have been identified. In addition,
the immunologic characteristics of the tumor microenvironment that may affect ovarian cancer growth are becoming
increasingly understood. The type of immune-based approach selected to treat ovarian cancer will depend on the
tumor burden. For minimal disease states, active vaccination may be useful for generating adequate protection from
relapse. However, for more advanced stage disease states, more rigorous strategies may need to be applied such as
adoptive T cell therapy, cytokine infusions, antibody therapy or a combination of different techniques. ~The
immunosuppressive environment observed during advanced malignancy needs to be reversed for improved efficacy

of immune-based therapies.




L. Introduction

Immune-based therapies for the treatment of ovarian cancer are now being designed to circumvent specific
biologic problems that have been identified from studies of the native immune response to ovarian cancer.
Advances in basic immunology over the past decade have resulted in the development of immune-based therapies
for ovarian cancer. Perhaps the most important advances are the understanding that ovarian tumors are
immunogenic and the identification of tumor-specific antigens. Some of the identified tumor antigens are important
for malignant transformation while and others enhance growth, metabolism, invasion or metastasis of tumors.
Immune-based therapies targeting these antigens may result in the eradication of tumor cell clones that drive the
initiation of malignancy, or help eradicate minimal residual disease after apparently successful conventional

treatments.

The roles of the immune and tumor microenvironments in ovarian cancer greatly influence our approach to
the design of immunotherapies. In order to augment the immune response to ovarian cancer antigens, not only is the
stimulation of both CD8 cytotoxic T cell (CTL) and CD4 helper T cell immunity critically important, tumor-induced
immunosuppression must also be overcome. Immune-based therapies are being applied clinically, both for
treatment and prevention. Vaccines targeting tumor antigens are increasingly being viewed and studied as
chemopreventive agents designed to protect against cancer relapse or development. Established disease is being
treated with immune-based approaches, such as monoclonal antibody therapy, adoptive immunotherapy, and

intraperitoneal (ip.) cytokine therapy.

II. Ovarian cancer tumor antigens

Malignant transformation results in altered expression of many genes that are related to normal cell growth
control and differentiation. A variety of mechanisms are responsible for this altered expression including gene
amplification, somatic DNA mutation and gene translocation. Overexpression can result in immune recognition and
several tumor antigens have been identified by virtue of specific immunity induced in patients with ovarian tumors.
The majority of tumor antigens expressed are non-mutated, therefore, they are self antigens. Examples of some of
the well-studied tumor antigens that have been identified and characterized in ovarian cancer are the overexpressed
proteins, folate binding protein (FBP), HER-2/neu, MAGE-1, and MUC-1. Targeting immune-based therapies

against these tumor antigens is challenging because tolerance to self antigens must be overcome.




In addition to non-mutated antigens, other antigens harbor mutations that can cause abnormal function as
well as overexpression. The tumor suppressor gene, p53, is an example of one of these proteins and is often
observed in ovarian cancers. Defects in post-translational modifications can also result in the appearance of tumor
antigens. For example, glycosylation of proteins is often altered during malignancy. Sialyl-Tn (STn), observed at
high frequency on ovarian cancers, is a well-characterized aberrantly expressed carbohydrate antigen that is
recognized by the immune system.

One of the more extensively studied ovarian cancer antigens is FBP, a membrane-associated glycoprotein
that mediates the intracellular transport of folates. FBP was initially identified as a monoclonal antibody-defined
antigen in placenta and trophoblastic cells but rarely found in other issues [1, 2]. FBP is expressed in greater than
90% of ovarian carcinomas [1, 2]. In vitro quantitative autoradiographic studies have shown FBP to be
overexpressed up to 80-90 fold in non-mucinous ovarian carcinomas compared with normal ovarian tissue [2]. This
enhanced expression at the cell surface of ovarian cancers has led to development of FBP as a target for immune-
based therapies. FBP is a naturally immunogenic tumor antigen. For example, Peoples and colleagues
demonstrated that two FBP peptides (E39 and F41) could be recognized by ovarian tumor-associated lymphocytes
(TAL). Stimulation of TAL with these peptide epitopes resulted in antigen-specific proliferation, cytokine (IFN-v)
release and enhanced cytoxicity toward antigen-bearing autologous tumor cells [1]. An equally important property
of FBP is that in vitro and in vivo evidence suggests that it confers some advantage to tumor cell growth. Bottero
and colleagues have shown that NIH 3T3 cells transfected with FBP maintained a rapid growth rate in vitro longer
in physiologic concentrations of folate compared to nontransfected NIH 3T3 cells. In nude mice, FBP-transfected
NIH 373 cells grew to a 3-fold greater weight over the same time period compared to nontransfected cells [3]. FBP
has been and continues to be the target of various immune-based strategies as will be discussed below.

The HER-2/neu protein is a member of the epidermal growth factor receptor family and consists of a
cysteine-rich extracellular ligand binding domain, a transmembrane domain, and an intracellular domain with
tyrosine kinase activity [4, 5]. HER-2/neu is a self protein that is expressed at low levels in a variety of tissues of
epithelial origin and plays a fundamental role in cellular proliferation and differentiation in fetal development. In
adults, the HER-2/neu gene is present as a single copy in normal cells; however, amplification of the gene and
resultant protein overexpression is seen in various cancers including ovarian. The overexpression of HER-2/neu in

ovarian cancer was initially observed in 10-30% of newly diagnosed primary ovarian cancers of all stages [6]. More



recently, HER-2/neu overexpression has been found to be more frequent in ovarian cancers relapsing after
chemotherapy [7]. Recent studies by Hellstrom and colleagues demonstrated that tumor cell lines established from
ovarian tumors as well as tumor cells from malignant ascites obtained at second surgery after relapse, overexpressed
HER-2/neu protein as assessed by flow cytometry [7]. This was true despite the primary tumors being HER-2/neu
negative upon initial immunohistological analysis suggesting a shift from HER-2/neu negative to poéitive when the
tumor had regrown after chemotherapy [7]. Thus, it is possible that overexpression of HER-2/neu becomes more
common as ovarian carcinomas progress, and therefore, anti-HER-2/neu immune-based therapies and vaccines may
be beneficial in patients with ovarian cancer including those with negative tumors at primary surgery.

The MAGE gene family comprises a series of 12 closely related genes that are expressed in a variety of
tumors [8]. These proteins are part of a larger family of cancer-testis antigens. Some recent investigations suggest
that MAGE gene products may be involved in cell cycle regulation, although their exact role in cell biology remains
to be defined [9]. These proteins have been studied extensively in the case of melanoma and are known to be
immunogenic, making them attractive targets for immunotherapies. MAGE-1 and MAGE-3 encode peptide
antigens that are presented in association with HLA class I molecules and are recognized by CTLs and could be
targets for specific immunotherapy. Studies have demonstrated MAGE gene expression in ovarian cancer as well as
other related tumor antigens, BAGE and GAGE [10]. Gillespie and colleagues found expression of the MAGE-1
gene in 56% of malignant_ ovarian tissue specimens with preferential expression in serous tumors (71%) and
relatively infrequent expression (22%) in other tumors of epithelial origin [8]. In addition, analysis of MAGE-1
expression in serous cystadenocarcinomas revealed a trend toward expression in early stage disease (6/6 stage I
lesions and 4/8 stage II, III, and IV lesions) [8]. These findings suggest the potential for expanding MAGE peptide
vaccine studies to include some forms of ovarian cancer, specifically serous cystadenocarcinomas.

The MUC-1 gene encodes a high molecular weight cell-surface glycoprotein with a complex cytoplasmic
domain thought to be involved in signal transduction [11]. MUC-1 is expressed by most glandular epithelial cells
and is often overexpressed by epithelial cancers, specifically breast and ovarian cancer. It has been implicated as an
important modulator of adhesion and metastasis [11]. Both CTL and CD4 T helper cells specific for the MUC-1
core peptide have been observed in multiple studies of immunity to carcinomas of the ovaries, breast and other

tissues [12-14). This has generated interest in evaluating the utility of targeting MUC-1 in specific




immunotherapies. Although the majority of MUC-1-specific immunotherapies are directed toward colorectal and
bréast cancers, MUC-1 also appears to be a promising target in ovarian cancer.

Malignant tissues may express mutated or wild type p53, either of which can be immunogenic and thus a
target for immune-based therapies. Mutations of the p53 tumor suppressor gene lead to a functionally inactive
mutant p53 protein and are common, in ovarian cancers, occurring in approximately 50% [15]. Ovarian cancers are
known to be among the most immunogenic malignancies inducing an anti-p53 autoantibody response [16]. The
prevalence of anti-p53 antibodies in patients with invasive cancer was 19%, whereas no circulating anti-p53
antibodies were detected in patients with borderline or benign lesions. Anti-p53 antibodies were detectable only in
patients with p53 protein overexpression in their tumors, and the presence of anti-pS3 antibodies correlated with
tumor stage and grade and shortened overall survival and relapse-free survival [17]. Naturally expressed peptide
epitopes have been identified for the development of active immunization strategies aimed at augmenting p53-
specific T cell immunity [18, 19].

Carbohydrate epitopes can be immunogenic in malignancies due their overexpression or their cellular
distribution. STn, a disaccharide, is a blood group-related carbohydrate antigen that belongs to the mucin core
family. It is has been reported to be overexpressed in 31 to 100% of ovarian carcinomas and has been shown to be
an independent predictor of poor prognosis in patients with epithelial ovarian cancer. Kobayashi and colleagues
found that levels of STn were significantly higher in the sera of patients with ovarian cancer when compared with
levels in benign and healthy controls [20]. In addition, the survival rate for patients with STn negative versus STn
positive ovarian tumors was 76% versus 10.8%, respectively and the progression-free interval at 5 years was 51.9%
versus 5.4% respectively [20]. Further multivariate regression analysis demonstrated that stage, residual tumor size,
positive STn, performance status, and histologic grade were the five important variables for predicting overall
survival [20]. Although STn has been an appealing tumor antigen since it was first identified, one of the major
issues has been in defining its distribution on ovarian carcinomas in efforts to aid in the choice of antigenic targets
for both passive and active immunotherapy. Recent studies examining the distribution of STn and other
carbohydrate antigens have demonstrated a significant difference in antigen expression between mucinous and other
histological types of ovarian carcinoma [21]. Federici and colleagues found the majority of mucinous tumors to
have a strong and relative uniform expression of STn whereas in serous tumors, STn was less frequently expressed

or the expression was very heterogeneous [21]. So while STn would be a good target antigen for patients with




mucinous tumors, serous tumors may require distinct immune-based approaches. In serous tumors, other
carbohydrate antigens such as Le” and H type 2, which are highly overexpressed, may be the preferred targets [21].
Several tumor antigens have now been identified that could be targets for immune-based approaches for the
treatment and prevention of ovarian cancer. In addition to those antigens that are mutated or result from aberrant
posttranslational changes, others are normal but over-expressed and play critical roles in malignant transformation or
other important tumor cell processes. Augmenting the immune response to these normal self proteins will require
additional efforts to overcome tolerance. As the tumor burden increases, the tumor microenvironment can suppress
the immune response. Thus, designing therapies targeting specific antigens in patients with significant disease

burden will involve overcoming immunosuppression.

III. The immunosuppressive ovarian cancer microenvironment

The tumor microenvironment is hostile to immune effectors, and tends to induce immune tolerance,
suppression 6r anergy. Immune evasion may be due to reduced processing or presentation of tumor-associated
antigens, inhibition of function of immune effector cells, killing of immune effector cells, or reprograﬁlming of
immune effector cells to mediate inappropriate. immunity. To effect these perturbations in immunity, ovarian
carcinomas secrete a multitude of immunosuppressive factors, including into the serum [22].  These
immunosuppressive factors can directly inhibit an anti-tumor response or promote the influx of immunoregulatory
cells. Ovarian tumors also produce a significant array of cell-bound ligands that perturb immune functioning
following direct contact with immune effectors.

The ovarian immune microenvironment involves a complex network of cytokines and soluble effectors that
suppress immunity. Recent work, for example, demonstrates that ovarian tumors express significant amounts of the
chemokine, stromal-derived factor-1 (SDF-1) [23]. Ordinarily, SDF-1 is involved in normal embryogenesis,
cardiogenesis, and hematopoiesis [24]. However, its role becomes pathogenic when overexpressed by tumor cells
because it attracts immature, immune inhibitory dendritic cells (DC). Specifically, SDF-1 attracts precursor
plasmacytoid dendritic cells (pPDCs) through pPDC expression of the chemokine receptor, CXCR4 [23]. SDF-1
increases pPDC expression of adhesion molecules including the integrin CD49d. Expression of these cell surface
molecules facilitates adhesion/transmigration of pPDC into the tumor microenvironment [23]. pPDCs are able to

suppress the development of T cell-mediated immunity. Recruited pPDCs induce the secretion of the




immunosuppressive cytokine, IL-10, from T cells into the tumor microenvironment. IL-10 is an anti-inflammatory
cytokine and inhibits tumor-specific T cell proliferation, as well as infiltration and activation of antigen-presenting
cell (APC) that are critical in the initiation of an immune response. Ordinarily IL-10 would induce apoptosis of the
pPDC but the tumor-derived SDF-1 strongly inhibits IL-10 induced apoptosis thereby maintaining a persistent pool
of intraperitoneal pPDC. Thus, SDF-1 elaborated by the tumor helps circumvent activation of potentially
therapeutic immunity by causing the influx and maintenance of immunosuppressive pPDCs. Boosting ovarian-
specific immunity will require that this suppressive mechanism is blocked. Interruption of IL-10 production or
signals, or of SDF-1/CXCR4 interactions or their downstream signals are potential strategies to attempt to block
immunosuppression. SDF-1 and IL-10 represent only 2 of many immunosuppressive soluble factors specific for
ovarian cancer. Other soluble factors produced in the ovarian tumor microenvironment include TGF-B and IAP,
both of which also impair tumor-antigen-specific T cell immunity [25]. VEGF is also secreted by ovarian tumors
and in addition to its angiogenic and permeability effects, it is known to directly inhibit the maturation of DC
resulting in inhibition of expansion of anti-tumor immune effectors [26]. Thus, many soluble factors are secreted by
the ovarian tumor that can dampen the immune response.

