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Abstract

Purpose The antigenic targets of immunity and the role of vaccination in breast cancer are unknown. We performed a phase
I study of an autologous GM-CSF-secreting breast cancer vaccine in patients with metastatic and stage II-III breast cancer.
Methods Tumor cells from patients with metastatic (n=15) and stage II-III (n="7) disease were transduced with a repli-
cation-defective adenoviral vector encoding GM-CSF, and then irradiated. Twelve and seven patients with metastatic and
stage II-1II disease, respectively, received weekly vaccination for three weeks, followed by every other week until disease
progression or vaccine supply was exhausted (metastatic) or until six total vaccine doses were administered (stage II-11I).
Results Among those patients with metastatic disease who received vaccinations, eight had progressive disease at two
months, three had stable disease for 4—13 months, and one has had no evidence of disease for 13 years. Of the patients
with stage [I-1II disease, five died of metastatic disease between 1.16 and 8.49 years after the start of vaccinations (median
6.24 years) and two are alive as of September 2021. Toxicities included injection site reactions, fatigue, fever, upper res-
piratory symptoms, joint pain, nausea, and edema. Four of five evaluable patients with metastatic disease developed a skin
reaction with immune cell infiltration after the fifth injection of unmodified, irradiated tumor cells.

Conclusion We conclude that tumor cells can be harvested from patients with metastatic or stage II-III breast cancer to
prepare autologous GM-CSF-secreting vaccines that induce coordinated immune responses with limited toxicity.

Trial registration and date of registration clinicaltrials.gov, NCT00317603 (April 25, 2006) and NCT00880464 (April 13,
2009).
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Introduction

The overarching goal of cancer immunotherapy is to enhance
the anti-tumor immune response. Therapeutic vaccina-
tion has the potential to stimulate broad-based anti-tumor
immunity by targeting tumor-associated antigens (TAAs),
i.e., normal proteins that are aberrantly expressed by can-
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cer cells. In addition, cancers amass sporadic, non-synony-
mous mutations that lead to the expression of altered protein
sequences, neoantigens, which are specific to tumor cells
and are attractive vaccine targets because they can specifi-
cally and effectively direct the immune system to eliminate
cancer cells [1-3].

Allogeneic cells derived from tumor cell lines and
patient-derived autologous tumor cells both serve as a rich
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potential source of neoantigens [2]. Granulocyte—mac-
rophage colony-stimulating factor (GM-CSF) promotes
the maturation of dendritic cells (DCs) and activation of
T cells [4]. The utility of cellular vaccines engineered to
secrete GM-CSF has been demonstrated in murine models
[5] and in clinical trials targeting prostate and pancreatic
cancer [4, 6, 7]. Both phase II trials utilized an adeno-
viral vector encoding human GM-CSF (GVAX), which
was well-tolerated and favorably impacted survival [6, 7].
Allogeneic GM-CSF-secreting tumor vaccines have also
been tested in breast cancer patients [8, 9].

In contrast to allogeneic vaccines, autologous cancer
cell vaccines are personalized to each patient. Early-phase
clinical trials of vaccination with autologous tumor cells
engineered to secrete GM-CSF have been tested in more
than 100 patients with metastatic melanoma and non-small
cell lung cancer. However, this approach has not been well
studied in breast cancer [10-12]. Since breast cancer has
striking molecular and antigenic heterogeneity [13], the
use of autologous GM-CSF-secreting tumor vaccines pro-
vides a unique opportunity to study the antigenicity of a
wide variety of breast cancer antigens in vivo. To this end,
we conducted two phase I clinical trials of an autologous
GM-CSF-secreting breast cancer vaccine: one conducted
in patients with metastatic breast cancer, and the second
in patients with stage II-III disease.

Methods
Patients

Participants were at least 18 years old with an Eastern
Cooperative Oncology Group performance status of 0 or
1. Adequate hematologic and organ function was required.
Participation in prior adenovirus-based trials was not
allowed.

