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Previous work from our group and others has shown that patients with breast cancer can generate a T cell response against specific
human epidermal growth factor 2 (HER2) epitopes. In addition, preclinical work has shown that this T cell response can be augmented
by Ag-directed mAb therapy. This study evaluated the activity and safety of a combination of dendritic cell (DC) vaccination given with
mAb and cytotoxic therapy. We performed a phase I/II study using autologous DCs pulsed with two different HER2 peptides given
with trastuzumab and vinorelbine to a study cohort of patients with HER2-overexpressing and a second with HER2 nonoverexpressing
metastatic breast cancer. Seventeen patients with HER2-overexpressing and seven with nonoverexpressing disease were treated.
Treatment was well tolerated, with one patient removed from therapy because of toxicity and no deaths. Forty-six percent of patients
had stable disease after therapy, with 4% achieving a partial response and no complete responses. Immune responses were generated in
the majority of patients but did not correlate with clinical response. However, in one patient, who has survived >14 y since treatment in
the trial, a robust immune response was demonstrated, with 25% of her T cells specific to one of the peptides in the vaccine at the peak
of her response. These data suggest that autologous DC vaccination when given with anti-HER2�directed mAb therapy and vinorelbine
is safe and can induce immune responses, including significant T cell clonal expansion, in a subset of patients. The Journal of
Immunology, 2023, 211: 219�228.

Metastatic breast cancer is a leading cause of cancer-related
mortality in women. Significant advances have been made
in the treatment of human epidermal growth factor 2

(HER2)-overexpressing breast cancer through the development of
novel HER2-targeted therapies; however, metastatic disease remains
incurable with modern therapeutics. Although the use of trastuzumab,
pertuzumab, and trastuzumab emtansine (T-DM1) in localized breast
cancer has markedly improved early breast cancer outcomes, continued
innovation is essential to improve outcomes for patients who develop
metastatic disease despite initial HER2-targeted treatment (1, 2).
Despite modest efficacy of the immune checkpoint inhibitor pembro-

lizumab in programmed death-ligand 1�positive metastatic hormone
receptor�negative, HER2-negative breast cancer, anti�programmed
death-ligand 1 and anti�CTLA-4 agents have not been shown to
improve outcomes in HER2-positive breast cancer (3). Instead, the
current treatment for HER2-positive metastatic breast cancer involves
anti-HER2 mAbs such as trastuzumab and pertuzumab given with

taxane chemotherapy, Ab�drug conjugates such as ado-T-DM1 and
trastuzumab deruxtecan, and small molecule inhibitors of HER2
such as tucatinib and lapatinib given with trastuzumab and capecita-
bine chemotherapy. More recently, clinical data have suggested that
patients with HER2-expressing, but not HER2-overexpressing, tumors,
termed HER2-low tumors, are also likely to benefit from HER2-
targeted agents (4).
Peptides derived from HER2 are immunogenic in a large proportion

of patients, and peptide vaccines have shown immunological activity
in the adjuvant setting, although the clinical benefit of this approach is
unclear (5�10). DNA vaccination targeting the HER2 intracellular
domain has been shown to be safe and to generate Ag-specific T cell
responses as well (11). In the advanced or metastatic setting, vaccine-
primed T cells have been expanded ex vivo and given in adoptive
transfer (12). Dendritic cell (DC) vaccines offer an alternative immu-
notherapy approach that uses peptides derived from intracellular pro-
teins such as HER2 to generate HER2-specific CD81 CTLs capable
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of lysing autologous breast cancer cells (13�20). This provides
another strategy to target and destroy HER2-expressing cancer cells
that is hypothesized to complement existing therapies. Compared with
mRNA and peptide vaccines, DC vaccines are more stable and do
not rely on the vaccine being taken up by APCs. Previous studies
have shown that DCs can be produced from CD341 hematopoietic
progenitor cells and subsequently act as APCs capable of initiating a
T cell response in the absence of in vivo priming (21�31). Studies of
peptide-pulsed DCs have been performed in other advanced cancer
types with immune responses detected in >60% of treated patients
(32). Objective responses and improved median overall survival (OS)
rates have been reported in several of these studies, although durable
clinical responses have been infrequent with DC-based vaccines to
date (33�42). In ductal carcinoma in situ, a breast cancer precursor
lesion, the magnitude of anti-HER2 CD41 T cell responses measured
in the sentinel lymph node after neoadjuvant DC vaccination was
associated with pathological complete response at the time of surgery
(43).
CD341-derived DCs have been favored over monocyte-derived

