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Background: Despite recent advances, there is an urgent need for agents targeting
HER2-expressing cancers other than breast cancer. We report a phase | study
(NCT01730118) of a dendritic cell (DC) vaccine targeting HER2 in patients with
metastatic cancer or bladder cancer at high risk of relapse.

Patients and Methods: Part 1 of the study enrolled patients with HER2-expressing
metastatic cancer that had progressed after at least standard treatment and patients who
underwent definitive treatment for invasive bladder cancer with no evidence of disease at
the time of enrollment. Part 2 enrolled patients with HER2-expressing metastatic cancer
who had progressed after anti-HER2 therapy. The DC vaccines were prepared from
autologous monocytes and transduced with an adenoviral vector expressing the
extracellular and transmembrane domains of HER2 (AdHER2). A total of five doses
were planned, and adverse events were recorded in patients who received at least one
dose. Objective response was evaluated by unidimensional immune-related response
criteria every 8 weeks in patients who received at least two doses. Humoral and cellular
immunogenicity were assessed in patients who received more than three doses.

Results: A total of 33 patients were enrolled at four dose levels (5 x 10°, 10 x 106, 20 x
10%, and 40 x 10° DCs). Median follow-up duration was 36 weeks (4-124); 10 patients
completed five doses. The main reason for going off-study was disease progression. The
main adverse events attributable to the vaccine were injection-site reactions. No cardiac
toxicity was noted. Seven of 21 evaluable patients (33.3%) demonstrated clinical benefit (1
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complete response, 1 partial response, and 5 stable disease). After >3 doses, an antibody
response was detected in 3 of 13 patients (23.1%), including patients with complete and
partial responses. Lymphocytes from 10 of 11 patients (90.9%) showed induction of anti-
HERZ2 responses measured by the production of at least one of interferon-gamma,
granzyme B, or tumor necrosis factor-alpha, and there were multifunctional responses in 8

of 11 patients (72.7%).

Conclusions: The AdHER2 DC vaccine showed evidence of immunogenicity and
preliminary clinical benefit in patients with HER2-expressing cancers, along with an
excellent safety profile. It shows promise for further clinical applications, especially in

combination regimens.

Keywords: cancer vaccine, HER2, immunotherapy, dendritic cell, clinical trial

1 INTRODUCTION

Human epidermal growth factor receptor 2 (HER2/Erb-B2) is
overexpressed or amplified in multiple solid tumors.
Homodimerization or heterodimerization of HER2 receptors
with the same or other HER family members results in
autophosphorylation of a tyrosine residue in the cytoplasmic
domain, driving tumorigenesis (1-7).

The outlook for patients with HER2-positive breast cancer
significantly improved in 1998 with FDA approval of
trastuzumab and subsequent approval of several additional
anti-HER2 agents. However, patients often show primary or
secondary resistance to HER2 treatments, leading to relapse or
disease progression. The extensively studied mechanisms of
resistance include intrinsic, extrinsic, or combination
mechanisms, including loss or alteration of the target or its
downstream pathway (8, 9). Targeting one epitope with
monoclonal antibodies eventually exerts pressure for immune
escape or changes in signaling machinery, contributing to
eventual loss of clinical efficacy. A further concern is that
approximately 15% of patients receiving anti-HER2 regimens
showed an increased risk of cardiac dysfunction (10, 11). Finally,
FDA-approved indications for therapeutics targeting HER2 are
limited to breast cancer and gastric cancer only, leaving an
unmet need for many other HER2-expressing cancers (12-14).

Park et al. reported total regression of large established orthotopic
HER2-expressing breast cancers up to 3,000 mm? in the mouse
TUBO model after the vaccination with a recombinant adenovirus
(Ad) expressing the extracellular domain (ECD) and
transmembrane domain (TMD) (ECTM) of rodent HER2. The
viral vaccine also prevented autochthonous mammary carcinomas
in HER2-transgenic mice, whether given as a free adenovirus or as
syngeneic dendritic cells (DCs) transduced with adenovirus. The
mechanism of protection involved antibody-mediated blockage of
HER2 phosphorylation that was independent of Fc receptors (15-
17). To expand the study for human HER2-expressing cancers, an
Ad5f35 vector expressing the human HER2 extracellular (EC) and
transmembrane (TM) domains (ECTM) (AdHER2) was generated.
The Ad5f35 vector was used to better target DCs and reduce
neutralization by pre-existing anti-Ad5 antibodies prevalent in the