Metastatic breast cancer

Eligible patients had histologically confirmed stage IV
breast cancer and had received at least one line of chemo-
therapy for metastatic disease. Those with human epider-
mal growth factor receptor 2-positive (HER2+) disease
received at least one prior trastuzumab-based therapy in
the metastatic setting. All anti-cancer therapy and systemic
glucocorticoid therapy were completed at least 4 weeks
prior to the initiation of vaccination. Surgically accessi-
ble tumor measuring at least 2 cm in greatest diameter
or significant malignant effusion was required for tumor
harvesting.
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Stage II-lll breast cancer

Eligible patients had histologically confirmed invasive
breast cancer, pre-operative stage II-III, based on clinical
examination and/or breast imaging. Patients were required
to have a primary tumor at least 4 cm in largest diameter,
or 2 cm in largest diameter after completion of neoadjuvant
chemotherapy. Adjuvant therapy (chemotherapy, radiation
therapy, and/or trastuzumab-based therapy) must have been
completed at least 12 weeks prior to enrollment. Concurrent
endocrine therapy was allowed, if it was initiated at least
4 weeks prior to the start of vaccinations.

Tumor harvesting and adenoviral-mediated gene
transfer

Tumor samples were processed to single cell suspension
by mechanical and enzymatic digestion and subsequently
transduced with a replication-defective adenoviral vector
encoding human GM-CSF. The adenoviral vector was manu-
factured by the Dana-Farber/Harvard Cancer Center Vector
Core for tumor vaccine production and was approved for
clinical research use by the U.S. Food and Drug Administra-
tion (BB-IND 7248). After transduction, tumor cells were
washed and irradiated with 10,000 cGy. The irradiated cells
were maintained in 14-day sterility cultures and tested for
endotoxin and mycoplasma contamination. Individual vac-
cine cell dose and number varied depending on the final cell
yield from vaccine production. For patients with stage I1-III
disease, the minimal dose was 1x 10> cells, and maximal
dose was 4 x 10° cells. For those with metastatic disease,
the minimal dose was 1x 10° cells, and maximal dose was
1x 107 cells. The selected dose range was based upon two
Phase I clinical vaccine trials testing the biologic activity of
vaccination with lethally irradiated, autologous tumor cells
engineered by adenoviral-mediated gene transfer to secrete
GM-CSF [10, 14]. Following allocation of sufficient tumor
cells for vaccine production, any additional cellular mate-
rial was not transduced and was set aside for subsequent use
in immunologic studies, cell line generation, and delayed-
type hypersensitivity (DTH) testing. GM-CSF secretion was
determined by ELISA (Endogen EH-GMSCF, Woburn, MA)
according to the manufacturer’s protocol.

Vaccine delivery

Immediately prior to vaccination, cells were thawed and
washed in a dedicated laminar flow biosafety cabinet, then
suspended in a volume of 1 ml, with one-half dose adminis-
tered subcutaneously, and one-half dose administered intra-
dermally. Injections were administered using a 23-gauge or
25-gauge needle into the patients’ upper arms, thighs, or
trunk on a rotating basis. Prior surgical sites were avoided.
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For patients with metastatic disease, vaccines were deliv-
ered weekly for three weeks, then every other week until
disease progression or supply of vaccine was exhausted. For
patients with stage II-III disease, vaccines were delivered
weekly for three weeks, then every other week for a total of
six doses. When sufficient cells were available, injections
of non-transduced, irradiated cells (1 x 10°) were given on
day O (first vaccination) and with the fifth vaccination for
evaluation of baseline and vaccine-induced DTH. The DTH
cells were resuspended in a volume of 0.5 ml and injected
intradermally in the patients’ upper arms and thighs in a
rotating manner, excluding sites of prior surgery.

Clinical outcomes

The primary endpoint of both studies was to determine the
feasibility of manufacturing six doses of vaccine per indi-
vidual. Safety was assessed by the ability of each patient to
receive siX immunizations without experiencing Common
Terminology Criteria for Adverse Events v3.0 grade 3 or
higher toxicity. For patients with metastatic disease, the sec-
ondary objectives were to determine the time to progression
and overall survival. For patients with stage II-III disease,
the secondary endpoint was to monitor the rate of local or
distant disease recurrence and overall survival.