DCs based on their ability to elicit more potent T cell immune responses
against cancer (44�46). To enhance the activity of the DC vaccine
generated for this study, we targeted two epitopes in the HER2 pro-
tein: E75 and E90. The rationale for dual targeting of these peptides
comes from preclinical work suggesting E90-specific responses
enhanced the E75 antitumor response. In addition to identification of
robust tumor Ags, the activity of DC vaccines relies on cell-intrinsic
factors. Our group and others have found that Abs, through engaging
Fc receptors on DCs, can enhance the maturity and activity of those
cells, possibly lessening the propensity toward an immunosuppressive
DC phenotype (47, 48). In addition, immunological cell death, which
can be mediated by specific chemotherapy drugs, may be critical to
the activation of innate immune cells such as DCs and to alteration
of the immunosuppressive tumor microenvironment (49). Thus, to
enhance the function of the DC vaccine in this study, we adminis-
tered it with the anti-HER2 mAb trastuzumab and the vinca alkaloid
vinorelbine.
In this article, we report the results of two sequential phase I/II

clinical trials investigating the efficacy of a multiepitope DC vaccine
given with cytotoxic chemotherapy and HER2-targeted therapy in
women with HER2-expressing and then HER2-overexpressing met-
astatic breast cancer (32, 50�55). The primary endpoint of the initial
study was safety and tolerability, whereas that of the subsequent
study was response rate. The secondary endpoint focused on evalu-
ating Ag-specific immune responses before and after therapy. With
a >14-y follow-up of the longest surviving patient, we report on the
outcome and immune activity of this combined therapy approach.

Materials and Methods
Patient eligibility

All patients had histologically proven metastatic breast cancer. HLA-A0201
positivity by DNA genotyping was required because the two peptides used
bind to HLA-A0201. Breast cancer receptor status was assigned according to
American Society of Oncology/College of American Pathologists guidelines
at the time the study was conducted. The first trial included patients with
HER2-expressing, but not HER2-overexpressing, tumors, defined as 11
staining by immunohistochemistry (IHC) staining or 21 IHC staining and
not amplified by fluorescence in situ hybridization (FISH) (single-probe aver-
age HER2 copy number < 6 signals/nuclei and/or a dual-probe HER2/
CEP17 ratio < 2.2) (56, 57). The subsequent trial required HER2 overexpres-
sion, defined as 31 staining by IHC staining or 21 staining and amplified by
FISH. Patients could have either hormone receptor�positive or �negative
tumors, with hormone receptor�positive disease defined by at least 1% of
tumor cells staining positive for the estrogen and/or progesterone receptor.
Patients were required to be $18 y old with Eastern Cooperative Oncology
Group performance status 0�2. Cardiac ejection fraction was required to be

>45%, and required laboratory parameters included serum creatinine <2.0
mg/dl, ALT/AST #3 times the upper limit of normal (ULN) (#5 times if
liver metastases present), bilirubin #2 times ULN, absolute neutrophil count
>1500/mm3, hemoglobin $10, and platelet count >100,000/mm3. Patients
with stable CNS metastases were permitted to enroll. Prior trastuzumab
was allowed; however, patients who had received prior vinorelbine were
excluded. No hormonal therapy or cytotoxic chemotherapy was allowed
within 14 d of initial apheresis. No systemic steroids were allowed on trial.
Concomitant bisphosphonate therapy was allowed for patients with osseous
metastases.

Study design

The first study in patients with HER2-expressing, but not HER2-overexpress-
ing, metastatic breast cancer (more recently termed HER2-low, but not desig-
nated as such at the time of the study design) was a phase I study to determine
safety. The subsequent phase II study in patients with tumors with HER2-
positive tumors was designed with a primary objective to test the hypothesis
that the addition of a multiepitope DC vaccine to trastuzumab and vinorel-
bine would increase the response rate among women with metastatic breast
cancer. Based on previously reported response rates of 25%�30% for single
agent vinorelbine in the metastatic setting, this study was designed to
include 26 patients to provide a power of 89% to detect a difference in
response rate from 35% to 60% with an a error #0.10 (58�60). The second-
ary objective was to evaluate the ability of peptide-pulsed DCs plus trastuzu-
mab to induce functional Ag-specific T cells. Each patient was planned
to receive six biweekly vaccines unless removed from the study for safety
reasons or disease progression.

Vinorelbine and trastuzumab were selected based on preclinical data
regarding the activation of DCs by Abs independent of the expression
of the Ag bound to the Ab (61). A biweekly dosing schedule was chosen
given similar efficacy with reduced myelosuppression compared with weekly
dosing (62).

The studies were reviewed and approved by the University of North Caro-
lina Institutional Review Boards (ethics approval was provided by University
of North Carolina Office of Human Research Ethics Institutional Review
Board approval numbers 03-1571 and 05-2860) and conducted in accordance
with ethical principles per the Declaration of Helsinki. Both trials were regis-
tered on ClinicalTrials.gov (NCT0088985 and NCT00266110). All participants
provided written informed consent. The study was monitored per institutional
protocol by the Institutional Data Safety and Monitoring Committee at the
University of North Carolina.