In addition to immature DC, another immunosuppressive cell that may play a role in preventing ovarian
tumor from being recognized by the immune response is the CD4"CD25" T regulatory (Treg) cell. Tregs are potent
suppressors of CD4 and CD8 T cells both in vivo and in vitro. Tregs are thought to play a critical role in
maintaining tolerance to self antigens. Their absence is associated with the development of autoimmune and
inflammatory diseases in animal models [27]. A significant fraction of CD4 T cells in ascites of patients with
ovarian carcinoma express the CD4'CD25'DR" Treg phenotype and could contribute to pathogenesis [28]. Tregs
may inhibit attempts to induce active immunity or could prevent the adequate function of adoptively transferred T
cells. Strategies could be designed to eliminate peritoneal associated Tregs prior to active immunization, such as
with the use of anti-CD25 antibodies.

Ovarian tumors express cytokine receptors and cytokines released into the tumor microenvironment may
augment the growth of ovarian tumors. For example, IL-6 has been implicated in the pathogenesis of many cancers
including ovarian. IL-6 is secreted by macrophages, vascular endothelium, and activated T cells in the immune
microenvironment. The major roles of IL-6 are to induce production of acute phase plasma proteins (e.g.

fibrinogen) and to promote the differentiation of B cells. High levels of IL-6 have been observed in peritoneum and




serum of patients with ovarian cancer. In the serum, the levels of IL-6 are at 100-fold higher levels as compared to
healthy disease-free individuals [29]. Elevated IL-6 concentrations in the blood correlate with poor disease-free and
overall survival in ovarian cancer patients [29]. IL-6 directly enhances invasiveness of ovarian tumor cells by
improving the tumor cell’s ability to attach to and migrate into other tissues [30]. Conversely, elevated IL-6
concentrations in the peritoneum are correlated with increased numbers of antigen-specific B and memory T cells
[31]. The dichotomy of effects of IL-6 in the ovarian cancer microenvironment underscores the complex
interactions present in the peritoneum. While increased levels of a cytokine such as IL-6 may potentially benefit the
development of an immune response, ovarian tumors themselves can respond directly to IL-6 for enhanced immune
evasion and pathogenesis.

Ovarian tumors also express cell surface receptors that can also impact the generation of an immune
response. For example, ovarian tumors express several apoptosis related proteins, notably Fas, FasL and B7-H1.
The Fas/FasL system plays an important role in limiting the immune response. Fas/FasL interactions result in
apoptosis of Fas-expressing cells mediated by cross linking of Fas by FasL. Baldwin and colleagues obsefved that
despite abundant expression of Fas, primary ovarian tumor cell lines are resistant to FasL-mediated apoptosis [32].
This resistance likely plays a significant role in immune evasion, since the Fas/FasL is a major mechanism by which
CTL are able to directly kill tumor cells. Ovarian tumors also express FasL which promotes T cell dysfunction and
apoptosis. Rabinowich and colleagues reported that ovarian tumors express FasL in situ and in vitro, and are
capable of inducing death of Fas-expressing T cells [33]. They also observed that engagement of Fas on T cells by
FasL-expressing ovarian tumor cells played a role in down-regulation of T cell cytoplasmic CD3-zeta and cell
surface CD3-epsilon chains, both of which are required for T cell activation. B7-H1 is a member of the B7 family
of co-stimulatory molecules and is overexpressed on ovarian tumors [34]. Recent studies have shown that tumor
cell-associated B7-H1 increases the apoptosis of antigen-specific T cells. Thus, ovarian tumors are well-equipped
with redundant mechanisms with which to destroy tumor-specific T cells by inducing apoptosis.

Overall, the tumor microenvironment defies the generation of an effective anti-tumor immune response
using variety of different cellular and molecular mechanisms. At present it is unknown what contribution each
individual suppressive mechanism makes to the overall hostile environment. It is clear that prior to immunologic

intervention (e.g. active immunization) at least some of these suppressive mechanisms will need to be overcome or




reversed. Our improved understanding of the tumor microenvironment will allow us to develop the appropriate

procedures and tools to accomplish this objective.

IV. Effectors targeted in immune-based approaches

An effective anti-tumor immune response will consist of complex interactions among multiple cellular and
soluble immune effectors. Effector cells that may induce or mediate an anti-tumor immune response include CD4 T
cells, CTL, NK cells, NKT cells, and DC. Several studies have demonstrated that ovarian cancer-specific immune
effectors are elicited de novo in response to the disease, prior to immunologic intervention.

CTL are a subset of T lymphocytes that possess the ability to home to and kill tumor cells by specifically
recognizing 8-10 amino acid fragments of antigenic proteins presented by MHC molecules. CTL have been thought
to be primary mediators of antitumor immunity. In studies in ovarian cancer patients, CTL established in vitro
demonstrate significant levels of cytolytic activity against known ovarian cancer antigens such as FBP and HER-
2/neu [1, 35]. Therefore, CTL specific for ovarian cancer antigens do exist naturally ir vivo in patients with ovarian
cancer and may have a biologic effect on the tumor, but clearly are not sufficient in eradicating cancer. This lack of
sufficient immunity has been documented in patients with cancer. For example, in breast cancer patients, pre-
existing HER-2/neu-specific immunity is low, at fewer than 1:100,000 of circulating T cells [36]. While it was
initially thought that augmenting CTL alone might lead to tumor eradication, recent developments suggest that CTL
alone cannot constitute a complete anti-tumor response and that additional immune effectors such as CD4 T cells are
needed for completing the appropriate immune milieu.

The CD4 or T helper cell represents another major subset of the immune system’s T lymphocyte
population. The CD4 T cell is critical in controlling the activation and persistence of the immune response against
viral infections [16]. The CD4 T cell elaborates a variety of cytokines and chemokines that cause influx of many
other immune effectors such as macrophages, neutrophils, B cells, and CTL. Although no perfect animal model
exists for ovarian cancer, the interplay between CTL and CD4 T cells in eradicating caﬁcer has recently been
evaluated in neu transgenic (neuTg) mice. These mice express transgenic rat neu under control of the MMTV
promoter and develop neu-overexpressing epithelial breast cancer similar to those that occur in humans [37]. Also,
like in humans, transgene expression of neu confers immunologic tolerance to neu. While tolerant, neuTg mice can

be vaccinated against neu and develop both neu-specific T cells and neu-specific IgG [38]. The resulting vaccine-
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induced neu-specific immune response, delays the onset of the spontaneous neu-mediated tumors. Depletion studies
demonstrated that not only are CTL required for therapeutic efficacy, but also CD4 T cells.  The importance of
CD4 T cells in the evolution of the tumor-specific immune response is underscored by recent studies demonstrating
that CD4 T cells can initiate a de novo CTL response. As an example, infusion of a tumor antigen-specific Th1 CD4
T cell clone resulted in the development of a CTL anti-tumor immune response, presumably due to CD4 T cells
secreting cytokines appropriate to enhance the function of local APC to cross-present tumor antigen to endogenous
CTL [39]. CD4 T cells can also produce cytokines that attract macrophages, DC, and eosinophils to promote an
inflammatory environment [40]. The role of CD4 T cell help in the immune response has led to the identification of
MHC class II binding epitopes of well-known human ovarian tumor antigens such as HER-2/neu [41].

The tumor-specific immune response can not be elicited without effective APC processing and presentation
of tumor proteins to T cells. DC are potent APC and are important in initiating a T cell response. DC exist in
peripheral tissue in an immature state awaiting encounter with antigen. Immature DC are efficient at antigen uptake
and processing but are poor at activating T cells because MHC molecules are in intracellular depots rather than at
the cell surface, and T cell costimulatory molecule expression is low [42]. Following exposure to antigen or
proinflammatory stimuli, DC migrate to regional draining lymph nodes (DLN) and it is during migration that DC
attain the ability to present antigen, i.e. undergo maturation. Antigen-specific T lymphocytes are then stimulated by
direct contact with the DC. DC can acquire antigen by various means including, endocytosis of soluble protein,
phagocytosis of tumor-derived exosomes and receptor-mediated uptake of apoptotic bodies. DC function is heavily
influenced by the tumor microenvironment wherein cytokines can act at many different levels including APC
differentiation [43], lifespan [44], migration [45], and antigen-presentation [46]. Several cytokines are known to
promote dendropoiesis and include GM-CSF and Fit-3 ligand, both of which have been shown to mediate tumor
regression in vivo [47, 48]. While the administration of either GM-CSF or Flt-3 ligand increases the total number of
circulating DC, GM-CSF promotes myeloid dendropoiesis exclusively while F1t3 ligand promotes both myeloid and
lymphoid dendropoiesis [43]. Aside from the immature precursor plasmacytoid DC that inhibit immuneAresponses
in ovarian cancer, mature DC with T cell activating properties are absent in the peritoneal cavity ovarian cancer
patients [23]. The reason for their absence is unclear but may be related to active immunosuppression. Thus efforts
have been or are being applied in ovarian cancer patients, as will be discussed below, to mobilize DC either in vivo

or in vitro with the use of cytokines that promote their differentiation and present tumor antigens to T cells.
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Immune effectors other than T cells or DC may also be important in the immune response against ovarian
cancer. The natural killer (NK) cell recognizes tumors in a non-MHC-restricted fashion. NK cells are large granular
lymphocytes that lack surface IgG and T cell markers. NK cell cytolytic activity is inhibited through interaction of
the NK expressed KIR receptor with MHC class I mblecules. The role of NK cells in the immune response,
therefore may be to eliminate dysfunctional cells that lose MHC class I expression. Immunohistochemical analysis
of human ovarian tumors shows that while most of the tumor cells express MHC class I, a small fraction are
negative and could be targets for NK cells [49]. NK cells also play a significant role in the adaptive immune
response by lysis of antibody-coated pathogens or tumor cells [50]. Upon activation, NK cells secrete IFN-y and
TNF-o. and promote a Thl-type T cell response [50]. In a SCID mouse model of human ovarian cancer, IL-12
injections significantly inhibit ovarian tumor growth which is associated with an increased infiltration of NK cells
[51]. These results suggest that NK cells may be a component of a therapeutic anti-tumor immune response.

A newly identified cell of a lymphoid lineage, the Va14 NKT cell, may also be an effector cell that is
important in the immune response against ovarian cancer. The NKT cell expresses typical NK cell surface receptors
and a semi-invariant T cell receptor (TCR) encoded by V14 and Jo281 [52]. The NKT cell is activated through
recognition of glycolipid antigens in association with CD1b, a MHC-like molecule present on APC. NKT cells
secrete predominantly IL-4 and IFN-y and may be important in regulating the Th1/Th2 cytokine phenotype during
an immune responsé against ovarian cancer. Presentation of glycolipids by CD1d" DC to NKT cells can result in the
generation of lymphoma-specific CTL suggesting an important interface between the innate and adaptive anti-tumor
immune response [53]. Baxevanis and colleagues have observed that NKT cells can be elicited from ovarian cancer
patients using acid extracts from autologous tumor cells [54]. The NKT cell had dual specificity recognizing tumor
cells in both an MHC-dependent and MHC-independent fashion. The role of these ovarian-specific NKT cell
however remains to be elucidated. Ovarian cancer is known to have altered ceramide and ganglioside synthesis
[55]. Presentation of altered glycolipids expressed through CD1b on DC may further enhance the immune response
by activating NKT cells. Future immunotherapeutic strategies could also be designed to specifically target this

novel immune effector subset.
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V. Immune-based strategies for minimal disease.

Despite the fact that many patients with advanced ovarian cancer can be treated into remission, most
(~85%) will relapse and eventually die from the disease due to incomplete eradication of microscopic disease [561.
Remission is an ideal time to intervene with active immune-based strategies because the tumor burden and growth
are reduced, and therefore the influences of the tumor microenvironment on the immune response are minimized.
Active immunization of ovarian cancer patients with vaccines to prevent recurrence is conceptually similar to the
use of infectious disease vaccines that are given either as a prophylactic prior to or shortly after exposure to
infectious agent. Likewise, cancer vaccines should be used in the prophylactic setting because the magnitude of the
immune response induced by vaccine is limited and reaches a plateau, often not of a sufficient magnitude to mediate
regression [57].

The goal of vaccination against ovarian cancer is to generate significant immunologic memory capable of
eliciting an immune response during antigen exposure that may occur early during relapse. Several different vaccine
strategies have been or are currently being tested for efficacy at inducing immune responses against cancer antigens,
including dendritic cell (DC)-, peptide-, protein-, whole tumor cell-, viral carrier-, or DNA-based vehicles. Unlike
infectious disease vaccines, a major obstacle of cancer vaccines is tolerance [58). While it is known that patients
can have a pre-existent immune response to tumor, tolerance keeps the immune response in check, and most
antigens expressed on most cancers are self antigens [36]. Thus, efforts have been applied to identifying how to
overcome tolerance with the use of strong adjuvants [59]. Most likely, the best adjuvants are going to be those that
directly activate and mobilize DC, the most potent APC of the immune system. DC can directly activate both
memory CD4 T helper cells and CTL, both of which are important for the generation of a potentially prophylactic
immune response [42]. Activation of DC for presentation of tumor antigen can be accomplished in two different
ways. One strategy that has been widely tested is to generate DC.ex vivo, followed by antigen loading and
reinjection. DC can glso be directly activated in vivo by the application of a variety of exogenous adjuvants, such as
GM-CSF [59].