Skin testing

To assess vaccination skin reactions, erythema and indura-
tion were measured 2-3 days after the first and fifth vacci-
nations. Four-mm punch skin biopsies of vaccine and DTH
sites were obtained at the same time. Histologic analyses
for macrophages, DCs, eosinophils, and lymphocytes were
performed. DTH reactions were considered strong when any
of the following conditions were present: mononuclear cells
admixed with eosinophils and basophils accumulated around
blood vessels; endothelial cells that were swollen, partially
necrotic, or with vessel luminal occlusion; or the presence
of dermal edema and fibrin exudation. A recall response
was defined as erythema, induration, or pruritis at a prior
vaccination site that occurred with subsequent vaccination.

Serum antibody detection by high density (HD)
NAPPA protein microarray

Detection of serum antibodies on high density nucleic acid
programmable protein arrays (NAPPA) was performed as
described [15, 16]. Sequence-verified, full-length cDNA
expression plasmids encoding full-length antigens as
fusion proteins in pANT7_GST were obtained from the
Arizona Biodesign Institute (Tempe, AZ) (http://dnasu.
asu.edu/DNASU/). Plasmid DNA (100 ng/ul, 300 pl/
well) corresponding to 734 unique genes and 418 control

spots were co-printed with polyclonal anti-GST AB (GE
Healthcare) into HD-NAPPA nano-wells sequentially
using piezoelectric dispensing AU302 (Engineering Arts
LLC, Tempe, AZ, USA). Specific antigens were selected
for their function and expression in cancer [17, 18]. The
printed DNA was transcribed and translated in situ using
a human cell-free expression system (Thermo Fisher Sci-
entific), and protein expression was detected using anti-
GST Mab (Cell Signaling Technology, Danvers, MA). The
8-chamber arrays were incubated with serum at 1:100 at
4 °C overnight and bound IgG was detected by Alexa Fluor
647 goat-anti-human IgG (Thermo Scientific). Slides
were scanned at 635 nm with a Tecan PowerScanner.
The highly immunogenic EBV-derived antigen, EBNA-
1, was included as a positive control. Negative controls
included no-DNA spots, empty non-spots, and GST-only.
Arrays were aligned using purified human IgG proteins.
Cytokine secretion assays were performed (Supplementary
Methods).

Statistical analysis

Feasibility of vaccine preparation was defined as obtain-
ing sufficient genetically modified cells for the prepara-
tion of at least six vaccines. The threshold for feasibility
was defined as the ability to prepare enough vaccine for
six inoculations in 10/20 patients with metastatic disease
(50%) and 20/30 patients with stage II-III disease (67%).
Patients whose DTH sites were biopsied were assessable
for immune infiltrates, which were graded as absent, mild-
moderate, or strong. Confidence interval widths used exact
binomial calculations.

Antibody responses were measured using ArrayPro
Analyzer. Median spot intensities were normalized to the
median intensity of the subarray:

Median Gene Spot Intensity
Median Spot Intensity of all Genes Printed in Sub—Array

Spot Intensity =

Comparison of individual biomarkers were made to 30
gender-matched normal control sera. T cell responses were
measured by ELISPOT pre- and post-treatment. Fisher’s
exact test was used to compare overall response accord-
ing to immune response. Survival times were estimated
using Kaplan—Meier methods, with survival times being
censored at the time of last contact. Tests were two-sided
at the 0.05 significance level and without adjustment for
multiple testing.
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Results