We assessed the in vitro response to therapy using tetramer analysis and
intracellular cytokine assays (Supplemental Figs. 1�3). T cell activity was
measured after the administration of the vaccine. An immune response was
defined as a 3-fold increase in the numbers of tetramer-positive cells compar-
ing prevaccine with peak postvaccine values, if the postvaccine value was
>0.5% or a 2-fold increase if the prevaccine value was >1%. Similarly, we
considered a 3-fold increase in the percent of cells generating IFN-g or IL-4
using an irrelevant peptide compared with the peptides in the vaccine by
ELISPOT, or by intracellular cytokine or CD107 degranulation assay assess-
ment, or a 2-fold increase in prevaccine to postvaccine values if the prevac-
cine value for intracellular cytokine staining is >1% to indicate a response
to this therapy.

Procedures and treatments

Following patient informed consent and trial enrollment, patients received
G-CSF and then underwent apheresis followed by CD341 cell selection
and expansion (Fig. 1). Patients then received vinorelbine 25 mg/m2 i.v.
plus trastuzumab 4 mg/kg plus peptide-pulsed DCs every 2 wk. For the
phase I trial, patients received a dose escalation of peptide-pulsed DCs at
either 2 × 106 or 10 × 106. For the phase II trial, 10 × 106 peptide-pulsed
DCs were administered, with sufficient cells generated to allow patients to
receive six injections. For the phase II trial, GM-CSF was administered s.c.
every other day for four doses starting 24 h after treatment.

CD341 peripheral blood stem cells were mobilized after the administra-
tion of G-CSF 10 mg/kg s.c. each day in divided doses for 4 d before a 15-l
apheresis collection. PBSCs were expanded and differentiated using GM-CSF,
FLT3-ligand, stem cell factor, and IL-4. They were then matured ex vivo with
GM-CSF, IL-4, TNF, IFN-a, and IL-6. The mature, differentiated DCs were
then pulsed with HER2 peptides and activated with CD40L. This method
produces cells with the surface characteristics and functional activity of DCs.
These cells were then cryopreserved for future injection. Infused peptide-
pulsed DCs exceeded 80% viability as per the lot release criteria, and at least
75% of injected cells had 2 log expression of HLA-DR over control. All
injected DC vaccines demonstrated sterility and effective DC potency. Immune
monitoring results were performed on PBLs of patients before and after DC
vaccines.
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Generation of autologous peptide-pulsed DCs

Autologous DCs were differentiated from the CD341 progenitor cells isolated
from a 15-l leukapheresis by CliniMACS CD34 selection (Miltenyi Biotech,
Gladbach, Germany). CD341 selected cells were incubated at 37◦C, 5% CO2

in AIM V media (Life Technologies) with 10% human AB serum (GeminiBio,
West Sacramento CA) and GM-CSF 800 U/ml (Sanofi, Paris, France), Flt3
ligand 100 ng/ml (PeproTech, Cranberry, NJ), and stem cell factor 50 ng/ml
(PeproTech) in Costar Ultra-low Attachment plates at an initial concentration
of 0.3 × 106/ml in 3 ml of six-well cluster plates for the first 5 d and then
GM-CSF, SCF, Flt3L, and IL-4 (PeproTech) until day 8. After day 8, the
expanding cells are cultured in GM-CSF and IL-4 only and subdivided in
half when the concentration approached 0.8 × 106/ml to sustain maximum
proliferation. Cells were expanded by this method up to 14 d with replen-
ished cytokines every 48 h when the cultures were either cryopreserved or
used to differentiate into mature DCs.

Cryovials of in vitro�expanded CD341-derived cells were thawed and
differentiated for an additional 5 d in AIM V with 10% human AB serum,
GM-CSF, IL-4, and TNF 20 ng/ml (PeproTech). The TNF was replenished
daily. IFN-a (Schering, Kenilworth, NJ) 1000 U/ml and IL-6 (PeproTech)
1000 U/ml were added to the differentiation media the last 48 h of culture
before testing for cell-surface marker expression by flow cytometry and DC
potency in an allogeneic MLR.

DCs were incubated overnight with 50 mg/ml of either HER2/neu GMP
peptide E75 (KIFGSLAFL) or E90 (CLTSTVQLV) (Multiple Peptide Systems,
San Diego, CA) and with CD40L (PeproTech) 1 mg/ml for an hour before
washing with saline with 2% human serum albumin (Talecris Biotherapeutics)
before viability and sterility testing. After thawing, E75 and E90 peptide-pulsed
DCs were immediately used for injection.