Ex vivo generation of antigen-pulsed DC has been used extensively in vaccination strategies and can result
in the generation of substantial long-lived immunity [60]. Relatively few studies, however, have assessed the
efficacy of this approach in ovarian cancer. In one report, Brossart and colleagues conducted a small pilot trial to

assess both the clinical and immunologic consequences of vaccinating ovarian and breast cancer patients, all with
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bulky disease, with one of two vaccines consisting of ex vivo-derived DC pulsed with either the HER-2/neu or
MUC-1 peptides [61]. Half of the 10 patients vaccinated developed peptide-specific responses as assessed by
staining for intracellular IFN-y production by T cells. The peptide-specific T cells were able to lyse HLA-matched
HER-2/neu-overexpressing tumor cell lines, suggesting effective immunization against naturally processed antigen.
Vaccination resulted in partial regression in 1 patient, and disease stabilization in another 2 patients. In another
study, Hernando and colleagues immunized ovarian cancer patients with autologous DC pulsed with tumor lysates
and keyhole limpet hemocyanin (KLH) as a helper antigen [62]. The majority (6/8) demonstrated immunity against
KLH but only 2/6 patients generated immunity to tumor lysates. The two patients that generated immunity
specifically against tumor had disease stabilization for several months following vaccination. The inability to
achieve a vaccinated response in a majority of individuals may be due to tumor-induced immunosuppression. The
disappointing clinical results are consistent with results of other dendritic cell-based clinical trials and support the
hypothesis that vaccines are prophylactic rather than therapeutic agents. Another techﬁique that is being
investigated is the direct in vivo activation and mobilization of DC with adjuvants, such as GM-CSF. When
delivered intradermally, GM-CSF can act as a recruitment and differentiation factor for the skin-based Langerhans’
cell [63].

Our laboratory has conducted phase I clinical vaccine trials using peptide-based vaccines in ovarian cancer
patients with HER-2/neu-overexpressing tumors who had been maximally treated [64]. The patients, in general, had
only minimal or no evidence of disease and had been off of chemotherapy for at least 30 days. The HER-2/neu
peptide-based vaccines consisted of HLA-class II binding peptides admixed with GM-CSF. Our immunization
strategies were designed to elicit a HER-2/neu-specific CD4 T helper response. Our view is that generation of a
robust CD4 T cell response can lead to the generation of an endogenous memory response that could include the
generation of memory B cells and CTL. Patients were immunized once a month for 6 months. Five of 11 (46%)
patients with ovarian cancer completed the planned 6 vaccinations. The majority of patients were immunized to at
least one of the peptides in their vaccine. Overall, 7 of 11 (64%) patients developed peptide-specific immune
responses. In addition, all 5 patients who completed the full course of vaccinations developed HER-2/neu protein-
specific immunity after peptide immunization. These results with peptide vaccines show that T cell immunity can

be generated in ovarian cancer patients and vaccines can be developed that are capable of stimulating natural
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processing and presentation of antigen in vivo. Furthermore, these results set the stage for future clinical trials
evaluating whether immunization can confer protection from relapse.

Currently, a number of other vaccination strategies are being tested in patients with minimal or no ovarian
disease burden. Holmberg and colleagues investigated whether the STn vaccine Theratope could protect breast and
ovarian cancer patients from relapse following high-dose chemotherapy and autologous stem cell rescue [65].
Patients were immunized with 5 vaccinations of Theratope at a median of 127.5 days following stem cell transplant.
Overall survival analysis indicated some improvement in survival among those patients that had chemotherapy-
responsive disease (i.e. low-to-intermediate risk for relapse). The cohorts were too small to reach statistical
significance, when compared with control populations. However, relapse hazard was significantly lower in patients
with higher levels of tumor-specific killing as assessed by in vitro cytolytic assays.

Active immunization with the use of vaccines targeting single antigens has shown that cancer patients can
be immunized against tumor antigens. Targeting single epitopes or antigens has led to the generation of antigen-loss
variants [66, 67).  From an immunologic standpoint, combination vaccines that target multiple immunogenic
proteins may demonstrate improved clinical outcomes due to increased numbers of tumor-specific immune
effectors. A number of potential options exist for the generation of immunity that targets multiple antigens. The
generation of an immune response to multiple antigens could also be achieved naturally by epitope spreading, whichi
may occur by vaccination in the presence of some tumor. Epitope spreading is an amplification of the immune
response that results from extending immunity from one antigen to other secondary antigens also expressed by the
tumor cells. Epitope or determinant spreading, is a phenomenon first described in autoimmune diseases including
Theiler’s murine encephalomyelitis virus-induced demyelinating disease, murine experimental autoimmune
encephalitis, and diabetes in non-obese diabetic mice [68]. As a result of an inflammatory response and resulting
tissue damage, debris is taken up and other antigens are cross-presented by APC to CD4 T cells in the regional
lymph nodes. These newly recruited antigen-specific CD4 T cells could further exacerbate tissue destruction. In the
cancer vaccine setting epitope spreading has been observed. In the DC-based vaccine study by Brossart and
colleagues described above, in some of the responding patients intermolecular epitope spreading occurred to tumor
antigens CEA and MAGE-3, indicating potential inflammation at the tumor site as a result of vaccination [61]. Our
group has also observed epitope spreading in our HER-2/neu peptide-based vaccine trials [64]. Eighty-four percent

of patients who completed the course of vaccinations developed intramolecular epitope spreading to HER-2/neu
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peptides not contained within their vaccine preparation. The epitope spreading was significantly associated with the
development of HER-2/neu protein-specific immunity, consistent with the notion that epitope spreading is a function
of natural endogenous processing of antigen.

Multi-antigen vaccines can be constructed combining multiple peptides or proteins. Alternatively, DNA or
mRNA immunization represents an appealing approach because multiple antigens could be encoded into a single
construct. DNA or mRNA would obviate the need for identification of MHC class I or II binding epitopes and
would likely be easier to construct than protein vaccines which, require difficult purification techniques. Whole-
tumor cell vaccines have also been used and have shown some clinical efficacy and could lead to the generation of a
broader immune response [69]. However, whole tumor cell vaccines require that tumor samples be obtained, an
option that is often not feasible such as when patients are referred for vaccination after standard therapy. Ideally, a
vaccine to prevent disease recurrence would be easily constructed, highly immunogenic, and accessible to all

patients.

V. Immune-based strategies for advanced ovarian malignancy.

In contrast to microscopic or undetectable disease, the treatment of established bulky malignancy will
likely be different than strategies required for the prevention of relapse for a number of reasons. First, bulky
established malignancy is physically more difficult for immune effectors to reach and eradicate [70]. Second, a
large tumor burden is generally more immunosuppressive than smaller burdens [71]. Third, tumor growth may
outpace an endogenously generated immune response (e.g. vaccine response). Lastly, large tumors are vastly
heterogeneous therefore presenting a greater chance of generating antigen-loss or immune-escape variants [72]. A
number of different approaches for the treatment of large tumor burdens are being examined in ovarian cancer and
include monoclonal antibody therapy (unconjugated and conjugated), adoptive T cell therapy, and cytokine therapy.

Monoclonal antibody therapy is becoming more widely used in larger tumor burden settings and at present
several unconjugated antibodies have been approved for cancer therapy [73, 74]. The therapeutic efficacy of
unconjugated antibodies relies on both the antigen-binding domain and the Fc region [75]. The antigen-binding
domain can mediate a number of effects including blocking ion channels, altering cell signaling, or promoting
internalization of the antigen, all of which may have détn'mental effects on tumor cell growth [76, 77]. The Fc

receptor is important for mediating antibody-dependent cell-mediated cytotoxicity or complement-dependent
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cytotoxicity [78]. When conjugated, monoclonal antibodies can be effective as tissue-specific delivery vehicles for
toxins and radiotopes [75].

Compelling evidence suggests that select ovarian cancer patients may benefit from anti-HER-2/neu
monoclonal antibody treatment (i.e., trastuzumab). First, like breast carcinoma, HER-2/neu-overexpressing ovarian
tumor cells are suppressed in vitro by exposure to HER-2/neu-specific antibodies, including trastuzumab [79].
Secondly, a phase I trial specifically inhibiting HER-2/neu function in ovarian tumors using intrabodies have
suggested some therapeutic efficacy [80]. In the phase I intrabody ftrial, study patients with HER-2/neu-
overexpressing ovarian cancer were treated with an adenovirus construct encoding for a single chain antibody tha;t
binds to the intracellular domain of HER-2/neu. Although no complete regressions were observed, 5 of 13 patients
had stabilized disease, indicating that HER-2/neu may play some role in driving tumor proliferation. The use of
therapeutic HER-2/neu-specific antibodies may benefit a greater percentage of ovarian cancer patients compared to
breast cancer as recent evidence now suggests that a large percentage of advanced stage ovarian malignancies are
HER-2/neu-overexpressing.

Other experimental monoclonal antibodies are also being examined for therapeutic activity. Bevacizumab,
an anti-VEGF monoclonal antibody, is being tested for efficacy against a variety of cancers including ovarian [81].
VEGF is a proangiogenic growth factor secreted by a number of different tumors and is important in increasing the
tumor microvasculature [82]. Preclinical studies have demonstrated that bevacizumab is a potent growth inhibitor in
a variety of human cancer xenografts [83]. Tumor growth inhibition is accompanied by reduced vascular
permeability, tumor vessel density, and angiogenesis. Early clinical trials evaluating safety have demonstrated some
tendency toward an improved response when combined with chemotherapy [81, 84]. In one trial, patients with
advanced non-squamous lung cancer were treated with either chemotherapy plus bevacizumab (2 dose arms, 7.5
mg/kg or 15 mg/kg) or chemotherapy alone [84]. The overall response rates for the 7.5 mg/kg arm was 31.8% and
for the 15 mg/kg arm, 32.3%, while the response rate of chemotherapy-only arm was 12%. In addition to improving
the clinical response rate, the time-to-progression improved in responders from 17 weeks in the chemotherapy alone
arm to 32 weeks in the 15 mg/kg arm. However, bevacizumab is associated with serious bleeding toxicity and may
not be suitable for all patients such as those with cardiovascular problems [81].

The folate binding protein (FBP), also known as membrane folate receptor, has also been studied as a target

for immune-based therapy in ovarian cancer [85]. In the late 1980°s several high affinity anti-FBP antibodies were

17




generated that have been adapted to clinical use [86]. The MOv18 antibody has been studied extensively in patients
in both unconjugated and conjugated forms demonstrating some therapeutic efficacy [87-89]. In one study, late
stage ovarian cancer patients with detectable disease were treated with a single dose of B'_conjugated MOv18 30-
40 following second-look evaluation [87]. Ninety days after therapy, patients underwent a third-look evaluation.
Five patients demonstrated complete responses, 6 patients had stable disease, and 5 others had progressive disease.
The responses were durable for at least 10 months and the toxicity of this approach was minimal. In a recent pilot
trial, 5 women with residual or recurrent ovarian tumors were given 4 weekly infusions of unconjugated MOv18
[88]. Safety, toxicity, and clinical responses were examined. Although antibody therapy was well-tolerated, no
complete responses were observed. Three patients experienced disease stabilization with a mean time to progression
of 9 months. The results with MOv18 therapy are encouraging and suggest that antibody therapy targeting FBP
may be useful under certain conditions such as when tumor burden is minimal or if the antibody is conjugated to
toxins or isotopes. The use of MOv18 in combination with other immune-based strategies may improve efficacy
since the data clearly suggest that the antibody is capable of slowing or halting disease during therapy in most
patients.

Another approach that is now being widely tested for the treatment of different types of cancer is adoptive
T cell therapy [90]. The primary purpose of adoptive T cell therapy is to augment T cell responses to levels greater
than that achievable by vaccination alone. Vaccination can increase the number of immune T cells capable of
recognizing and responding to antigen. Repeated vaccination further increases the number of immune effector cells,
but eventually a plateau of responsiveness is reached, and repeated immunizations do not appreciably change this
value [57]. Adoptive immunotherapy may allow levels of immunity to be achieved which could mediate an anti-
tumor response. Adoptive transfer of T cells has resulted in the infused cells representing as many as 90% of the
host’s lymphocytes [91]. Experiments in a murine model of HER-2/neu-overexpressing cancer have shown that
vaccination alone, in the neu-transgenic mouse, is effective only for prevention of disease and not for the treatment
of established malignancy [92]. Mice immunized with a neu-specific peptide-based vaccine are able to resist a
tumor challenge following the course of immunization. In contrast, if vaccination is started on the same day as a
tumor implant, tumors grow at the same rate in vaccinated as in control mice. Therefore, in vivo expansion of
antigen-specific T cells must be limited or even suppressed. One potential method of increasing the number of

antigen-specific T cells to the level needed to eliminate tumor is to expand T cells ex vivo followed by reinfusion. T
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cells derived from neu-transgenic mice immunized against neu were expanded in vitro with neu peptides [92]. The
neu-specific lymphocytes were then infused into tumor bearing mice resulting in tumor regression. Splenocytes
from non-immunized animals were infused as a control and had no anti-tumor effect. Although adoptive
immunotherapy has been successful in eradicating established disease in animal models, the approach has not been
as successful in human clinical trials [92]. Obstacles to the development of successful T cell therapy for human
ovarian cancer have been the (1) lack of defined tumor antigens for expansion of antigen-specific T cells, (2) lack of
a detailed understanding of the in vitro expansion requirements of T cells that would allow the generation of
maximal numbers while retaining optimal antigen-specific function, and (3) lack of understanding the in vivo
environment necessary for sustaining expansion in vivo. Over the past several years however, a number of antigens
have been identified, including HER-2/neu, as described above that can improve the ex vivo expansion of tumor-
reactive T cells. In addition, the cytokine and antigen environments needed to expand a functional anti-tumor
population and sustain it in vivo have been characterized to some degree [92].