Patient characteristics, vaccine preparation
and administration

Metastatic

Twenty-eight patients with metastatic breast cancer under-
went tumor procurement for vaccine preparation, with
sufficient viable tumor cells obtained from 27 patients.
Harvest sites included malignant pleural effusions (23),
ascites (1), lymph nodes (1), and tumor nodules (2). Thir-
teen patients had rapid tumor progression or were ineligi-
ble for the vaccine trial (Supplementary Table S1). From
January 2006 until May 2008, 15 patients were enrolled on
the vaccine trial and underwent vaccine preparation from
their previously banked tumor; three patients withdrew
prior to vaccine delivery due to rapid disease progression
(Table 1). However, all 15 patients had sufficient tumor
cells harvested to produce at least six vaccines. Based
upon pre-defined criteria, the feasibility of obtaining suf-
ficient tumor cells for six vaccinations among patients with
metastatic disease was 54% (15/28).

Baseline characteristics of the 12 patients that comprise
the study population who received at least one vaccina-
tion (patients M1 to M12) are shown in Table 1 and Sup-
plementary Table S2. Patients ranged in age from 34 to
69 years, with an average of 3.45 years duration of stage
IV breast cancer prior to enrollment (range: 0.4—12 years).
Nine patients (67%) had hormone receptor-positive (HR+)
breast cancer, six patients (43%) had HER2 + disease,
and two patients (29%) had triple-negative breast cancer
(TNBC; HR—/HER2-). Patients were heavily pre-treated,
receiving an average of three prior chemotherapies in the
metastatic setting (range: 1-7).

Vaccine dose was based on cellular yield, ranging from
10° to 107 cells per dose. Patients received a median of five
vaccinations (range: 3-23). Six patients from the study
population (6/12 =50%) received six or more vaccinations.
Disease progression was the reason six patients did not
receive at least six vaccinations. The average yield of GM-
CSF was 450 ng/10° cells/24 h (range: 24—-1991 ng/10°
cells/24 h) (Table 1).

Stage Il

Eighteen patients with stage II-III breast cancer underwent
tumor procurement for vaccine preparation at the time of
breast surgery (Table 2). Sufficient cells for vaccination
were obtained from seven patients, who made up the study
population (patients Al to A7). Based upon pre-defined
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criteria, the feasibility of obtaining sufficient tumor cells
for the preparation of six vaccinations was 39% (7/18).

Additional characteristics of patients A1-A7 are shown in
Supplementary Table S3. Patients ranged in age from 32 to
65 years, and 43% had T3, N1 tumors. Five patients (71%)
had HR + tumors, one (14%) had an HER2 + tumor, and
two (29%) had TNBC. Eighty-six percent of patients had a
mastectomy, and 86% had a partial response to neoadjuvant
therapy.

Patients A1-A7 each received six vaccinations. Tumor
cell yields ranged from 9 x 10° to 5.4 x 10% cells. Vac-
cine dose was based on cellular yield, ranging from 10°
to 3.98 x 10° cells per dose. The average GM-CSF yield
was approximately 1061 ng/10° cells/24 h (range <1 to
6081.9 ng/10° cells/24 h). Cell viability ranged from 56 to
100% (Table 2).

Efficacy
Metastatic

The clinical results of patients M1-M12 are shown in
Table 1. Eight patients (67%) had progressive disease
within 2 months of enrollment. Three patients (25%) had
stable disease, with progression at 4, 4, and 13 months. One
patient (M9) was surgically rendered as no evidence of dis-
ease (NED) by vaccine harvest and has remained NED for
13 years.

Stage Il

Survival outcomes for patients A1-A7 are shown in Table 2.
Five patients (71%) died of recurrent disease between 1.16
and 8.49 years after receiving the first vaccination (median
6.24 years). Two patients (29%) remain alive as of Septem-
ber 2021.