population. The vector modification changes the receptor tropism of
the adenovirus from coxsackievirus and adenovirus receptor to
CD46, which allows more efficient transduction in most human
cells, especially DCs (18, 19). When AdHER2 was tested for anti-
HER2 response in a syngeneic human HER2 transgenic mouse
model, the immune sera inhibited HER2-positive SKBR3 cell
survival in a dose-dependent manner. The mechanism of
protection was through antibodies and was Fc receptor-
independent, which differs from one of the major mechanisms of
trastuzumab, which is Fc receptor-dependent (19-21). We translated
these preclinical findings into a first-in-human phase I clinical trial to
determine the safety and immunogenicity of an autologous DC
vaccine transduced with AdHER2.

2 PATIENTS AND METHODS

2.1 Patient Eligibility

Patients 218 years old with histologically confirmed HER2+
cancer were eligible for the study. Patients must have either
recurrent or metastatic cancer that had progressed after at least
one regimen of standard or adjuvant treatment. Patients with
muscle-invasive bladder cancer must have completed curative
resection and standard or neoadjuvant chemotherapy. Patients
with metastatic disease were required to have at least one target
lesion, as defined by Response Evaluation Criteria in Solid Tumors
(RECIST) v.1.1. Additional eligibility criteria included ECOG
performance status of 0 or 1, NYHA heart failure class I, left
ventricular ejection fraction >53% by echocardiogram, and
adequate organ function for bone marrow (absolute neutrophil
count > 1,000 cells/mm® and absolute lymphocyte count > 300
cells/mm?), kidney (creatinine < 1.5 mg/dl), and liver (SGOT and
SGPT <3 times the upper limits of normal and total bilirubin <1.5
mg/dl). Exclusion criteria included pregnancy, active brain
metastasis, cumulative dose of doxorubicin >400 mg/m or
epirubicin >800 mg/m’, medical conditions requiring systemic
corticosteroids, and autoimmune condition requiring active
intervention or active infection requiring treatment. No
concurrent cancer treatment was allowed except for ongoing
hormone therapy for breast cancer.
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2.2 Clinical Trial Design and

Regulatory Oversight

This phase I dose-escalation clinical trial was designed to
demonstrate the safety and immunogenicity of an autologous
AdHER2 DC vaccine in patients with HER2-expressing cancer.
The study included two cohorts. Part 1 with dose escalation [5 x
10% 10 x 10% and 20 x 10° DCs per dose, six patients per dose
level (DL)] was opened first in patients who were naive to any
anti-HER2 therapy for HER2-expressing metastatic cancer or
patients with bladder cancer that was surgically treated with
curative intent with or without standard-of-care (neo)adjuvant
therapy with no evidence of disease at enrollment. Part 2
(DL 20 x 10°) enrolled patients who had progressed after
HER?2-targeted therapy. Parts 1 and 2 also opened dose-
expansion cohorts (DL 40 x 10°) (Figure 1). The primary
endpoints of the study were to determine whether the vaccine
was associated with cancer therapeutics-related cardiac
dysfunction (CTRCD) and to determine the immunogenicity
of the vaccine against HER2.

The study was approved by the Institutional Review Board of
the National Cancer Institute (NCI), National Institutes of Health
(NIH) and conducted in accordance with institutional and federal
guidelines for human investigation in accordance with the
Declaration of Helsinki. All participants were informed of the
investigational nature of the study and provided written
informed consent prior to enrollment. This trial was sponsored
by the Center for Cancer Research of the NCI. Ongoing safety
oversight was conducted by the Institutional Review Board
and Safety Monitoring Committee at the NIH. Any serious
adverse events (AEs) were reported to the U.S. Food and
Drug Administration.

2.3 AdHER2 DC Vaccine Vector
Construction, Vaccine Manufacturing,

and Administrations

The adenoviral construct AAHER2 was developed by the Baylor
Center for Cellular and Gene Therapy following Good
Manufacturing Practice regulations. It was constructed by
inserting the ECTM sequence of human HER2 into the Ela/
E1b region of the Ad5 vector as a backbone; the Ad35 knob and
fiber substituted for the corresponding Ad5 regions. The
intracellular domain (ICD) of HER2 was not included to avoid
any potential of signal transduction and oncogenicity. The
product is an Ad5f35 vector expressing the ECTM domains of
human HER2.