Recent studies from our group have shown that it is technically feasible to readily expand ovarian antigen-
specific T cells from patients who have been immunized with peptide-based cancer vaccines [93]. The ease of ex
vivo isolation and expansion is related to a starting precursor frequency that has been elevated as a result of
vaccination [92]. As an example, an ovarian cancer patient developed a significant increase in the CD8 T cell
precursor frequency to HER-2/neu HLA-A2 binding peptide, p369-377, after active immunization. T cell clones
specific for p369-377 were isolated from the peripheral blood by limiting dilution and characterized. A total of 21
p369-377 clones were generated from this patient and with the exception of two clones, all clones were CD3".
Eleven of the clones were CD8'/CD4™. Nine of the clones were CD4"/CD$", despite being specific for an HLA-A2
binding peptide. The remaining 5 clones contained varying levels of both CD4 and CD8. The majority (19/21) of
clones expressed the o/B TCR, but interestingly, 2 clones expressed the y/8 TCR. Several of these clones could be

induced to secrete IFN-y in response to p369-377 peptide stimulation. Several clones also lysed HLA-A2-

transfected HER-2/neu-overexpressing tumor cells, including the y/6 TCR-expressing clones. Investigations such as
these demonstrate that ex vivo expansion and characterization of ovarian cancer-specific T cells is facilitated by
prior vaccination. Prior vaccination and improved ex vivo expansion techniques lay the foundation for testing of

adoptive T cell therapy in ovarian cancer patients.
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Redirection of peripheral blood naive T cells to recognize ovarian cancer antigens is also being evaluated.
In a current clinical trial (NCI 960011), advanced-stage ovarian cancer patients are being treated with escalating
doses of peripheral blood lymphocytes that have been genetically modified to recognize FBP. The trial is based on
extensive preclinical data evaluating the in vitro and in vivo efficacy of lymphocytes transduced with a chimeric
receptor encoding the antigen recognition domain of MOv18 antibody fused to the Fc receptor y chain [94, 95].
Initial studies tested the concept in vitro using tumor infiltrating lymphocytes (TIL) isolated from melanoma cancer
patients [94]. Melanoma-specific TIL could be redirected, with the chimeric receptor, to lyse and secrete cytokine
in response to FBP-overexpressing ovarian tumor cells. To test the in vivo efficacy, murine TIL were transduced
and used in adoptive transfer experiments in nude mice implanted with human ovarian cancers. A single dose of 10
to 30 million transduced T cells greatly improved survival by limiting tumor growth. The ongoing clinical trial
using this approach is testing the efficacy of intravenous infusion of retroviral-transduced peripheral blood
lymphocytes that are activated with the anti-CD3 mAb, OKT3 prior to infusion.

Intraperitoneal delivery of cytokines has shown to be efficacious in some patients with advanced disease.
The cytokines IFN-y, IFN-q, or IL-2 have all been examined for efficacy in a number of clinical trials. IFN-y
potentiates the ip. immune response by upregulating the expression of MHC class I and class IT on APC, T cells and
tumor cells [96]. Ip. IFN-y has produced complete responses in patients in whom previous chemotherapy had failed.
In one study, ip. IFN-y was givenas second-line treatment in patients with persistent disease at second-look
laparotomy [97]. Of 98 evaluable patients, 31 (32%) achieved a surgically documented response, including 23
patients (23%) with a complete response. The responses were generally better in younger patients (<60 years old)
with smaller tumors (<2 cm). IFN-y administration was very well-tolerated.

IFN-a. also has been extensively tested in patients with advanced, refractory ovarian cancer. IFN-o has
mechanisms of action similar to IFN-y. Initial»studies indicated that responses with ip. injection of IFN-o could be
achieved in patients with aggressive tumors. For example, Berek and colleagues evaluated 14 patients with
persistent ovarian disease following ip. treatment with 5 x 10° units IFN-a escalated over 4 weeks to 50 x 10° units
[98]. The high dose was then continued for an additional 16 weeks. Of 11 patients who underwent surgical
reevaluation, 4 had complete responses, one had a partial response, and disease progression was observed in 6
patients. If the patients were stratified according to tumor size, 5 of 7 patients with tumors of less than 5 mm

demonstrated surgically documented responses, while no responses were observed in patients with tumors greater
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than or equal to 5 mm. The responses were accompanied by increased ip. numbers of monocytes and lymphocytes.
These encouraging results led to a phase II trial treating 92 patients with residual disease of less than 5 mm [99].
Forty-six evaluable patients were stratified either to a platinum-sensitive group of 25 or a platinum-resistant group
of 21. None of the patients that demonstrated platinum resistance showed a clinical response. However, 4 (16%)
of the platinum-sensitive group demonstrated complete responses, 3 (12%) had partial responses and 8 (32%)
showed no response. The remaining 10 patients had progressive disease prior to planned surgical reevaluation.
These results suggested that future trials of IFN-a should be directed at a subset of patients with advanced stage
platinum-sensitive disease.

Intraperitoneal IL-2 has also been examined in patients with persistent disease following chemotherapy.
Edwards and colleagues reported the results of a Phase VI trial involving 45 patients [100]. Patients were treated
with 1 of 4 doses of IL-2 (6 x 10, 6 x 10°, 6 x 10%, and 3 x 107 IU/m?) given as either weekly 24-hour infusions or
continuous 7 day infusions. Of 35 assessable patients, 6 had confirmed complete responses and 3 had partial
responses. An assessment of survival revealed that patients with responses to IL-2 had prolonged survival.
However, clinical trials enrolling larger numbers of patients will be required to discern any overall improvement in
survival compared to those not treated with IL-2. On the whole, treatment with ip. cytokines appears to be effective
in subsets of patients. Although complete clinical responses remain relatively low, stratification of patients may
continue to improve our understanding of the mechanism of action of these agents and provide critical predictive
insight into what subsets of resistant patients may respond to immune-based therapies. The development of modern
genomic and proteomic techniques could elucidate the tumor characteristics that would predict a more favorable
response to therapy. Alternatively, the use of cytokines may be better suited for patients with no evidence of disease
or only microscopic disease. IL-2 is also being examined in combination with [FN-y or adoptive T cell therapy
[101, 102]. Strategies to reverse underlying tolerance or immunosuppression may improve efficacy when used in

conjunction with these agents.

V1. Conclusions
Ovarian cancer is an immunogenic tumor and numerous antigens have been identified in recent years.
Several of these antigens are important in regulating tumor growth and may be ideal targets for the development of

immune-based strategies. In the absence of immunologic intervention, tumors evade the immune system by several
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mechanisms, most notably tolerance and immunosuppression. As our understanding of the immune response

improves, strategies are being designed to circumvent T cell tolerance to self antigens through modulation of APC

function. In addition, techniques are being developed to identify reverse ovarian cancer-induced immune evasion

tactics. The type of the immune-based therapy to apply will vary with disease burden. Hopefully discoveries at the

bench along with lessons learned in prior clinical trials will soon allow us to develop rationally-based immunologic

strategies to treat and prevent ovarian cancer.
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CHAPTER 17

Immunotherapy for breast cancer

Keith L. Knutson, Michael R. Bishop,

1. Introduction

Immune-based therapies for the treatment of
breast cancer are now being designed to cir-
cumvent specific biologic problems that have
been identified in the native immune response
to breast cancer. Advances in basic immunology
over the past decade have changed the scope
and application of breast cancer immunotherapy.
Perhaps the most important advances are the un-
derstanding that human tumors are immunogenic
and the identification of tumor-specific antigens.
In fact, hundreds of immunogenic proteins have
been identified in patients with cancer using high
throughput technologies such as serological iden-
tification of antigens by recombinant expression
cloning (SEREX). More importantly, we have be-
gun to identify proteins that are immunogenic
in cancer whose function may be a causal com-
ponent in the malignant transformation. Thus,
immune-based therapies targeting these biologi-
cally relevant antigens may result in the eradica-
tion of tumor cell clones that drive the initiation
of malignancy.

The roles of the immune and tumor microen-
vironments in breast cancer greatly influence our
approach to the design of immunotherapies. Stim-
ulation of both cytotoxic T cell (CTL) and CD4
‘helper’ T cell immunity is critically important
for an effective antitumor response. In addition,
cells of the innate immune system such as nat-
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ural killer (NK) cells are likely to play an im-
portant role in a balanced antitumor response.
Cytokines and chemokines can both inhibit and
stimulate immune responses and tumor growth.
Moreover, the identification of the dendritic cell
(DC) and the understanding of its role in ini-
tiating immunity to cancer has not only led to
novel therapies for the treatment of breast can-

" cer, but has focused attention on the major role

of the antigen-presenting cell (APC) in initia-
tion or dampening of the tumor-specific immune
response. We now know that the tumor microen-
vironment is dynamic. Molecular dissection of
the evolution of the immune response occurring
against autologous tumors in patients with ad-
vanced stage melanoma has demonstrated that the
immune system is$ quite functional even in pa-
tients with significant existing tumor burden. In
fact, stimulating immunity in patients with mea-
surable disease may have beneficial effects in
immune augmentation. Apoptosis or necrosis of
tumor cells may be an efficient method of antigen
presentation for initiation of immune responses.
Likewise, the presence of antigen during the evo-
lution of the immune response may be instru-
mental in generating T cell clonal expansion and
epitope spreading, highlighting the occurrence of
natural antigen-processing and the generation of
endogenous tumor-specific immunity.

Finally, immune-based therapies are being ap-
plied clinically in different ways, both for treat-
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ment and prevention. Vaccines targeting tamor
antigens are increasingly being viewed and stud-
ied as chemopreventive agents designed to pro-
tect against cancer relapse or development. Estab-

lished disease i bemo treated with immune-based . b

therapies, such as adoptive immunotherapy or in-
fusion of T cells allogencic to host tumor cells
therapies. designed to maximize T cell precursor
frequencies. Thus, investigations of the immune
system at both the bench and bedside have led 1o
the development of rationally based immunother-
apies for the prevention and treatment of breast
cancer. Therapcutic approaches are now targeted
to specific alterations in the evolution of the breast
cancer-specific immune response. ' .

2. Breast cancer tumor antigens

Recent studies by several groups have identified
‘self” antigens, expressed on tumor cells, as tumor
antigens [1,2]. These proteins are not mutated in
any way, but are clearly immunogenic in patients
with cancer and have been shown to generate both
antibody and CTL responses in humans [1,3,4].
Many of these proteins are present at much higher
concentrations in malighant cells than in the nor-
mal cells with which they are associated [5). Gene
amplification results in overexpression of normal
cellular proteins ‘in cancer and is an etiologic
factor in the malignant transformation of many
solid tumors. Overexpressed oncoproteins are not
mutated and are distinct from their normal cotn-
terparts’ only by virtue of their greater concen-
tration in cancer cells. Intuitively, these proteins
would not be considered potential tumor antigens
as patients should be tolerant to self-proteins. The
recent finding, that many tumor antigens are self-
proteins, has resulted i a ‘paradigm shift’ [6].
The new paradigm includes self-proteins as tumor
antigens and tolerance induction as a powble
mechanism of immune escape. '

‘A multitude of self-tumor antigens are present
in breast cancer including, CEA, MUC-1, a vari-
ety of glycoproteins, p53, and MAGE-3 to name
a few. Of interest is the identification of im-
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munogenic proteins in breast cancer that are also

-important cell regulatory proteins. By targeting

the immune system to proteins that either initiate
or propagate the malignant phenotype, immune-

based therapies havé the potential to eradicate
the malignant clone. An example of two defined
tumor antigens that are involved in the carcino-
genic pathway of breast ‘cancer are the HER-
2/neu oncogenic protein and telomerase.

One of the most extensively described tumor
antigens in breast cancer is the HER-2/neu onco-
genic protein. HER-2/neu is a member of the
epidermal growth factor receptor famnily and is
a growth factor receptor [7,8]. HER-2/neu is a
transmembrane protein that consists of a cysteine-
rich extracellular domain that functions in ligand
binding ‘and a cytoplasmic domain with kinase
activity. In humans, the HER-2/neu protein is ex-
pressed during fetal development [9]. In adults,
the protein ‘is weakly ‘detectable in the epithe-
lial cells of many normal tissues by immuno-
histochemical staining. The HER-2/neu gene is
present in normal cells' as a single copy [9].
Amplification of the gene and/or overexpression
of the associated protein -have been identified
in many human cancers such as breast, ovarian,
prostate, non-small cell lung cancer, and colon
cancer and is associated with a poor prognosis.
The HER-2/neu oncogenic protein is also a tu-

‘mor antigen. Patients with different tumor types

that overexpress the HER-2/neu protein can have
both antibody [10] and T cell immunity directed
against HER-2/neu {11]. Existent immunity to
HER-2/neu in humans was initially described in
patients with breast cancer [3]. T

Telomerase is ‘a ribonucleoprotein - enzymie.
Normally telomerase maintains the telomeric ends
of chromosomes protecting them from degrada-
tion. Non-malignant cells do not express telom-
erase, but malignant celis have increased telom-
erase activity presumably resulting in immortal-
ization of the cell. The telomeric catalytic subunit
(hTERT) is the rate-limiting component of the
enzymic, and expression of hTERT correlates best
with telomerase activity [12]. Althou gh hTERT is
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a self-protein, CTL specific for peptides derived
from hTERT can lyse hTERT, expressing tumor
cells in an HLA-A2-restricted fashion. The ability
to recognize hTERT is within the realm of the
T cell repertoire [12]. The definition of biologi-
cally important and ubiquitons proteins as tamor
antigens in breast cancer alters our concept of
what characteristics of a protein make it immuno-
genic. No longer are tumor antigens defined by
unique mutations. The problem currently facing
tumor immunologists is how to harness immunity
to ‘self” for cancer therapeutics. Both the immune
and tumor microenvironments play an important
role in regulating tumor-specific immunity.