Adverse events
Metastatic

Treatment-related toxicities were limited to grade 1 and 2
(Table 3). At least three subjects (25%) experienced fever,
fatigue, edema, nausea, leukopenia, hyperglycemia, or
hyponatremia. All toxicities, except hyperglycemia, are
known toxicities of GM-CSF administration and have been
observed in prior autologous vaccination studies at Dana-
Farber Cancer Institute [19-23]. There were no significant
hepatic, renal, pulmonary, cardiac, hematologic, gastroin-
testinal, or neurologic toxicities attributable to vaccination.
No autoimmune reactions or adenoviral infections were
observed.
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Table3 Summary of treatment-related adverse events among all
patients who received GVAX vaccine

Adverse event Grade 1 or 2 Grade 3 or 4

Metastatic® (n=12)

Injection site reactions

Erythema/induration 8 (67%) 0 (0%)
Pruritis 5 (42%) 0 (0%)

Fatigue 6 (50%) 0 (0%)
Fever 3 (25%) 0 (0%)
Edema — Limbs 3 (25%) 0 (0%)
Decreased hemoglobin 2 (17%) 0 (0%)
Leukopenia 5 (42%) 0 (0%)
Neutropenia 2 (17%) 0 (0%)
Thrombocytopenia 2 (17%) 0 (0%)
Nausea 4 (33%) 0 (0%)
Hypoalbuminemia 2 (17%) 0 (0%)
Elevated ALT 2 (17%) 0 (0%)
Elevated AST 2 (17%) 0 (0%)
Hyperglycemia 6 (50%) 0 (0%)
Hyponatremia 3(25%) 0 (0%)

stage II-11I° ( n="7)
Dermatology/skin 3 (43%) 0 (0%)
Fatigue 5(71%) 1 (14%)
Fever 2 (29%) 0 (0%)
Musculoskeletal pain 4 (57%) 0 (0%)
Headache 2 (29%) 0 (0%)
Allergic reaction 1 (14%) 0 (0%)
Cough 2 (29%) 0 (0%)
Congestion 1 (14%) 0 (0%)
Throat pain 1 (14%) 0 (0%)
Pulmonary NOS 1 (14%) 0 (0%)
Infection 2 (29%) 0 (0%)
Nausea 1 (14%) 0 (0%)
Elevated AST or ALT 1 (14%) 0 (0%)

*Toxicity present in >2 patients; possibly, probably, or definitely
related to vaccine

Toxicity present in >1 patient; possibly, probably, or definitely
related to vaccine

ALT alanine transaminase, AST aspartate transaminase, NOS not oth-
erwise specified

Stage Il

The observed toxicities attributed to vaccination are shown
in Table 3. The most common treatment-related toxicities
included fatigue (85%), musculoskeletal pain (57%), and
dermatological manifestations (43%). One patient devel-
oped grade 2 upper respiratory tract infection, and one
patient experienced grade 3 fatigue.

Injection site reactions
Metastatic

Skin site reactions to vaccine were measured 48—72 h after
the first and fifth vaccination on all evaluable patients. Seven
of the patients developed injection site reactions to vaccine
at baseline (dose 1), and five evaluable patients had injection
site reactions to the vaccine after the fifth dose (mean 1.4 vs.
4.1 cm, p=0.13) (Fig. 1a). Average baseline erythema was
positively correlated to increasing vaccine dose (p <0.005)
(Fig. 1b). There was no correlation between erythema and
GM-CSF secretion rate (data not shown).

A separate DTH dose, consisting of 1x 10 non-trans-
duced, irradiated tumor cells, was injected in the contralat-
eral thigh at the same time as the first and fifth vaccinations
in seven patients (patients at the 10°~10° dose levels did
not receive DTH due to cell yield). The DTH injection was
used to assess immune reactivity to tumor cells independent
of GM-CSF secretion and adenoviral infection. There was
no DTH reactivity at baseline for any patient (n=7). Three
patients at the 107 dose level and one patient at the 4 x 10°
dose level developed a DTH response after the fifth vaccine
(mean O vs. 1.5 cm, p=0.11), suggesting induction of anti-
tumor immunity with vaccinations (Fig. 1c). The specific
level of immunity (DTH, B cell, or T cell immunity) by
vaccine dose was not assessed. Skin biopsies of vaccination
sites (Fig. 2a) and DTH injection sites (Fig. 2b) revealed
mild-to-moderate infiltration of lymphocytes, granulocytes,
and macrophages, indicative of inflammation.