Clinical assessments

Clinical response was defined according to RECIST 1.0 criteria. A partial
response was defined as at least a 30% decrease in the longest diameters of
target lesions, taking as reference the baseline longest diameter. Progressive dis-
ease was defined as at least a 20% increase in the longest diameters of target
lesions, taking as a reference the smallest longest diameter recorded since the
treatment started or the appearance of one or more new lesions. Stable disease
was defined as neither sufficient shrinkage nor increase to qualify as a partial
response or progressive disease. Restaging studies inclusive of CT chest, abdo-
men, pelvis, plain radiography, and/or bone scan as clinically necessary were
performed after the third cycle of therapy and at least 15 d after the completion
of therapy. Restaging was repeated every 3 mo in patients who stayed on ther-
apy beyond six cycles.

Toxicity was evaluated each cycle using the National Cancer Institute Com-
mon Terminology Criteria for Adverse Events version 3. Dose-limiting toxicities
(DLTs) included grade III neurologic, pulmonary, cardiac, hepatic, or renal
toxicity and any grade IV toxicity except hematologic toxicity, which was
considered a DLT only if related to life-threatening bleeding, febrile neutro-
penia, or causes a $2-wk treatment delay. Patients who experienced a DLT
were required to come off the study. Serious adverse events (SAEs) included
life-threatening or life-limiting events and events that required hospitalization.

Correlative assessments

To evaluate the ability of peptide-pulsed DCs plus trastuzumab to induce
functional Ag-specific T cells, we measured ex vivo Ag-specific T cell activity
against peptide-pulsed and tumor targets by tetramer staining and intracellular
cytokine assays using PBMCs isolated from the bloodstream 7 ± 1 d post-
therapy. PBMCs were stained with CD8�Pacific Orange (MHCD0830; Life
Technologies), along with PE�HLA-A*02:01 tetramers generated with E75
peptide, E90 peptide, or a negative control peptide, all from Beckman Coul-
ter. For single-cell sorting, sort gates were determined by setting the CD81

Tetramer1 gate so that it included no cells in the negative tetramer sample.
Tetramer1CD81 T cells were sorted by an iCyt Reflection high-speed sorter
at 1 cell/well into a 96-well PCR plate with each well containing 4 ml buffer
(0.5× PBS, 10 mM DTT, and 8 U RNaseOUT; Invitrogen). Plates were kept
frozen at −80◦C before RT-PCR analysis (63).

HLA typing

All patients underwent initial screening informed consent before HLA test-
ing. Patients who consented for the study then underwent an evaluation for
the expression of HLA-A0201 using DNA-based techniques.

Intracellular cytokine staining and upregulation of CD107
expression

PBMCs were cocultured at a 1:5 ratio with unpulsed autologous DCs, E75
peptide-pulsed DCs, or E90 peptide-pulsed DCs in AIM V 10% human AB serum
and unlabeled anti-CD28/49 (BD Biosciences, San Jose, CA) and anti�CD107-PE
(Pharmingen, San Jose, CA) for an hour. Brefeldin A and GolgiStop (BD
Biosciences) 5 mg/ml each were added, and the staining and stimulation
were continued for an additional 5 h. After FACS lyse and FACS (Sigma)
permeabilization steps, the PBMC:DC-stimulated cells were blocked with
200 ng/ml murine IgG before staining with anti-CD8 PerCP and anti�IFN-g
FITC (BD Biosciences) and fixing in 1% formalin (Polysciences, Warring-
ton, PA) in PBS before acquisition on FACSCalibur flow cytometer (BD
Biosciences).

Tetramer staining

PBMCs were resuspended in 0.5% human serum albumin in PBS and 200 ng/ml
purified mouse IgG (Sigma) before incubation with CD8-FITC (Beckman-
Coulter) and either PE E75, E90, or negative tetramer (iTAg MHC Class I
Human Tetramer-SA-PE; MBL International Corporation, Woburn, MA). Stained
cells were washed and fixed in 1% formalin (Polysciences) in PBS an hour
before acquisition on FACSCalibur flow cytometer (BD Biosciences).

In vitro stimulation of E75- or E90-specific CD8 effector T cells

Peptide-pulsed DCs were cocultured with autologous PBMCs in AIM V 10%
human AB serum and IL-2 (20 U/ml) and IL-7 (10 ng/ml) (PeproTech) at a
ratio of 20 PBMCs:1 DC for the initial stimulation for 7 d and at a ratio of
100 PBMCs:1 peptide-pulsed DC for restimulation at 14 d. The effector
T cells assays for tetramer and the upregulation of CD107 and IFN-g were
performed after 7 d poststimulation.

FIGURE 1. Study schema.
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Single-cell PCR and sequencing

RT-PCR amplification and sequencing of TCRb clonotypes was performed
using multiplex primers and nested PCR covering all human TCRb V region
genes and the b-chain C region (64). PCR products were treated with
Exonuclease I and shrimp alkaline phosphatase and sequenced by the UNC
Genome Analysis Facility. TCRb sequence identifications were made using
the International ImMunoGeneTics/HighV-QUEST software tool (65).