3. Role of the immune microenvironment in
regulating breast cancer immunity

Elucidation of breast cancer-specific immunity in
animal models has demonstrated that an effective
antitumor immune response will likely consist
of complex interactions among multiple cellular
and soluble immune effectors. Effector cells other
than CTL that may induce an antitumor immune
response include CD4* T cells, NK cells, NKT
cells, DC, and other ‘non-professional” APC such
as macrophages. Furthermore, many chemokines
and cytokines have been characterized that can
have profound effects on immune effector cells as
well as tumor cells.

CD8 or CTL have been’ thoucht to be major
mediators of antitumor immunity because they ex-
hibit direct killing of tumor cells in an MHC class
I-restricted fashion. In studies in breast cancer pa-
tients, CTL established in vitro demonstrate sig-
nificant levels of cytolytic activity against known
breast cancer antigens such as MUC-1 and HER-
2/neu [4,13]. In fact, similar to analyses per-
formed in melanoma, recent studies evaluating
the presence of class I molecules in breast cancer,
have shown that class I can be down-regulated
presumably due to immunoselection [14]. There-
fore, CTL specific for breast cancer antigens do
exist naturally in vivo in patients with breast can-
cer and may have a biologic effect on the tumor,

but clearly are not sufficient in eradicating cancer.
One problem with the pre-existent CTL response
may be a lack of magnitude. An evaluation of
immunity against the HER-2/neu antigen in pa-
tients' with advanced stage breast cancer suggests
that CTL precursor frequencies elicited by ex-
posure to tumor are low, less than’ 1:100,000
of circulating T cells [15]. Direct modulation of
the CTL immune effector arm is thought to be
key to a successful antitumor response. However,
recent developments suggest that CTL alone can-
not constitute a complete antitumor response and
that additional immune effectors such as CD4*
T cells are needed for comp!ctma the approprmte
immune miljeu.

The CD4* T cell is critical in controll.mg
the activation and persistence of the immiune re-
sponse against viral infections [16). The interplay
between CD8* and CD4* T cells in eradicat-
ing breast cancer has recently been évaluated in
the neu transgenic (neuTg) mouse. neuTg mice

“are transgenic for rat neu under control of the

MMTYV promoter and develop breast cancers sim-
ilar to those that occur in humans [17]. ‘Also, as
in humans, expression as a transgene confers im-
munologic tolerance to neu: The murine cancers
generally start as hyperplasia, progress to ductal

_carcinomas in situ, and finally to frank interduc-

tal carcinomas [17). Biologically relevant animal
models, such as this one, can significantly aid in
the definition of the functional components of the
breast cancer-specific immune tesponse as well
as identify methods of overcoming tolerance. Al-
though tolerant, neuTg mice ¢an be vaccinated
against ner and develop both neti-specific T cells
and neu-specific IgG [18]. The resulting iminine
response, after active iminunization, can delay the
onset of the spontaneous neu-mediated tumors.
In addition, depletion studies demonstrated that
not only aré CD8* T cells required for ‘thera-
peutic efficacy, but also CD4* T cells. In fact;
CD4+ T cell-depleted mice showed faster tumor
development than’ CD8"‘-dep1eted mice, suggest-
ing a dominant: role for neu- specific CD4t T
cells in eradicating the murine bréast caticers.
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Furthermore, to eradicate ncu transgenic tumors
implanted in SCID mice. both an infusion of neu-
specific CTL and neu-specific IgG were needed
[19]. The importance of CD4* T cells in the evo-
lution of the tumor-specific immune response is
underscored by recent studies demonstrating that
CD4* T cells can initiate a de novo CTL re-
sponse. Infusion of a tumor antigen-specific Thl
CD4* T cell clone resulted in the development of
a CD8" antitumor immune response, presumably
due to CD4* T cells secreting cytokines appro-
priate to enhance the function of local APC 1o
cross-present tumor antigen to endogenous naive
CD8* T cells [20]. Once a CD4* T cell becomes
activated a number of important events take place
to influence the immune microenvironment. In
addition to initiation of a CTL response, CD4"
T cells can also produce cytokines that attract
DC, macrophages, and eosinophils to promote an
inflammatory environment [21]. ‘As a resuit of es-
tablishing the necessity of CD4" T cell help in
the immune response, much interest has focused
on the identification of MHC class II binding epi-
topes of well-known human breast tumor antigens
such as HER-2/neu [22] and NY-ESO-1 [23,24]. .
~ Although the antigen-specific T lymphocyte
immune response is most often the focus of ex-
perimental and clinical investigation, cellular ef-
fectors of the innate immune system, such as

NK and NKT cells also can induce an antitu- -

mor response. NK cells can kill tumors through
a non-MHC-restricted mechanism. Newly defined
NKT cells can specifically lyse tumor cells bear-
ing glycolipid antigens. Inflammatory mediators,
such as IL-12, may exert their antitumor effects
through activation of NX cells. A murine model
of metastatic breast cancer was developed to eval-
uate the therapeutic efficacy of administration of
IL-12 in an adenoviral vector directly into liver
lesions. Lesions regressed with treatment in al-
most all animals and complete tumor rejection
occurred in 40% {25]. Cell subset depletion stud-
ies revealed that the antitumor effect seen with
IL-12 was mediated significantly by NK cells.
Although NK cells can possess direct antitumor
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cytolytic activity in vitro the role for the NK cell
in mediating tumor rejection in vivo is still un-

clear. In addition to their ability to directly kill

tumor, NK cells can also release a variety of
type I cytokines such as IFNy and TNFa which
influence development of the adaptive immune
response. oo

A newly identified cell of a novel lymphoid
lineage, the Vald NKT cell, introduces an ad-
ditional effector cell that may be important in
an antitumor immune response. The NKT cell
expresses typical NK cell surface receptors and
a semi-invariant T cell receptor (TCR) encoded
by Val4 and Ju281 [26]. The NKT cell is acti-
vated through recognition of glycolipid antigens
in association with CD1b, a MHC-like molecule
present on APC. NKT cells secrete predominantly
IL-4 and IFNy and may be important in regulat-
ing the Th1/Th2 cytokine phenotype during an
immune response [26]. Recently, Nishimura and
colleaguies have shown that CD1d* DC presenta-
tion of glycolipids to NKT cells can result in the
generation of lymphoma-specific CTL, suggest-
ing an important interface between the innate and
adaptive antitomor immune response [27]. Gly-
colipids, such as ceramides and gangliosides are
some of the most commonly studied breast cancer
antigens [28,29]. Indeed, glycosylation of glyco-
proteins and glycolipids is a molecular change
that often accompanies the malignant transfor-
mation of a breast cell [30]. In addition, CD17
DC are often observed in breast cancer biopsies
[30]. Therapeutic.infusion of NKT cells may be
uniquely suited for the treatment of breast cancer.

The cellular immune response can not be
elicited without effective APC processing and
presentation of tumor proteins to T cells. DC are
potent APC and are important in initiating a T

“cell response. DC. usually exist in peripheral tis-

sue in an immature state awaiting encounter with
antigen. Immature DC are proficient at antigen
uptake and processing but have no capacity to
activate T cells. Following exposure to antigen,
DC migrate to regional draining lymph nodes
(DLN) and it is during migration that DC at-
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tain the ability to present antigen, i.e. undergo
maturation. Antigen-specific T lymphocytes are
then stimulated by direct contact with the DC.
Although not well described for breast cancer,
most tumors fail to express MHC class 1I and
are, therefore, not direct targets of CD4* T cells.
The tumor cells would be immunogenic by other
means such as uptake of the tumor cell debris by
APC and ‘cross-priming’ [31]. The uptake. pro-
cessing, and presentation of exogenously derived
tumor antigens by DC, therefore, is important
for activation of CD4* T cells. DC can acquire
antigen by multiple means including endocytosis
of soluble protein and phagocytosis of tumor-
derived exosomes and apoptotic bodies [32,33].
Recent investigations have demonstrated that DC
are associated with breast cancer tissue. Studies
by Bell and colleagues have revealed that the mat-
uration state of the DC differs with proximity to
the breast cancer lesion [34]. Immature DC reside
within the tumnors, while mature DC are located in
peritumoral areas. The intratumoral localization
of immature DC suggests that apoptosis-inducing
or tumor necrotizing agents may be effective in
treating breast cancer as this may result in the
cross-preseiitation of tumor-specific antigen to
CD4* T cells. Indeed, Candido and colleagues
have recently observed that the level of tumor
cell apoptosis is positively correlated to the cffec-
tiveness of DC-based therapy of murme MT 901
breast carcinomas [35].

Cytokines released by both T cells and other
cells ‘involved in the inflammatory response
greatly influence the immune microenvironment.
Traditionally, T cell responses are categorized
into a type I, e.g. TNFa-, TFNy-secreting or
type I, e.g. IL-4-, IL-10- secreting phenotype.
Type I cytokine T cell responses are typically
associated with the development of ¢ell-mediated
immune response while type I cytokines lead
to the development of a humoral response ‘and
down-modulation of CTL. The interaction be-
tween cytokines and the stimulation of a T cell
response is complex. As an example, early stud-
ies demonstrating that IFNy could activate CTL,

[F%]
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macrophages, and NK cells as well as up-regulate
the level of MHC on a variety of immune effectors
suggested that this cytokine is a major mediator
of the antitumor immune response {36-39]. More
recent investigations in IFNy“’ ~ mice, however,
demonstrate that the function of IFNy in medi-
ating an antitumor immune responsé is complex.
IFNy‘”/ ~ mice were immunized with syngencic
tumor cells. Spleen cells from immunized mice
demonstrated antitumor activity, but when mice
were challenged with viable tumor, they were not
protected. T cell infiltration of tumor did not oc-
cur in the IFNy~/~ mice demonstrating that IFNy
was necessary for migration of both CD4" and
CTL to tumor sites [40]. Thus, a major influence
of IFNy at the tumor site may be as a chemoat-

tractant.

" NK cells are also targets of cytokines and che-
mokines as recently described in murine breast
cancer ‘models: Tt is well known that IL-12 can
dlrectIy mediate tumor killing. Many mechanisms
have been described for the effects of IL-12 in-
cluding increasing the local production of IFNy
and the inhibition of angiogenesis [41]. TL-12 is
also known to directly stimulate NK cells {25].
NK cells can also be activated by the chemokine
CKB-11 to kill breast cancer cells [42]. CKB-11
functions as a ¢heroattractant for many immune

effector cells including T cells, B cells, DC, and
NK cells [43—-45]. In a study by Braun and col-
leagues, CKB-11 was transfected and expressed
intratumorally in murine breast cancer. The re-

sultant tumor rejection mvolved both NK and T

Iymphocytes.

Recent studies have focused on the in Vivo
modulation of APC function by cytokines which
can act at many different levels including APC
differentiation [46], lifespan [47], migration [43],

and antigen presentation [48]. Several cytokines

are known to promote dendropoiesis, includ-
ing TL-12 and Fi3 ligand, both of which have

‘been shown to mediate tumor regression in vivo

[49,50]. While the administration of either IL-
12 or Flt-3 ligand increases the total number
of circulating DC, TL-12 promotes myeloid den-
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dropoiesis exclusively, while Flt3 ligand promotes
both myeloid and lymphoid dendropoiesis [46].
In 2 study by Esche and colleagues, the addi-
tion of both IL-12 and Flt3 ligand synergized the
expression of MHC class II, suggesting that anti-
gen presentation may be enhanced with combina-
tion cytokine treatment. Increasing the numbers
of DC in the draining lymph nodes can poten-
tiate immune responses. DC die rapidly upon
migration to the DLN, limiting the time of anti-
gen exposure and the resulting immune response.
A newly discovered TNF-related cytokine, TNF-
related activation-induced cytokine (TRANCE),
has been shown to enhance the lifespan of ex vivo
manipulated DC [47]. By increasing the lifespan
of antigen-presenting DC in the DLN, T cell re-
sponses to antigen were substantially increased
[47]. Cytokines can down-regulate immune re-
sponses as well. As an example, lysosomal pro-
teases of the cathepsin family are involved in pro-
cessing of antigen in the context of MHC class IL
IFNy modulates cathepsin activity in cells [S1].
Fieberger and colleagues recently examined the
effects of proinflammatory and anti-inflammatory
cytokines on the activities of cathepsin S and
cathepsin B in human DC [48]. Treatment of DC
with the proinflammatory cytokines TNFa and
IL-1B leads to a rapid increase in the levels of DC
cathepsin while the anti-inflammatory cytokine
IL-10 renders the DC incapable of up-regulation
of cathepsin. Coincidentally, IL-10 also reduces
the number of MHC class II antigen complexes
on the cell surface. Thus, cytokines can function
to enhance or dampen the breast cancer-specific
immune response in vivo.

4. Role of the tumor microenvironment in
regulating breast cancer immunity

Human tumors can suppress the development of
an immune response. However, even in advanced
stage cancer, immunosuppression in patients may
not be complete. In addition to the remarkable
plasticity and ability to change phenotype, tumors
can evade immune recognition by several mecha-
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nisms including tolerance, ignorance, inducing T

«cell dysfunction, and T cell death.