The autologous DC vaccine was manufactured at the Center
for Cellular Engineering at the NIH Clinical Center (Figure 1)
(22). The mononuclear cells of the patients were collected by
apheresis and elutriated monocyte aliquots were stored frozen
until each vaccine dose was manufactured, targeting up to 8
aliquots of 3.33 x 10® cells each.

On day 0, one cryopreserved monocyte-enriched aliquot was
thawed and resuspended in media containing 90% RPMI-1640;
10% autologous heat-inactivated filtered plasma or allogeneic
heat-inactivated, irradiated, filtered AB plasma; 2,000 IU/ml
rGM-CSF (sargramostim, Genzyme, Cambridge, MA, USA);

10 pg/ml gentamicin; and 2,000 IU/ml USP grade recombinant
human IL-4 (CellGenix, GmbH, Freiburg, Germany) at a final
concentration of 1.5 x 10° cells/ml in T75 flasks (Corning
Incorporated Life Sciences, Lowell, MA, USA). The flask was
incubated at 37°C in 5% CO,. On day 2, the medium was
changed and keyhole limpet hemocyanin (KLH, 10 ug/ml,
Stellar Biotechnologies, Inc., Port Hueneme, CA, USA) was
added to the final concentration, 10 ug/ml. On day 3, a 24-h
sterility test sample was collected from the immature DCs in the
flask, followed by transduction with the AdHER2 vector
designed to express the ECTM of HER2 at a ratio of 3,000
viral particles per cell plated. The maturation cocktail consisting
of LPS (30 ng/ml, List Laboratories, Inc., Campbell, CA, USA)
and IFN-y (1,000 IU/ml, Horizon Therapeutics, Dublin, Ireland)
was added at 20 h before harvesting. On day 4, the product was
reviewed for the release criteria, including cell count, viability,
CD83, CD340 (HER2/neu), gram stain, endotoxin, and 24-h
sterility (day 3 specimen obtained prior to the transduction).
The vaccine product was packaged with infusion media in
a total volume of 1 ml Plasma-Lyte A (Baxter, Deerfield,
IL, USA) containing 10% autologous heat-inactivated plasma
or allogeneic heat-inactivated, filtered AB plasma in a sterile
syringe, and the expiration was set at 4 h after packaging.
A final certificate of analysis including bacterial and fungal
culture (14 days) and mycoplasma test by PCR was issued for
each dose.

Five vaccine doses were scheduled at weeks 0, 4, 8, 16, and 24
(Figure 1). The vaccine was administered intradermally in two
sites, 0.5 ml each, in alternating arms starting with the non-
dominant arm. Patients were monitored for vital signs at baseline
and every 15 min for 60 min after the first vaccination and at
baseline and at 15 min in subsequent doses. Vaccine report cards
were provided to record injection-site reactions. Patients who
demonstrated disease progression during the vaccine
manufacturing did not receive the vaccine. Selected patients
who were medically stable continued to receive vaccine doses
as scheduled at initial documentation of progression while they
were transitioning to their care in coordination with their
primary oncologist.

2.4 Adverse Events and Dose-Limiting
Toxicity

Patients were evaluated by physical exam and laboratory tests
every 4 weeks until progression or week 40 and every 8-12 weeks
thereafter until week 124. Patients were evaluated with
echocardiogram at baseline and on weeks 4, 12, 20, 28, 32, 40,
48, 76, 100, and 124 if no abnormalities were observed in a prior
echocardiogram. All patients who received at least one dose of
the vaccine were evaluated for safety. AEs were reported
following the revised NCI Common Terminology Criteria for
Adverse Events version 4.0. The study-defined dose-limiting
toxicities (DLTs) were grade >2 allergic reactions, grade =2
autoimmune disorder, grade >3 cardiac disorders or injection-
site reactions, grade >3 anaphylaxis anytime during the study,
and grade >3 dermatologic, gastrointestinal, renal, urinary,
hepatic, or neurologic toxicity within 30 days after the
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FIGURE 1 | The clinical trial design of the AdHER2 DC vaccine. (A) Part 1 with dose escalation was opened to enroll 1) patients with metastatic cancer that
progressed after at least one standard therapy or 2) with high-risk bladder cancer who completed treatment with curative intent and no radiographic evidence of
disease. After reviewing the safety data of part 1, part 2 and dose expansion cohorts followed. (B) Study calendar showing schedules for vaccination and
assessments. (C) Diagram showing AdHER2 DC vaccine manufacturing. Briefly, mononuclear cells of patients were collected by apheresis and elutriated monocyte
aliquots were stored frozen until each vaccine dose was manufactured. On day O, one aliquot was thawed and resuspended in media containing cytokine and
plasma. On day 2, the medium was changed and keyhole limpet hemocyanin was added as an immune adjuvant. On day 3, cells were transduced with the ADHER2
vector designed to express the ECTM of HER2. Then, the maturation cocktail was added. On day 4, the product was reviewed and packaged for administration.