TCR sequencing and repertoire profiling

Sequence data were processed using Python and R scripts developed in the
laboratory. TCR sequences were analyzed for the presence of the conserved
invariant cysteine and FGXG motifs that define the CDR3 in one reading
frame. Sequences that did not exhibit this motif or had stop codons in the motif
reading frame were excluded. TRBV and TRBJ gene identifications were made
by either exact alignment or the highest scoring Smith�Waterman alignment
to the germline reference gene sequences annotated in ImMunoGeneTics
(http://www.imgt.org/IMGTrepertoire) (64, 66).

Data analysis

Data were analyzed in R v4.0.3 (67), additionally using packages survminer
(68), ggplot2 (69), viridis (70), and igraph (71). The OS curve was plotted to
include the 95% confidence intervals (CIs) around the Kaplan�Meier estimator.
Pairwise comparisons of prevaccine and postvaccine T cell population features
were done using paired Welch t tests. Associations of T cell population features
with OS were evaluated using Cox proportional hazards modeling with indi-
vidual features as the predictor variables and OS as the response variable. The
manuscript was generated using the CONSORT reporting guidelines (72).
Regarding availability of data and materials, correlative study data will be
provided to investigators at the publication of these data.

Results
This was a single-site phase I/II study in which 52 patients consented
to HLA testing for LCCC 0310, and 99 consented for HLA testing
for LCCC 0418. Of these, 12 patients were eligible for therapy on
LCCC 0310, with 7 female patients enrolled at the University of

North Carolina Hospitals. Thirty patients were eligible for LCCC
0418 with 19 female patients enrolled on the phase II trial, LCCC
0418, for tumors that overexpressed HER2 (Fig. 1). Patient decision
was the primary reason eligible patients did not enroll. Enrollment

Table II. TRAEs, SAEs, and DLTs

Adverse Event Any Grade Grade 1 Grade 2 Grade 3 Grade 4

Any 20 17 13 3 2
Abdominal pain 2 1 1a

Allergic reaction 1 1a

Anemia 8 7 1
Constipation 2 2
Cough 1 1
Diarrhea 2 2
Fatigue 7 6 1
Fever/Chills 5 5b

Hyperglycemia 1 1
Hypoalbuminemia 2 1 1
Hypocalcemia 6 3 3
Hypokalemia 3 3
Hyponatremia 4 4
Hypomagnesemia 2 2
Injection-site reaction 2 1c 1
Leukopenia, not specified 5 3 1 1
Lymphopenia 4 1 3
Nausea 3 3
Neutropenia 7 3 4c 1c

Musculoskeletal pain 3 2 1
Shortness of breath 2 1 1a

Strep throat 1 1
Thrombocytopenia 2 1 1
Upper respiratory infection 1 1

Additional grade 1 events were observed in one patient: alanine aminotransferase
increase, aspartate aminotransferase increase, creatinine increase, headache, hypermagne-
semia, hypotension, rhinitis, sensory neuropathy, shortness of breath, urinary tract infec-
tion, and weight loss.

aSAEs: hospitalization for abdominal pain (n 5 1), unrelated to treatment; hospital-
ization for shortness of breath (n 5 1), unrelated to treatment; and allergic reaction to
leukocyte growth factor (n 5 1), patient removed from study.

bRegimen was interrupted (fever [n 5 1]).
cDLTs: neutropenia (n 5 3), dose reduced; injection-site reaction (n 5 1), therapy

discontinued.

FIGURE 2. Overall survival in patients treated with dual-epitope HER2
DC vaccination. The Kaplan�Meier estimate of OS in the intention-to-treat
population is shown with its 95% CI. Two patients were enrolled but died of
disease progression before the first vaccination. One patient had prolonged sur-
vival >10 y and continues to be alive at the time of her last clinic follow-up
on December 3, 2020.

Table I. Baseline patient characteristics

Patient Characteristics (n 5 24)
Total number with (range) for
age and (percentages) for others

Age, y (range) 56 (39�69)
Sex, n (%)

Female 24 (100)
Race, n (%)

Black 2 (8.3)
White 22 (91.7)

Hormone receptor status, n (%)
Positive 20 (83.3)
Negative 4 (16.7)

HER2 receptor status, n (%)
11 IHC 2 (8.3)
21 IHC 8 (33.3)
Not amplified by FISH 4
FISH not performed 2
FISH amplified 2

31 IHC 14 (58.3)
Visceral metastases, n (%)

Yes 19 (79.2)
No 5 (20.8)

CNS metastases, n (%)
Yes 2 (8.3)
No 22 (91.7)

Prior lines of chemotherapy in the advanced setting, n (%)
0 8 (33.3)
1 11 (45.8)
2 4 (16.7)
31 1 (4.2)

Prior trastuzumab
Yes 14 (58.3)
No 10 (41.7)