Tumor-specific immunity developing in a pa-
tient with advanced stage cancer is well docu-
mented. Coulie and colleagues recently published
a15-year chronology of immunologic studies of
a melanoma patient with multiple recurrences but
with a favorable clinical evolution due to im-
munologic intervention, both natural and pharma-
cological {52]. The findings provided key in vivo
evidence that the generation of an immune re-
sponse can potentially result in the breakthrough
of unrecognized variant tumor cells. The patient
initially presented with a primary melanoma that
was surgically removed. Following three relapses,

a cell line, MEL A by the patient, was established

from a subcutancous metastases and the patient
underwent repeated vaccinations with the cell line
and was disease-free for 4 years. This disease-
free interval was associated with strong antitumor
CTL response. CTL clones isolated from periph-

eral blood revealed several antigens produced by

MEL A cells could be recognized in association
with several HLA alleles. Eventually the patient
relapsed with a tumor that had lost a complete
HLA haplotype (A28-B44-Cw7). However, the
original antigens were still expressed on the tu-
mor. All of the CTL clones that were isolated
before the relapse were A28- and B44-restricted.

" The development of escape variants has yet to be

described in breast cancer, but as antigen-specific

- immune-based therapies are clinically tested eval-
vations of both antigen and immunostimulatory
aolecules on relapsed disease should be per-

formed. Studies such as this one demonstrate that
cancer patients can develop functional immune
responses but that tumors can evade restricted
immune responses. . ' - s
.. Tolerance to sclf-tumor antxgem is a major

.obst'tcle to overcome in the development of sig-

nificant tumor-specific immunity. Tolerance can
be mediated centrally and peripherally. Central
tolerance occurs when antigens are expressed
intrathymically resulting in deletion of the self- -
reactive T cells during early T cell differentiation
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[53]. Central tolerance is thought to delete pri-
marily high-affinity T cells that recognize domi-
nant peptide epitopes, while lower-affinity T cells
and those recognizing subdominant epitopes are
allowed to escape into the periphery. Central tol-
erance leads to irreversible loss of autoantigen-
reactive T cells by inducing apoptosis, and it is
only those autoreactive T cells that escape thymic
deletion that are of importance clinically. The T
cells that avoid thymic clearance, however, are
often tolerant or ignorant of tissues expressing the
target antigens. As tumor antigen-specific T cells
can be found in patients with cancer, it is clear
that the ability to recognize cancer antigens is
within the realm of the T cell repertoire and that
central tolerance is not complete. Peripheral tol-
erance occurs extrathymically and is mediated by
both deletional and non-deletional mechanisms
{54]. The T-cells that have been tolerized by
non-deletional methods are the focus of immune-
based antitumor therapies. A major non-deletional

mechanism of peripheral tolerance is anergy in-

duction.’ Anérgy induction of antigen-specific T
cells occurs by ‘multiple mechanisms. The best
understood méchanism of T cell anergy induction
is TCR signaling in the absence of co-stimulation.
Activation of T cells is thought to involve at least
two independent signals, one mediated through
the TCR : MHC complex and another through any
of a variety of co-stimulatory receptors on T cells
including CD28. Tumor cells, including breast
cancer, do not typically express receptors (e.g.
CD80) to these co-stimulatory molecules and may
be responsible foranergy induction. In fact, recent
reports demonstrate that even APC in the periph-
eral blood of early stage breast cancer patients
demonstrate decreased expression of CD80 and
CD86 [55]. Anergic T cells when rechallenged
with peptide-pulsed APC fail to proliferate and
have reduced cytokine release. Indeed, transfec-
tion of CD80 into' many tumors, including breast
cancer, can restore immune recogmuon and cause
growth arrest [56].

‘The recovery of ancrgic T cells and the reversal
of tolerance is critical to successful development
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of immune-based strategies for the treatment of
breast cancer. Although it is generally presumed
that self-reactive T cells are low-affinity by virtue
of tolerizing processes, recent evidence by Ohlen
and colleagues suggest that higher-affinity periph-
erally tolerized tumor-antigen-specific T cells
can be recovered following multiple rounds of in
vitro stimulation. Studies demonstrated that gag-
specific T cells could be isolated from mice trans-
genically engineered to express the Friend murine
leukemia virus protein, gag. within hepatocytes
[57]. The gag-specific T cells, after several in
vitro stimulations with repeated IL-2 administra-
tion, displayed CTL activity and were comparable
in affinity to the gag-specific T cells’ isolated
from the parental mouse, C57BL /6, in which gag
is a foreign antigen. These findings snggest the
potential for circumvention of tolerance and the
recovery of high-affinity tumor-specific T celh
using ex vivo techniques. :

Cytokines present within the tumor microenvi-
ronment can also promote T cell anergy, The im-
munoregulatory cytokine, IL-10, has previously
been shown to'induce a state of profound non-
responsiveness to mélanoma and alloreactive T
cells [58,59]. 1L-10 acts directly on T cells during
activation through CD28 and can be reversed with
exogenous IL-2 [60]. Molecularly, IL-10 inhibits
tyrosine phosphorylation of CD28 and associa-
tion of P13-kinase to CD28. These recent findings

suggest that the systemic and Tocally elevated lev-
els of IL-10 often found in cancer patients may
further contribute to tolerance to'tamor-associated
antigens. Little is known of the role of IL-10
in suppressing immunity to breast cancer; how-
ever, IL-10 levels are elevated in pancreatic [61]
and melanoma [62] cancer patients, and elevated
levels of IL-10 correlate with poor survival [62]. -

Tumors can also evade immune recognition by
immunologic ignorance, which reflects the inabil-
ity of naive antigen-specific T cells to recognize
tumor tissue. Ochsenbein and colleagues studied
immune surveillance against solid tumors and ob-
served that transplantation of tumor pieces into
micé grew readily. However, if the same tumor
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cells were injected as a single-cell suspension,

a protective cytolytic response was observed. It -

was observed that tumor growth correlated with
failure of tumor cells to reach the draining lymph
nodes and the absence of primed cytotoxic T
cells [63]. Ignorance to antigen-bearing tumor
is also observed in the OT-1 mice which are
transgenic for OVA-specific T cells.  Adoptive
transfer of naive OT-1 cells into OVA-expressing
tumor-bearing mice does not inhibit tumor growth
even though OT-1 cells are able to lyse OVA-
tumors in vitro. However, if the OT-1 cells were
pre-activated prior to transfer, tumor protection
was observed. Additionally; mice vaccinated with
OVA-pulsed APC (i.e. cross-priming) could acti-
vate naive OT-1 cells, which could protect against
tumor. These results demonstrate that ignorance
plays an important role in tumor evasion and that
therapeutic intervention to activate tumor-specific
T cells is necessary to overcome ignorance. Thus,
while some tumors may anergize T cells, others
may avoid immune recognition through ignorance
[64]. :

Tumors can induce T cell dysfunction and
even death. The CD95/CD95L (Fas/FasL) sys-
tem plays an important role in limiting the im-
mune response. CD95/CD95L interactions result
in apoptosis of CD95-expressing célls mediated

by crosslinking of CD95 by CD95SL. Muschen

and co]]éagues studied 40 breast malignancies for
the expression of CDI9SL [65]. They observed that

CD95L expression was positively correlated with -

the grade of malignancy, with stage IV disease
showing the highest rate of expression. In addi-
tion, in histologic analysis, they found that T cells
within close proximity of tumor cells were pre-
dominantly apoptotic. The authors concluded that
tumor cell-induced apoptosis of tumor-associated
T cells is a potential mechanism of immunosup-
pression in breast cancer. To test this hypothesis,
the investigators, in a separate study, examined
apoptosis of Jurkat T cells following exposure
to breast cancer cell lines [66]). They observed
that the rate of apoptosis of Jurkat T cells was
positively correlated with the levels of CD95L
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expressed on the tumor cell lines. Apoptotic ef-
fects were also enhanced by the addition of IFNy
suggesting a detrimental effect of this cytokine
at the tumor site. Moreover, in cancer patients,
depletion of CD4* and CD8* T cells in the pe-
ripheral blood was significantly correlated with
CD95 expression, suggesting both systcmxc and
local immunosuppression.

Another mechanism of tumor-associated T cell
dysfunction is acquired impairment in the signal-
ing ability of the T cells. For example, in one
study'9 of 14 breast cancer patients had impaired
levels of one or more signaling molecules: zeta-
chain, ZAP-70, p56ick, and MAP kinase phos-
phatase I [67]. This generalized immunosuppres-
sion is, at least partially, mediated by the accu-
mulation of immature myeloid cells, Gr-1* [68].
The TCR zeta-chain can be reduced in T cells
by direct contact with Gr-1* myeloid cells [69].
More recently, Gabrilovich and colleagues found
that Gr-1* cells purified from tumor-bearing mice
directly inhibited tumoi-antigen-specific CD§ T
cells and had no impact on tumor-antigen-specific
CD4* T cells [70]. The effects of Gr-1* cells
depended on direct contact of the T cells with the
Gr-1* - cells and could be abolished by inclusion
of APC maturation factors (e.g: GM-CSF). These
results suggest that therapies designed to promote
the differentiation of myeloid cells, and hence, re-
verse zeta chain defects may improve the success
of therapncq targeting activation of tumor—speuﬁc
T cells. : o

5. Immune-based strategies in minimal disease

Vaccine strategies for breast cancer are currently
being designed to overcome tolerance and gen-
erate lasting immunity. As more effective im-
munization techniques are developed, the clinical
application of breast cancer vaccines is being fo-
cused on patients with minimal disease. Vaccines
targeting breast cancer are often administered in
the presence of bulky disease and have had limited
therapeutic succéss. Extrapolating from applica-
tion of active immunization in infectious diseases,
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vaccines such as those targeting chicken pox or
influenza are given in the absence of infection and
have only limited efficacy if administered after
exposure to the pathogen. The goal of vaccination
against breast cancer may be to elicit significant
immunologic memory capable of rapidly expand-
ing an antigen-specific T cell population in the
presence of low levels of antigen encountered
during cancer onset or early relapse. Indeed, vac-
cination against breast cancer will likely only be
effective when disease is either absent or below
the limit of detection. The two primary reasons
for vaccinating in the absence of bulky disease
are (1) patients with existing disease are often
immunosuppressed, and (2) the response to re-
peated vaccination in the absence of disease is
limited and reaches a plateau level that is in-
sufficient to eradicate existing malignancy before
death occurs.

However, vaccination in the presence of some
tumor may be beneficial during generation -of

the immune response due to epitope spread-

ing, apoptosis, and necrosis of tumor cells. Epi-
topc spreading is ‘an amplification of the im-
mune response that results from extending im-
munity from one antigen to other . secondary
antigens also expressed by the tumor cells. Epi-
tope, or determinant spreading. is a phenomenon
first described in autoimmune diseases including
Theiler’s murine encephalomyelitis virus-induced
demyelinating disease, murine experimental au-
toimmune encephalitis, and diabetes in non-obese
diabetic mice [71]. It is thought that initiating
an immune response against a single antigen can
elicit inflammation that leads to tissue damage.
Tissue ‘debris is taken up and other tissue anti-
gens are cross-presented by APC to CD4* T
cells in the regional lymph nodes. These newly
recruited antigen-specific CD41 T cells could fur-
ther exacerbate tissue destruction. In the setting
of minimal residual tumor, inflammation-at the
tumor site induced by vaccination could poten-
tially broaden the immune response’ as is seen in
autoimmune disease. Although previous observa-
tions of epitope spreading have been confined to
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the CD4t immune effector arm, recent studies
by Markiewicz and colleagues demonstrated that
epitope spreading can occur following immuniza-
tion with MHC class I-restricted peptides in the

P81S tumor model. They observed that immu-

nization against a single MHC class T-restricted
peptide resulted in rejection of both PIA™ tumors
and P1A~ tumors [72]. Analysis of the CTL re-
sponse revealed that PIA* immunization resulted
in intermolecular epitope spreading of the im-
mune response to another P815 tumor antigen,
PIE. Thus, epitope spreading is a phenomenon
applicable to both the CD4* and CD8" T cells.
These results suggest that broadening the immune
response with epitope spreading in the presence
of tumor could potentially result in the generation
of immunity that may minimize the emergence of
antigen-loss variants [72].

~.Vaccination. strategies to succesqfully immu-
nize against breast cancer are varied.-All tech-
niques focus on enhancing the immunogenicity of
the tumor cell' or of a particular breast cancer-
associated antigen. Vaccines that have been trans-
lated to the clinic include intact tumor cells
transfected with co-stimulatory molecules to:en-
hance immunogenicity, ‘glycoprotein-based vac-
cines given directly after the administration of
drugs such as cytoxan to alter the immune mi-
croenvironment, and protein-based vaccines ad-
ministered with multiple adjuvants to-create local
inflammatory responses to augment the function
of APC [73]. Methods of immunization that di-
rectly address the inadequacies of the pre-existent
immune response to breast cancer are more likely
to result in- successful immunization. One area
of vaccine development, focused on augmenting
APC function, is the use of DC as Vaccme ad_yu—
vants. :

- Much attention ha'; been focused on the acti-
vation of DC during vaccination since DC initiate
and sustain' T cell-mediated immune responses.