Stage Il

Skin site reactions to vaccine were measured 48—72 h after
the first and fifth vaccination on all evaluable patients. No
skin reactions were observed after the first dose. Five of
seven patients developed grade 1-2 erythema and indura-
tion after the fifth dose. Erythema ranged from 1.5X 1.4 cm
to 7.0 5.0 cm (Supplementary Figure S1), and induration
ranged from 0.1 0.1 cm to 2.5X 2.3 cm (Supplementary
Table S4). Tumor cells were not recovered in sufficient num-
ber to perform DTH analysis in this cohort of patients.

Correlative studies: metastatic breast cancer cohort

Induction of B cell immunity to multiple tumor antigens
post-vaccination

To measure antigen-specific B cell immunity, we designed
custom protein microarrays for detecting antibodies in
patient sera to 734 selected tumor antigens [15] (Supplemen-
tary Table S5). Baseline (both pre-enrollment and Day =0)
and post-vaccination sera from patients from the metastatic
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Fig. 1 Vaccination induces local inflammation in patients with meta-
static breast cancer. a GM-CSF-modified tumor cells were injected
in contralateral limbs in patients with metastatic breast cancer. Skin
site reactions were observed in seven patients 48—72 h after the first
vaccine dose and in five patients after the fifth vaccine dose, and the
longest dimension of erythema (cm) is shown, with patient numbers
noted. Other patients did not exhibit any skin reaction. b Average

Fig.2 Vaccination induces leukocyte infiltration. Representative skin
biopsies from a patient with metastatic breast cancer showing inflam-
matory cellular infiltration following a injection of GVAX vaccine,
and b following the fifth dose of 1x 10° non-transduced, irradiated
cells (DTH). Inflammatory infiltrate included lymphocytes, granulo-
cytes, and macrophages

group were added to the arrays, bound IgG was detected
with secondary antibodies, and the results compared to sera
from 30 healthy women.

In Fig. 3, heatmaps of the antibody responses (defined
as normalized signal > 1.5) are shown for eight vaccinated
patients with metastatic disease. Autoantibodies that were
present in> 5% of healthy women are shown in grey. All
patients had strong antibody responses to the EBV viral anti-
gen EBNA-1, which did not change following vaccination.
The baseline variability of antibody reactivity is shown by
comparing “Pre” and “D0” timepoints for patients M5, M7,
and M10, who had sera obtained prior to enrollment. As this
variability was only observed for a few tumor antigens (of
734) and not for the viral antigen EBNA-1, it may reflect
an active variation of serologic response to tumor in these
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baseline erythema at each vaccine dose level. ¢ Unmodified cells at
10° cells/dose (DTH) were injected in contralateral limbs of seven
patients with metastatic breast cancer. Skin site reactions were meas-
ured 48—72 h after the first and fifth injection. No responses were
observed after the first injection. Four responses were observed after
the fifth injection, and the longest dimension of erythema (cm) is
shown, with patient numbers noted

heavily pretreated patients. Known tumor antigens, such as
p53 [15], CTAGI1A, CTAG?2 [24], and NUDT11 [18] were
detected at baseline for patient M7, although CTAG2 immu-
nity waned over the 9-month period (Fig. 3A). Patient M6
also had strong induction of CTAG1A, CTAG?2, as well as
the known autoantigen PRL [25] by D22, but this waned
completely by D56, suggesting that there may a transient
induction of antibodies by GVAX in this patient. Isolated
late (D56 or later) serologic responses were also observed,
as were loss of immunity after vaccination (Fig. 3b). There
was no clear association between antibody breadth or speci-
ficity with disease response (M7, M10, M12) in this limited
analysis (Fig. 3a).