Assessments included hormone receptor positivity, presence of visceral metastases,
prior lines of chemotherapy, use of trastuzumab, and/or previous HER2-directed thera-
pies. Data exclude the two patients who died before receiving treatment on trial.
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was from April 16, 2004, to December 2, 2011. Two patients died

before receiving treatment on the trial but are included in the intent-

to-treat group for OS. Baseline patient characteristics are listed in

Table I. The majority of patients had hormone receptor�positive
breast cancer (83%). Nearly 80% of patients had visceral metastases

at the time of trial participation. One-third of patients had no prior

lines of chemotherapy-containing treatment in the metastatic setting,

whereas 46% had one prior line and 21% had two or more prior

lines. No patients on LCCC 0310 (Her2-expressing) had received

prior trastuzumab. The majority of patients on LCCC 0418 had

received trastuzumab before trial participation (82%). Five patients

had prior HER2-directed therapy with lapatinib, and one patient had

prior T-DM1. Because toxicities and efficacy were similar, clinical

outcomes were combined while we evaluated the immune correla-

tives separately.
Characteristics of the infused DCs expanded from CD34 progeni-

tors are provided in Supplemental Fig. 1. The infused DCs expressed

high levels of CD40, CD86, CD11c, and HLA-DR with moderate
expression of CD83 and very minimal expression of CD14, consis-
tent with the infusion of activated and mature DCs.
Of the 24 patients treated in both trials, one patient (4%) had a

partial response. Eleven patients (46%) achieved stable disease as
best response on treatment. There were no complete responses. Fifteen
patients (63%) received six or more DC vaccines, with the maximum
number of vaccines received by a single patient being nine. The pro-
gression-free survival was 3.3 mo, with a range from 1.1 to 9.5 mo.
Median OS was 1.65 y (Fig. 2).
The only grade 3/4 treatment-related adverse events (TRAEs) were

hematologic (one patient with grade 4 neutropenia; one with grade 3
leukopenia, not otherwise specified; and one with grade 3 anemia)
(Table II). The most common TRAEs were anemia, neutropenia, and
fatigue. Hypocalcemia was the next most common adverse event.
Five patients experienced fevers and/or chills. Two patients experi-
enced grade 2 allergic reactions to GM-CSF, one of which qualified
as an SAE for which the patient discontinued the study. One patient

FIGURE 3. Immune monitoring results in the LCCC 0418 study cohort. Leukapheresis samples were analyzed before first vaccination and at the end of the study.
Peripheral blood samples were analyzed on the days of cycles 2, 4, 6, and 8 in vaccinated patients. Heatmaps show (A) frequency of E75-specific CD81 T cells,
(B) frequency of CD81 T cells positive for CD107 surface staining after stimulation with E75 peptide, (C) frequency of CD81 T cells expressing IFN-g after stimula-
tion with E75 peptide, (D) frequency of E90-specific CD81 T cells, (E) frequency of CD81 T cells positive for CD107a surface staining after stimulation with E90
peptide, and (F) frequency of CD81 T cells expressing IFN-g after stimulation with E90 peptide. Gray boxes represent time points when samples were not collected.
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experienced a grade 1 injection reaction to the DC vaccine and was
removed from the study. This was considered a DLT. The only addi-
tional DLT was observed with neutropenia, requiring a dose reduction
of vinorelbine in three patients. Two additional SAEs occurred as a
result of hospitalizations for symptoms unrelated to treatment, with
one leading to a survival event while the patient was on study.
Reasons for trial discontinuation included completion of therapy

(either six vaccine treatments or more than six, which was discontin-
ued when vaccine doses were completely used) (n 5 10), progressive
disease (n 5 12), and leukine injection reaction (n 5 2). The five
patients who received more than six vaccines had a longer survival
compared with those who did not complete vaccination, with all sur-
viving >3.5 y beyond their first treatment on trial, with one of these
patients remaining alive >14 y after vaccination. Details regarding
her clinical course are available in Supplemental Fig. 4.

Evaluation of E75- and E90-specific CD81 T cell responses to
therapeutic vaccination

For the LCCC 0418 study cohort, we used flow cytometry assays to
quantify E75 and E90 Ag-specific CD81 T cells, measure IFN-g
secretion, and evaluate cytotoxic activity via staining for cell-surface
CD107a on peripheral blood T cell populations. Representative
examples of tetramer, ELISPOT, and CD1071 T cells, respectively,
are shown in Supplemental Fig. 2. Immune monitoring results for
this study cohort over the study time points are summarized in Fig. 3.
Only E75- and E90-specific CD81 T cell numbers were measured
in the LCCC 0310 study cohort (Supplemental Fig. 3). Although
there was variability in time to best immunological response, epitope-
specific T cell number, IFN-g production, and cytotoxicity were all
increased postvaccination relative to prevaccination levels (Fig. 4).
Immunological vaccine responses were heterogeneous, with patients

having different overall magnitudes of response and different responses
across the variables tested (number of epitope-specific CD81 T cells,
IFN-g secretion, cell-surface CD107a expression) (Supplemental Fig. 3).
None of the variables tested were significantly associated with OS
postvaccination (Table III).