“Target antigens can be ‘delivered directly to ex

vivo cultured DC followed by subsequent ‘injec-
tion of the DC-based vaccine."DC can also ‘be
modulated in vivo by using adjuvants that tar-
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get DC such as GM-CSF. Ex vivo generation of
antigen-pulsed DC has been used extensively in
vaccination strategies and can result in the gen-
eration of substantial long-lived immunity [74].
For example, Brossart and colleagues conducted
a small phase I/I1 trial to assess both the clinical
and immunologic consequences of vaccinating
breast and ovarian cancer patients with one of
two vaccines consisting of ex vivo derived DC
pulsed with either the HER-2/neu HLA-A2 pep-
tides or MUC-1 HLA-A2 binding peptides [75].
Of 10 patients immunized, 5 developed peptide-
specific responses as assessed by staining for
intracellular IFNy production by T cells. The
peptide-specific T cells were also able to lyse
HLA-matched HER-2/neu overexpressing tumor
cell lines. Furthermore, in some of the respond-
ing patients, intermolecular epitope spreading oc-
curred to CEA and MAGE-3, both of which are
aberrantly expressed in some breast cancers, in-
dicating potential inflammation at the tumor site
as a result of vaccination. Vaccination resulited in
partial regression in one patient and disease stabi-
lization in another two patients. The disappointing
clinical results are consistent with results of other
trials and support the hypothesis that vaccines
will likely be more efficacious in disease preven-
tion rather than treatment of existing macroscopic
disease. , c o

Although the results of vatious DC immuniza-
tion trials appear promising, the procedures used
for isolating and loading DC are tedious and not
yet broadly applicable to clinical practice [76].
The disadvantages of using DC loaded or pulsed
with tumor-associated antigens include the uncer-
tainty regarding the longevity of antigen presenta-
tion, the HL.A restriction by the patient haplotype,
and the relatively low number of known MHC
class I, and in particular. MHC class I T-helper
related epitopes. Whole tumor cell preparations
such as tumor lysates, -apoptotic tumor cells, or
DC~tumor cell fusions depend on the availability
of tumor cells. In addition, the cytokines used in
vitro to expand DC may affect their phagocytic
activity and ability to migrate to DLN [77]. Given
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the problems with ex vivo generation of DC, a
potential solution to the difficulties of DC culture
would be to mobilize DC in vivo. Langerhans
cells (LC) are skin DC and are the most effec-
tive APC present in the skin. The soluble factors
present in the dermis that recruit and mature skin
DC, LC are well known {78]. Similar to other
APC, the LC role is to recognize, internalize, and
process antigen encountered in the skin and to
transport antigen to the DLN for T cell recogni-
tion.-As LC move from the skin to the DLN they
lose their ability to process antigen and express
high levels of MHC and co-stimulatory molecules
such as CD80 and CDS86 [78]. The functional
maturation of LC is affected by epidermal cy-
tokines, in particular GM-CSF, IL-18, and TNFa
and by stimulation with antigen mediated, in part
by co-stimulatory molecules.

GM-CSF. administered intradermally, can act
as ‘a recruitment and maturation factor for LC
[79,80). GM-CSF, as an adjuvant can mobilize
skin DC in vivo and has been used in vac-
cines targeting patients with breast cancer. Our
laboratory has been conducting phase I clini-
cal vaccine trials using peptide-based vaccines in
breast and ovarian cancer patients ‘with HER-
2/neu-overexpressing tumors:{74].. The ‘HER-
2/neu peptide-based vaccines consisted of HLA-
class 11 binding peptides admixed with GM-CSE
Our initial clinical vaccination strategies ‘have
concentrated on eliciting a CD4* T helper re-
sponse; vigorous T -helper response may serve to
augment the production of HER-2/neu antibodies
and/or HER-2/neu-specific CTL, both of which
could be therapeutic. In addition, CD4* T cells
play a major role in the maintenance of immuno-
logic memory. Patients were immunized once a
month for 6 months, and 38 patients completed
the planned six vaccinations [81]. The major-
ity of patients could be immunized to at least
one -of the peptides in their vaccine, indicative
of immune competence of the selected popula-
tion. In addition, over half of the patients devel-
oped HER-2/neu protein-specific immunity after
peptide immunization. The HER-2/neu protein-
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specific T cell responses were similar in magni-
tude to responses generated to a foreign antigen,
keyhole limpet hemocyanin. An interesting find-
ing of this study was that greater than 75% of
the patients who completed the course of vaccina-
tions developed intramolecular epitope spreading
to HER-2/neu peptides not contained within their
vaccine preparation. Strikingly, epitope spread-
ing was significantly associated with the devel-
opment of HER-2/neu protein-specific immunity,
consistent with the notion that epitope spreading
is a function of natural endogenous processing of
antigen [81]. In addition, immunity to HER-2/neu
protein was durable and lasted for at least 1 year
following the end of the vaccinations. An addi-
tional arm of the study evaluated immunization
of patients with helper epitopes that encompassed
within their natural sequence HLA-A2 binding
motifs. The rationale for this approach is that
CD4% T cell help is required for the generation of
CD8* T cell responses that are long-lived. We ex-

amined immune responses to both the helper and

HLA-A2 peptides in HLA-A2 patients selected
to receive this vaccine formulation. The majority
of patients developed both HER-2/neu peptide-
and protein-specific T cell immunity. Peptide re-
sponses could be identified to both the longer
class II epitopes as well as the HLA-A2 binding
peptides. The peptide-specific CD8" T cells were
able to lyse HLA-matched HER-2/neu expressing
tumor cells, and significant precursor frequencies
persisted for greater than 1 year. These results
demonstrate that durable T cell immunity can
be generated -in breast cancer patients and that
vaccines can be developed that are capable of
stimulating natural processing and presentation of
antigen in vivo.

6. lmmune—based strategies in advanced
disease -

The role of breast cancer vaccines may be in
preventing cancer relapse or even, eventually, the
development of tumors. However, the use of can-
cer vaccines as a treatment modality in eradicating
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established malignancy is questionable. Extrapo-
lating from infectious disease models, T cell pre-
cursor frequencies after influenza immunization
may range from 1:25, 000 to 1:5000. However,
during an active infection, the antigen-specific T
cell precursor frequency may achieve levels of
1:50 circulating T cells. Immune-based -strate-
gies in advanced stage breast cancer must focus
on increasing the tumor-specific T cell precursor
frequency to a therapeutic rather than protective
level. Examples of therapeutic interventions that
may potentially be effective in eradicating exist-
ing breast cancer include antigen-specific adop-
tive T cell therapy and the generation of a mixed
chimerz in vivo stimulating a graft .vs. tumor
effect via allotransplantation. -

The primary purpose of adoptive T cell thcmpy
is to augment T cell responses over and above that
achievable by vaccination alone. Clearly, vaccina-
tion can increase the number of immune T cells
capable of recognizing and responding to anti-
gen, Repeated vaccination further increases the
number of immune effector cells, but eventually
a platean of responsiveness is reached and re-
peated immunizations do not appreciably change
this value [82]. Adoptive immunotherapy may al-
low levels of immunity to be achieved which may
mediate an antitumor response. ‘Adoptive trans-
fer of T cells has resulted in the infused cells
representing as many as 1:2 of the host’s lym-
phocytes [82]. Experiments in a murine model of
breast cancer have shown that vaccination alone,
in the neu-transgenic mouse, is effective only for
prevention of disease and not treatment of es-
tablished malignancy [73]. Mice, vaccinated with
a neu-specific peptide-based vaccine, are able to
resist a tumor challenge following the course of
immunization. In contrast, if vaccination is started
on the same ‘day as a tumor implant is placed,
tumors grow at the same rate in vaccinated as
in control mice. Therefore, in vivo expansion of
antigen-specific T cells must be limited or even
suppressed. One potential method of increasing
the number of antigen-specific T cells to the level
needed to eliminate tumor is to expand T cells
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ex vivo followed by reinfusion. T cells derived
from neuTg mice immunized against neu were
expanded in vitro with neu peptides [73]. The
neu-specific lymphocytes were then infused into
tumor-bearing mice resulting in tumor regression.
Splenocytes from non-immunized animals were
infused as a control and had no antitumor ef-
fect. Although adoptive immunotherapy has been
successful in eradicating established disease in
animal models of breast cancer [73] the approach
has not been successfully translated to human
clinical trials. Obstacles to the development of
successful T cell therapy for human breast cancer
have been the lack of (1) defined tumor antigens
which would allow expansion of antigen-specific
T cells, (2) a detailed understanding of the in
vitro expansion requirements of T cells which
would allow the generation of maximal numbers
while retaining optimal antigen-specific function,
and (3) understanding the in vivo environment
necessary for sustaining expansion in vivo, ‘Over
the last several years, several breast cancer tumor
antigens such as HER-2/neu have been defined by
virtue of a pre-existent immune response against
that antigen in cancer patients [3,10,83). In addi-
tion, the cytokine environment needed to expand
a functional antitumor population and sustain it in
vivo has been clucidated to some degree [82]. -

- Recent studies have shown that it is technically

feasible to readily expand breast antigen-specific
T cells from patients who have been immunized
with breast cancer vaccines [84]. The ease of ex
vivo isolation and expansion may be related to a
starting precursor frequency that has been boosted
by vaccination [85]. As an example, a patiént
developed a significant increase in CD8% pre-
cursor frequency to HER-2/neu HLA-A2 bind-
ing peptide, p369-377, after active immunization.
Following vaccination, T cell clones specific for
p369-377 were isolated by limiting dilution and
characterized. A total of 21 p369-377 clones
were generated from this patient. ' With the ex-
ception ‘of -two clones, all clones were CD3*.
Eleven of the clones were CD8%/CD4~. Nine
of the clones were CD4*/CD8~, despite being
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specific for an HLA-A2 binding peptide. The re-
maining five clones contained varying levels of
both CD4 and CD8. The majority (19/21) of
clones expressed the a/p TCR, but interestingly,
two clones expressed the y/8 TCR. Several of
these clones could be induced to secrete TFNy in
response to p369-377 peptide stimulation. Sev-
eral clones could lyse HLA-A2-transfected HER-
2/neu-overexpressing tamor cells, including the
y/% TCR expressing clones. A similar report by
Reddish et al., demonstrates that ‘breast cancer
patients can generate MHC class I-restricted CTL
against MUC-1-expressing adenocarc¢inomas fol-
lowing vaccination with a MUC-1 helper peptide
[86]. Investigations such as these demonstrate
that ex vivo expansion and characterization of
breast cancer-specific T cells is most likely facil-
itated by vaccination and may lay the foundation
for the ‘use of antigen-specific T cell infusions
for the treatment of advanced stage breast can-
cer. - : : EE o
" Another “thérapentic intervention that ‘may
greatly increase the tumor-specific ‘T cell pre-
cursor frequency is allogeneic hematopoietic stem
cell transplantation (alloHSCT) [87]. AlloHSCT
has ‘been very effective in treating hematopoi-
etic malignancy, and a significant part of the
curative ‘potential of alloHSCT is due to reac-
tivity ‘of ‘donor immune cells against host or
tamor cell antigéns referred to as the ‘graft-
versus-leukemia’ or ‘graft-versus-tumor’ (GVT)
effect [88—90]. The most compelling evidence for
a"cell-mediated GVT effect ‘comes from recent
observations that the infusion of allogéneic lym-
phocytes, or donor lymphocyte infusion (DLI),
results in the remission of leukemnic cells with-
out any further cytotoxic therapy in patients who
experienced relapse of disease after a traditional
alloHSCT [91,92]. The efféctiveness of DLI in
inducing the remission of recurrent malignancy
has been demonstrated for almost all hematologic
malignancies  although its efficacy varies ‘across
tumor subtypes [93,94].

Due 'to the success of allooenmc transplzmt
in mediating an antitumor effect in hematopoi-
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etic cancers, studies have been initiated inves-
tigating the approach in solid tumors such as
breast cancer. Morecki and colleagues studied
the effect of allogeneic adoptive T cell therapy
on tumor growth in a murine transplant model
using the 4T1 mammary carcinoma cell line, H-
29 [95). Inoculation of 4T1 cells into syngeneic
mice, BALB/c or (BALB/cXC57BL/6)FI, both
of an H-2¢ background, resulted in the develop-
ment of lung tumors. Sub-lethally irradiated F1
mice were inoculated with 4T1 cells to simulate
minimal residual disease. Mice then received im-
munocompetent splenocytes derived from naive
F1 mice, BALB/c mice that were syngeneic to
the tumor but semi-allogeneic to the host, or
from C57BL/6 mice that were allogeneic to the
tumor and semi-allogencic to the host. The sur-
vival of F1 tumor-bearing mice that were treated
with allogeneic C57BL/6 splenocytes was signif-
icantly prolonged, as compared {o mice given F1
or BALB/c-derived splenocytes syngeneic to 4T1
tumor cells. Furthermore, an efficient GVT reac-
tion was demonstrated in vitro and in vivo with
MHC-mismatched DBA/2 splenocytes from mice
pre-sensitized by multiple injections of irradiated
tumor or BALB/c-derived spleen cells [96].
Investigators at the National Cancer Institute
used a murine metastatic breast cancer model
to determine whether allo-specific donor CD8*
CTL of type 2 cytokine phenotype (Tc2 cells)
mediate a GVT effect with reduced GVHD, as
compared to allo-specific donor CD8* CTL of
type 1 cytokine phenotype (Tcl cells) [97]. A
parent-into-F1 transplant model was established
using B6 H-2%, stem cell and T cell infusions into
irradiated CB6F1 hosts, H-2°/9. Mice were inoc-
ulated with an MMTV breast cancer line, TSA
H-2¢. Both Tc1 and Tc2 subsets lysed allogeneic
targets, including the TSA breast cancer line. On
average, transplanted mice receiving tumor but
no donor T cells, died of tumor at day 29 after
transplant. Transplant recipients co-injected with
tumor and Tcl cells or Tc2 cells demonstrated
a statistically significant prolongation ‘of survival
relative to controls. The GVT effect, mediated by
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the Tcl cells, was associated with histologic evi-
dence of severe GVHD in all major target organs.
In marked contrast, Tc2 recipients had greatly re-
duced histologic GVHD. These data indicate that
immunocompetent cells allogeneic to the mam-
mary carcinoma cells weré able to inhibit tumor
development in the primary host and to prevent
tumor growth in the adoptive recipient, which
suggests that allogeneic cell therapy may be an
efficient antitumor therapy for breast cancer.
Although alloHSCT -has shown promise as 4
therapeutic strategy in advanced stage renal cell
carcinoma [98], whether the modality has rele-
vant clinical implications in patients with breast
cancer is still upknown but there is anecdotal
clinical evidence to support this possibility [99-
101]. Eibl and colleagues reported a 32-year-old
woman with inflammatory breast cancer who re-
ceived an allogeneic bone marrow transplant from
an HLA-identical sibling [99]. The myeloablative
conditioning regimen consisted of cyclophospha-
mide, thiotepa, and carboplatin. Resolution of the

patient’s liver metastases was observed simultane-

ously with the development of clinical GVHD in
the first weeks after transplant. CTL, derived from
the patient, were tested in a chromium-release
assay against B and T lymphocytes of the pa-
tient and donor collected prior to transplant as
well as against a panel of breast cancer cell lines.
The T cells recognized host cells but not HLA-
identical donor cells. Recognition was MHC class

1 antigen-restricted. In addition, minor histocom-

patibility antigen (MiHA)-specific and MHC class
I antigen-restricted cytotoxic T lymphocytes rec-
ognizing breast cancer cells were isolated from
the peripheral blood of the patient. Four of eight
breast cancer lines were recognized by CTL; three
of them shared the HLA antigens HLA-A2, B44,
and DR1. Similarly, Ueno and colleagues treated
10 metastatic breast cancér patients with high-
dose chemotherapy (cyclophosphamide, -BCNU,
and thiotepa) and alloHSCT [100]. All patients
engrafted and had hematologic recovery. Shortly
after transplantation, one patient achieved a com-
plete remission, -five achieved ‘a partial remis-
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sion, and four had stable disease. In two patients,
metastatic liver lesions regressed with the onset of
acute GHVD, suggesting a GVT effect.