Induction of T cell immunity to multiple tumor antigens
post-vaccination

To measure antigen-specific T cell immunity in the periph-
eral blood, we selected nine HLA-A2-restricted epitopes
corresponding to immunogenic tumor antigens that have
been identified in the literature (Supplementary Table S6)
[26-31]. Using the MULTIPRED HLA-binding algorithm
[32], we also predicted four novel HLA-A2-binding epitopes
derived from two immunogenic tumor antigens, TPD52 and
S100A7, that are strongly overexpressed in DCIS and in
high-risk breast cancers [33, 34]. The HLA-A2-restricted
EBV BMLF]1 epitope [35] was used as a positive control.
Three vaccinated patients with metastatic breast cancer were
HLA-A2+ and were evaluable for immune reactivity after
2 months of vaccinations.

To determine if autologous vaccination is associated
with an increase in antigen-specific T cells in the periph-
eral blood, the frequency of T cells was measured by IFN-y
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Fig.3 Immune profile for selected patients with metastatic breast
cancer who received GVAX vaccine. a Immune profile among
patients with stable disease or disease response following vaccination.
b Immune profile among patients with disease progression following

ELISPOT assay at 0- and 2-months post-vaccination to the
panel of peptides listed in Supplementary Table S6. A repre-
sentative ELISPOT from patient M 11 is included in Supple-
mentary Figure S2, which shows an increase in TPD52_70

KCNK6
SP2

vaccination. Heatmaps of antibody response (normalized signal > 1.5)
in vaccinated patients compared with healthy controls. D=Day num-
ber post-first GVAX vaccination

(from 0 to 17.5 spots/103 PBMC; p=0.06) and Survivin-

specific T cells (from 0 to 33 spots/10° PBMC; p=0.02).
By ELISPOT analysis, patient M10 developed an increase

in CEA (from 0 to 54.5 spots/10° PBMC, p <0.001) and
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Survivin-specific T cells (from 0 to 12.5 pots/lO5 PBMC,
p=0.02), but no other epitopes. All three patients had strong
reactivity to the positive control epitope EBV BMLF-1 at
all-time points (data not shown).

Discussion

Neoantigens generated by tumor somatic mutations can
induce T cell activation. Neoepitope-specific vaccines have
been tested in animal models [36] and early phase clini-
cal trials [37-39]. Strong neoepitope-specific immunity has
been detected after vaccination and sustained progression-
free survival observed, leading to multiple ongoing clinical
trials [37-39]. In comparison, autologous tumor cell vac-
cines represent a complex mixture of self and tumor neoanti-
gens. Complex cellular vaccines, which possess a rich diver-
sity of tumor antigens, could potentially overcome adaptive
resistance caused by antigenic loss during treatment [40].

Unfortunately, for many solid tumor types, the theoretical
promise and preclinical efficacy of therapeutic vaccines have
not translated to success in clinical trials. This is particu-
larly true for breast cancer, in which several vaccines against
TAASs such as MUC-1 [41], Her2/neu [42], and hTERT [43]
have been tested in early phase clinical trials, with limited
efficacy. Several mechanisms of immune evasion, includ-
ing immunoediting [44], clonal heterogeneity within tumors
[45], and the immunosuppressive tumor microenvironment
[46] likely contribute to the poor response to TAA-based
vaccines.

The results of the present study demonstrate that the
preparation of autologous GM-CSF-secreting tumor cell
vaccines from patients with metastatic breast cancer is fea-
sible, with 54% of patients enrolled having at least six vac-
cines developed from harvested tumor. However, the success
rate was considerably lower among patients with stage II-III
disease (39%). We specifically designed these studies to har-
vest treatment-resistant cells after chemotherapy; however,
improvements in neoadjuvant therapies are likely to impact
the feasibility of harvesting viable tumor cells post-treat-
ment. Even still, patients most likely to derive benefit from
autologous GM-CSF-secreting tumor cell vaccines include
those with high-grade early-stage HR + disease and TNBC
with at least 2 cm of residual disease after neoadjuvant
chemotherapy [47]. Encouragingly, the average GM-CSF
yield in both cohorts of patients was higher than the aver-
age yields for prior studies of lung cancer and melanoma
[10, 14], and vaccination among our cohort of patients was
associated with minimal toxicity.