TCR repertoire profiling of E75-specific CD81 T cells

We performed single-cell sorting of E75-specific CD81 T cells fol-
lowed by TCRb sequencing to evaluate diversity of the Ag-specific
TCR repertoire in the context of vaccine therapy. Repertoire diver-
sity was not significantly different in prevaccination versus postvac-
cination samples (Fig. 5).

Robust E75-specific CD81 T cell response in an exceptional
responder

Given the remarkable survival at 14 y for one patient treated with
this multiepitope DC vaccination, we performed an in-depth charac-
terization of the immune response in this patient posttherapy. This

FIGURE 4. Increase of E75- and E90-specific T cell responses in treated patients. Pretreatment immune monitoring measurements were compared with
the time point of best response on treatment: (A) frequency of E75-specific CD81 T cells, (B) frequency of CD81 T cells positive for CD107 surface staining
after stimulation with E75 peptide, (C) frequency of CD81 T cells expressing IFN-g after stimulation with E75 peptide, (D) frequency of E90-specific CD81

T cells, (E) frequency of CD81 T cells positive for CD107 surface staining after stimulation with E90 peptide, and (F) frequency of CD81 T cells expressing
IFN-g after stimulation with E90 peptide.

Table III. Variables tested to probe heterogeneity of immunological
vaccine responses

Variable Hazard Ratio 95% CI p Value

E75 Tetramer 0.93 0.81�1.07 0.32
E75 CD107 1.01 0.97�1.05 0.55
E75 IFNg 1.00 0.87�1.16 0.99
E90 tetramer 1.03 0.92�1.15 0.59
E90 CD107 1.02 0.99�1.05 0.25
E90 IFNg 1.02 0.95�1.10 0.61

Assessment of vaccine responses was based on number of epitope-specific
CD81 T cells, IFN-g secretion, cell-surface CD107a expression as determined by
flow cytometric analysis. None of the variables tested were significantly associated
with OS postvaccination.
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patient had an increased frequency of E75-specific CD81 T cells,
CD81 T cell production of IFN-g, and cell-surface expression of
CD107a after vaccination (Fig. 6A, 6B). Using next-generation
sequencing, we also found decreased TCR repertoire diversity
(increased clonality) in the E75-specific CD81 T cell population
after therapeutic vaccination. Before vaccine therapy, we identified
14 different clonotypes as demonstrated by different CDR3s from
T cells in the bloodstream from this patient specific for the E75 or
E90 epitopes. Interestingly, after vaccination, we identified a domi-
nant single TCRb clonotype with the CDR amino acid sequence

CASSHREGWDIQYF, specific for the E75 epitope, which was pre-
sent at low frequency in the pretreatment TCR repertoire but became
the dominant clonotype posttreatment (Fig. 6C) with >25% of the
repertoire composed of this single clone.

Discussion
In this article, we provide evidence that peptide-pulsed DCs can be
effectively generated and given in combination with chemotherapy
and HER2-targeted therapy, with few grade $2 adverse events and

FIGURE 5. TCRb repertoire pro-
filing in treated patients. (A) Rank-
frequency plot showing frequency
distributions of prevaccine (dashed
lines) and postvaccine (solid lines)
E75-specific CD81 T cell popu-
lations. Distinct colors represent
individual patients. (B) TCR reper-
toire diversity measurements of E75-
specific CD81 T cell populations
before and after vaccine therapy.

FIGURE 6. Robust E75-spe-
cific CD81 T cell responses in
an exceptional responder. (A) Fre-
quency of E75-specific CD81

T cells. (B) Frequency of CD81

T cells positive for CD107 surface
staining after stimulation with E75
peptide (y-axis) and frequency of
CD81 T cells expressing IFN-g
after stimulation with E75 peptide
(x-axis). (C) Sequence similarity
networks showing TCR reper-
toires of the sorted E75-specific
CD81 T cells. TCR clonotypes
were considered identical if they
expressed the same V gene, J
gene, and CDR3 gene segment.
CDR3 amino acid sequences are
shown, with central circles corre-
sponding to relative abundance in
the TCR repertoire. The sequence
CASSHREGWDIQYF was pre-
sent in a low frequency in the pre-
treatment repertoire and expanded
to become a dominant clono-
type in the posttreatment TCR
repertoire.
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all but one patient able to complete at least three vaccinations. The
combination of autologous peptide-pulsed DCs with trastuzumab
and vinorelbine stable disease led to stable disease in 46% and partial
response in 4% with a median survival of 1.65 y. Quite surprisingly,
one patient, who had the most robust immunological response post-
vaccination, continues to experience long-term survival with contin-
ued bone-only disease >14 y after trial participation.
We did not find that the level of expression of HER2 was a deter-