These studies suggest a possible GVT effect
in breast ‘cancer; however, the results are not
definitive and there is significant concern over
subjecting patients to the potential risks associ-
ated with conventional allogeneic transplantation.
These potential risks include GVHD and major
organ dysfunction as a sequelae of myeloablative
preparative regimens. The demonstration that an
immune-mediated GVT effect plays a central role
in the therapeutic efficacy of alloHSCT has led to
the development of less intense conditioning reg-
imens' which are adequately immunosuppressive
to permit the engraftment of donor hematopoi-
etic stem cells. A variety of non-myeloablative
conditioning regimeris have been reported [102-
107]. All regimens share the similar goal of pro-
viding sufficient immunosuppression to achieve
allogeneic donor engraftment ‘while attempting
to minimize toxicity. Rizzieri and c¢olleagues
at Duke University have recently reported ini-
tial results- using non-myeloablative’ alloHSCT
in the setting of metastatic breast cancer [108).
Following a ‘conditioning regimen of Campath
1H, fludarabing, and cyclophosphamide, five pa-
tients with metastatic breast cancer underwent

alloHSCT. At a median follow-up of 90 days,

three patients had been observed to have a partial
response after transplantation. At the time of this
report, four of the five patients had maintained a
partial response or stable disease. : :

Several observations can be made from these
early trials. The data indicate that engraftment of
donor hematopoietic stém cells may occur with
both fludarabine- and radiation-based regimens.
However, as shown in other studies, there is great
variability relative to the degree of donor engraft-
ment, and graft réjection is a sighificant problem
[102,109].- Although these regimens have pro-
vided many of the anticipated advantages, many
of the problems that have been associated with
myeloablative alloHSCT persist, e.g. GVHD, and
will have to be addressed in future trials.
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7. Conclusions

Breast cancer is an immunogenic tumor. Patients
develop immune résponses against specific pro-
teins reguldting the growth of their tumors, but
the immunity that occurs endogenously is not ef-
fective for tumor eradication. Both the immune
microenvironment and the tumor microenviron-
ment influence the initiation and propagation of
breast cancer-specific immunity. As the complex
interplay between T cells, cytokines, APC, tu-
mor cells, and other immune effectors is unrav-
eled, immunothérapy targeting breast cancer can
be more rationally designed. Clinically, the ap-
plication of immune-based treatment to breast
cancer is dictated by stage of disease. Recent
clinical studies are demonstrating the generation
of immune responses after active immunization.
Hopefully, advances defining immunity to breast
cancer at the bench will result in similar successes
in the application of the immunotherapies in the
clinic. R = S

8. Abbreviations

APC . antigen presenting cell

CTL cytotoxic T cell -

DC dendritic cell

DLN - draining lymph node
HLA  -human leukocyte antigen

IFN interferon T

IL ° ° interleukin®

MHC " majorhistocompatibility

MUC  mucin - - - ©

NK . -natoral killer” "

NKT natural killer T cell

neuTg  'neu-transgenic =~

TCR T cell receptor

TNF tumor necrosis factor
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ABSTRACT

Prolonged administration of HER-2/neu-specific monoclonal antibody therapy is now widely
used for the treatment of HER-2/neu-overexpressing tumors in advanced-stage breast cancer
patients. Monoclonal antibody therapy has the potential to promote reduced tumor expression of
HER-2/neu by receptor down-modulation and/or the generation of antigen-negative variants.
Loss of antigen by either mechanism could potentially impact subsequent therapeutic strategies
targeting HER-2/neu  In this study the effects of chronic neu-specific monoclonal antibody
therapy on tumor growth and neu protein expression were examined in a murine model of neu-
overexpressing breast cancer. Treatment of neu-overexpressing tumors with neu-specific
antibody, in vitro or in vivo, resulted in significant tumor growth inhibition. When neu antibody
was used to treat neu-overexpressing tumor cells both in vitro and in vivo in tumor-bearing mice,
neu receptor expression was not diminished after cessation of therapy. However, in the setting
of clinically undetectable disease in a minority of animals, antigen-negative variants were
generated. An understanding of the effects of monoclonal antibodies on target antigen
expression is critical for the future design and testing of novel HER-2/neu targeted therapies
administered in combination with or following HER-2/neu-specific monoclonal antibody

therapy.




INTRODUCTION

HER-2/neu is an oncoprotein that is commonly overexpressed on a variety of different types of
tumors. Approximately 20-30% of human breast cancers overexpress HER-2/neu. Patients with
HER-2/neu-overexpressing breast cancer have poorer overall survival rates and shorter times to
disease progression than compared to patients whose tumors do not overexpress HER-2/neu (1).
HER-2/neu is also associated with increased resistance to chemotherapy (2). Because of these
clinical characteristics of HER-2/neu protein expression in tumors, great effort is being applied

to developing therapies that specifically target HER-2/neu.

HER-2/neu-specific monoclonal antibody (i.e. trastuzumab) therapy has recently been approved
for clinical use and is now a standard of care for the treatment of advanced breast cancers that
overexpress the HER-2/neu oncoprotein (3). Other emerging HER-2/neu-targeted therapies
therefore will most likely be tested in combination with anti-HER-2/neu monoclonal antibody
therapy. In general, monoclonal antibody therapy can the alter the cell surface expression of the
target antigen by one of two major mechanisms. The first mechanism is receptor down-
modulation, a process by which antibody induces internalization and degradation resulting in
reduced or nonexistent expression of the receptor at the cell surface. This mechanism is rapid,
occurring within minutes, and is reversible upon removal of antibody (4). The second
mechanism is antigen-negative variant selection which results in the outgrowth of a cell
population that permanently expresses little or no receptor. The development of neu antigen-
negative variants after successful monoclonal antibody therapy would have a great impact on the

clinical efficacy of subsequent neu-directed therapies.




In this study, we evaluated the effects of multiple doses of neu-specific antibody on tumor
growth and assessed the impact of the therapy on neu protein expression (5). The growth
inhibitory effects of anti-neu antibody, 7.16.4, were evaluated in a transgenic (neu-tg) mouse

model of neu-overexpressing breast cancer in various disease settings from minimal disease to

advanced established malignancy.




MATERIALS AND METHODS

Animals. A colony of neu-transgenic (neu-tg)’ mice [strain name: FVB/N-TgN
(MMTVneu)202Mul] was established from breeder pairs obtained from Charles River
Laboratory (Bar Harbor, ME) (5). The mice harbor the non-mutated, non-activated rat neu
proto-oncogene under control of the MMTV promoter. Only female mice, 8-12 weeks old, were
used for experimentation. Animal care and use was in accordance with the University of

Washington institutional guidelines.

Reagents. Fetal calf serum (FCS) was obtained from Gemini Bioproducts (Woodland, CA).
RPMI-1640, PBS, penicillin-streptomycin, and L-glutamine were obtained from Gibco-BRL
(Grand Island, NY). Monoclonal antibody 7.16.4, a mouse IgG2a antibody reactive with the rat
neu oncogene-encoded p185 molecule was generously provided by Dr. Mark Greene and has
been previously described (6). Rat anti-mouse IgG-FITC antibody was obtained from
Pharmingen (San Diego, CA) and 4G10 antibody was obtained from Upstate Biotechnology Inc.
(Lake Placid, NY). Rabbit anti-neu antibody (Ab-1) was obtained from Oncogene Research
Products (Cambridge, MA). Enhanced chemiluminescence reagents and ECL film were from
Amersham International (Oakville, Ontario).  Ethylenediaminetetraacetate acid (EDTA) was
obtained from Ambion (Austin, TX). The protein quantification kit, Proteinpc, was obtained

from BioRad (Hercules, CA).

3 The abbreviations used are: monoclonal antibody, monoclonal antibody; neu-tg, neu-transgenic; MMC, murine

mammary carcinoma; ANV, antigen negative variant.




Cell lines. Mouse mammary carcinoma (MMC) cell line was established from a spontaneous
tumor harvested from the neu-tg mice. MMC cells were grown and maintained in RPMI
sﬁpplemented with 20% FCS as well as penicillin/streptomycin and L-glutamine. Antigen
negative variant (ANV) is a cell line derived from a neu-loss variant tumor and is maintained in

culture identical to MMC.

Tumor growth in vitro and in vive. For in vitro experiments 1.0 x 10° MMC or ANV were
plated in 6 well plates with media alone, mouse IgG2a (Sigma Aldrich, St. Louis, MO), or
various doses of 7.16.4. Cells were harvested with a NaCl solution (0.8%) with 2 mM EDTA,
washed, counted, and prepared for flow cytometry or western blot analysis. For in vivo tumor
growth, MMC cells were harvested using 2 mM EDTA and washed prior to injection. Eight to
twelve week old female neu-tg mice were inoculated with 6 x 10® MMC cells subcut.aneously on
the right mid-dorsum with a 23-gauge needle, which is a dose of tumor cells that consistently
results in the development of tumors in 100% of neu-tg mice. Tumors were measured every
other day with vernier calipers and tumor size was calculated as the product of length x width.
Data are presented as mean +/- SEM. Significance (p< 0.05) was determined using Student’s ¢
test by comparing the means of different treatment groups. Mice were treated with every other
day tail vein dosing of either 100 pl PBS as control or 30 ug 7.16.4 in PBS. Tumor

measurements were taken every 2-3 days during tumor growth studies.

Flow cytometry. Cultured tumor cells were removed from plates using PBS with 2 mM EDTA.
Tumor cells grown in vivo were harvested from mice by careful dissection under sterile
conditions then passed through a fine wire mesh and washed. Both in vitro and in vivo harvested

cells were washed in PBS containing 1% FCS prior to labeling. Cells (0.5 to 1.0 x 10%) were




incubated with 2-5 pl of primary antibody (control IgG2a or anti-neu 7.16.4) were added at 4°C
for 30 minutes and washed 3 times followed by secondary labeling with fluorescein
isothiocyanate (FITC) conjugated goat anti-rat antibody at 4°C for 30 minutes followed by 3
washes. Samples were run on a FACS Scan II and analyzed using Cell Quest software (Becton

Dickinson, San Diego, CA).

Western blotting and immunoprecipitation. Whole cell lysates, prepared in lysis buffer
(20 mM Tris, pH 8.0, 1% Triton X-100, 137 mM NaCl, 10% glycerol, 2mM EDTA, 1 mM
Na;VOs, 5mM NaF) as previously described (7), were analyzed by SDS-PAGE and
immunoblotting with anti-phosphotyrosine monoclonal antibody (4G10) and anti-neu (Ab-1) by
previously described methods (8). Protein concentrations were determined using Bio-Rad
Proteinpc and bovine serum albumin as standard. Rat neu was immunoprecipitated from tumor
cells by incubating 0.5-1.5 mg of lysate with anti-neu 7.16.4 for 2 hours at 4° followed by the
addition of 50 pul of protein G-sepharose for an additional 2 hours. To assess the amount of neu
protein, membranes were probed with 5 pg/ml anti-neu polyclonal antibody, Ab-1 and (1:2000

dilution) anti-mouse HRP and developed by enhanced chemiluminescence as described (8).




RESULTS

Neu-specific monoclonal antibody treatment inhibits neu-mediated tumor growth in vitro
without loss of cell surface neu expression. Neu-specific monoclonal antibody, 7.16.4, was
evaluated at varying concentrations (0, 1, 10, 50, and 100 pg/ml) for growth inhibition, in vitro,
against nen” MMC and neu” ANV as shown in Figure 1. Antibody was added only once to
culture on day 0 and cell numbers were evaluated 5 days later. 7.16.4 specifically inhibited the
growth of MMC but not ANV (Fig. 1). The response of MMC was dose dependent and growth
at 100 pg/ml 7