Using high density NAPPA microarrays, we identi-
fied multiple patterns of serologic responses in vaccinated
patients with metastatic breast cancer. First, vaccination
did not impact the serologic response to the viral antigen
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EBNA-1, which remained strong for all patients at all time-
points. We compared the serologic response to 734 antigens
among our patients to the response among 30 healthy control
women. Both known [48-51] and novel autoantibodies were
detected, suggesting that the vaccinated stage IV patients
generated novel antibodies, at least transiently, to multiple
target antigens. Our feasibility study was too small to allow
us to perform functional assays to determine whether the
antibodies produced were pro-tumor or anti-tumor. How-
ever, the high variability of the tumor antigen-specific IgG
response suggests that proteome-based serologic profiling
is needed for monitoring complex immunotherapies such as
cellular vaccines in larger trials.

Identification of the antigenic T cell targets of cellular
vaccination is challenging since potential antigens include
the entire tumor proteome. In our metastatic cohort, we
predicted 12 potential target HLA-A2-restricted epitopes
and performed IFN-y ELISPOT analysis to measure T
cell immunity in peripheral blood from three patients that
were HLA-A2" and evaluable for immune responses. All
three patients developed T cell immunity to 1-2 antigens,
and each patient developed different patterns of immunity.
These included the known tumor antigens survivin, CEA,
and HER2/neu, as well as the novel antigen TPD52, which
is strongly overexpressed in many solid tumors and induces
protective T cell-mediated immunity in a murine breast can-
cer model [33]. This heterogeneity of immune responses
could be due to underlying variation of breast cancer tumor
antigen expression, or to host variation of immune recog-
nition. Further interpretation of these results is limited by
the small number of patients available for IFN-y ELISPOT
analysis, therefore we view these data as hypothesis generat-
ing. This study had several limitations, including the techni-
cal challenge of obtaining sufficient tumor cells from each
patient to produce autologous vaccines. The criteria for fea-
sibility in these studies was defined as production of vaccine
allowing for six inoculations for 10/20 (50%) patients with
metastatic disease and was determined to be feasible (15/28;
54%). This number was not as robust as anticipated due to
the onset of rapid disease progression among 46% of patients
accrued, which precluded subsequent enrollment onto the
vaccine trial after successful tumor harvesting among 28
patients. In addition, the small number of patients treated on
our study prevented an assessment of therapeutic efficacy.

We planned to enroll 30 patients with stage II-III breast
cancer and anticipated that 20 (67%) would have suffi-
cient modified tumor cells for six vaccinations. Unfortu-
nately, the intended accrual was not reached, and only
7/18 (39%) received vaccine. Over time, accrual became
challenging with the advent of more effective preoperative
systemic therapy which reduced the amount of residual
disease available for vaccine generation. Thus, many of
the planned analyses of feasibility and therapeutic efficacy
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in this cohort of patients with earlier stage disease could
not be performed. Nevertheless, the recovery of sufficient
cells to deliver six vaccinations to each patient in the stage
II-III group suggests that this methodology can be used for
vaccine generation and should be studied further.

In conclusion, tumor cells can be harvested after
chemotherapy from patients with breast cancer in suffi-
cient number for the preparation of autologous GM-CSF-
secreting vaccines. Autologous vaccination can induce
tumor-specific delayed-type hypersensitivity reactions, as
well as antigen-specific T and B cell immune responses
with limited toxicity. This supports further investigation
of autologous vaccination as a therapeutic option for breast
cancer resistant to conventional treatment. Our feasibility
study was too small to identify any difference in vaccine
preparation among the various subtypes of breast cancer.
Given the benefits of adding immune checkpoint blockade
(ICB) to chemotherapy in the treatment of TNBC [52, 53],
further exploration of the addition of autologous vaccina-
tion to ICB is intriguing. Our feasibility study supports the
role of autologous GM-CSF-secreting vaccines as poten-
tial candidates for future cancer vaccine development.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10549-022-06562-y.
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