minant of response to this vaccine because patients with HER2 expres-
sion, but not overexpression (treated in the phase I study), responded
similarly to those with HER2 overexpression in the phase II study.
Our rationale for studying this patient population was preclinical data
suggesting that a very low level of expression of immunodominant
peptide/MHC complexes could induce a CD81 T cell response. Our
findings are particularly interesting given recent data demonstrating
clinically significant therapeutic activity of the HER2-targeted Ab drug
conjugate trastuzumab deruxtecan in patients with low levels of HER2
expression (73). Given that patients with metastatic hormone receptor�
positive and triple-negative breast cancer have few, if any, options
besides chemotherapy in the later line setting, which rarely provides
durable responses, these data suggest additional development of tar-
geted and immune-based therapeutics specific to HER2 that take
advantage of even low levels of HER2 expression.
DC vaccination induced an immune response as demonstrated by

increased Ag-specific T cell responses, including increased E751

CD81 T cells by tetramer analysis, increased frequency of IFN-
g�secreting T cells with E75 and E90 stimulation, and increased
frequency of CD1071 T cells with E75 and E90 stimulation. Four
of six patients with available data had increased TCR repertoire
clonality after vaccination. However, these responses were not corre-
lated with clinical efficacy, which is similar to published data (74).
There are a number of reasons for this that include a lack of under-
standing of what level of Ag-specific T cell number or functional
activity in the bloodstream correlates with a clinical response postvac-
cination, the absence of data regarding T cell activity at the tumor site,
possible local immunosuppression that may limit the efficacy of acti-
vated T cells, the potential development of T cell exhaustion, which
had not been well characterized when this study was underway, and
limitations on the effector activity being measured. Although we found
that the vaccine elicited greater number of T cells after treatments,
these values did not approach those found in individuals after viral
infection.
We found one patient who had an extremely robust immune response

to this therapy (see Supplemental Fig. 4 for treatment schema). Before
vaccination, she had evidence of an oligoclonal response to HER2 with
a very small population of T cells that expressed the immunodominant
TCR found postvaccination. After vaccination, she had a robust T cell
response to the E75 epitope with an increased percentage of T cells
specific for E75 that generated IFN-g and lytic activity by in vitro
stimulation after the completion of vaccine therapy. In addition, she
had E75-specific tetramer-positive cells present postvaccination. Finally,
close to 25% of her T cell repertoire postvaccination was represented
by one clonal CDR3 that was present at a much lower frequency
before vaccination, strongly suggesting that the vaccine was capable
of expanding an endogenous immune response. Quite interestingly,
this patient is alive 14 y after the diagnosis of metastatic breast can-
cer (postvaccine treatment is summarized in Supplemental Fig. 4).
The limitations of this study include the absence of a control group

that received vinorelbine and trastuzumab without vaccination (although
most patients in the phase II trial had received prior chemotherapy and
82% had received trastuzumab) to allow the vaccine contribution to be
assessed alone, the absence of immune assessment at the tumor site,
and the modest sample size. Immune monitoring was performed on
the peripheral blood; however, in the context of neoadjuvant HER2

DC vaccination for Ductal Carcinoma in Situ, clinical response
was associated with T cell responses measured in the sentinel
lymph node, but not in blood (43). In addition, this study was
performed before the development of newer therapies for
HER2-expressing tumors, which limits its applicability to cur-
rent standard of care.
In conclusion, multiepitope DC vaccines can be successfully gener-

ated and safely given to patients with metastatic breast cancer. Vaccine-
specific T cell responses were seen in the context of concurrent chemo-
therapy plus HER-2�targeted therapy, even in patients who had multiple
lines of therapy before vaccination. Immunodominant Ag responses
varied between individuals, although both Ags tested were presented
by HLA-A*02:01 (and all enrolled patients expressed this HLA
allele). Although much vaccine work in HER21 breast cancer has
focused on the E75, AE37, and GP2 peptides, as well as peptide
mixtures, in this study, we saw T cell responses elicited to the E90
peptide as well. There was only one objective response in this study
cohort despite more frequent generation of vaccine epitope-specific
T cell responses; however, a significant number of patients treated
had stable disease, and nearly 30% of patients survived >5 y from
their initial treatment in the trial, which is longer than historical sur-
vival for patients with metastatic breast cancer. T cell responses after
vaccination were heterogeneous and not statistically associated with
improved survival. One patient, with the most robust expansion of a
T cell clone postvaccination, is still alive 14 y after treatment with a
small frequency clone prevaccination greatly expanded by this therapy.
These findings provide an impetus for a larger phase clinical trial to
test the efficacy of this combination in patients with metastatic breast
cancer, as well as to include the E90 peptide in future multiepitope
HER2 vaccine formulations.
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