vaccination that were at least possibly related to the vaccine.
Study-defined immunization-related DLTs included grade >3
anaphylaxis and injection-site reactions. The clinical data cutoft
date was November 1, 2019.

2.5 Objective Response Evaluation

All patients available at the first objective response evaluation at
week 8 and who received at least two doses of the vaccine were
deemed evaluable. Restaging CT or MRI scans were done every 8
weeks in the first 12 months then every 12-24 weeks until
progressive disease (PD) or any clinical event requiring
imaging studies. Bone scan was obtained when clinically
indicated. Objective responses were evaluated by modified
immune-related response criteria (irRC) with unidimensional
measurement of target lesions (23). Patients who showed clinical
benefit [complete response (CR), partial response (PR), or stable
disease (SD)] were compared with patients who had no clinical
benefit. All scans were assessed by clinical radiologists, then
reviewed by an independent radiologist who specializes in
response evaluation in clinical trials at the NIH Clinical Center.

2.6 Immune Correlatives

Samples from patients who received at least three doses of the
vaccine were evaluated for immunogenicity. Immune
correlatives were evaluated on weeks 0, 8, 16, 24, 32, 40, 48, 60,
76, 100, and 124. If the condition of the patient was not feasible
for the research biospecimen collection, IRB-reported deviated
timepoint samples were used in limited occasions. Sera and
peripheral blood mononuclear cells (PBMCs) were stored
frozen until the time of analysis.

2.6.1 HER2-Specific Antibody Response

Serum collections were analyzed for HER2 peptide-specific
antibody response using a panel of overlapping 15-mer
peptides spanning the HER2 sequence using PepStar peptide
microarrays, Multiwell Microarray Service (JPT Peptide
Technologies GmbH, Germany). The reactivity pattern was
summarized in fold increase compared with baseline. As this is
a study conducted in non-HLA preselected patients with a small
number of available biospecimens, responses to multiple
epitopes in individual patients or detection of varying epitopes
among patients will be reported in a descriptive manner.

2.6.2 HER2-Specific Cellular Response

Assays were validated and performed following standard
operating protocols at the Clinical Support Laboratory, Leidos
Biomedical Research, Inc., Frederick National Laboratory,
Frederick, MD, USA.

2.6.2.1 Cell Culture Conditions

PBMCs were obtained by density gradient centrifugation using
Ficoll-Hypaque (GE Healthcare, Chicago, IL, USA) and stored
frozen until the testing of multiple timepoints to avoid interassay
variability. Frozen PBMCs were thawed, resuspended, and plated
into 24-well tissue culture plates (Corning, Corning, NY, USA) at
2-3 x 10° viable cells/well in CTL media containing RPMI
(Thermo Fisher Scientific, Waltham, MA, USA), 10% human
AB serum (Omega Scientific, Inc., Tarzana, CA, USA), and 1%
Pen/Strep-L-glutamine (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA). These PBMCs were stimulated with
either the HER2 ECD or the HER2 ICD peptide mix (PM-
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ERB_ECD, PM-ERB_ICD; JPT Peptide Technologies GmbH,
Germany) at 1 pg/ml in a 37°C humidified 5% CO, atmosphere
in the presence of recombinant human IL-7 (5 ng/ml, Peprotech,
Cranbury, NJ, USA) on day 0. A healthy donor control was
stimulated in a similar way with 1 pug/ml CMVpp65 peptide
(Mimotopes Pty Inc., Australia). Recombinant human IL-2
(Tecin; Hoffmann-La Roche, Switzerland) was added on day 3
at 12.5 units/ml. Cells were fed every 2-3 days by removing half
of the culture supernatant and replacing it with fresh CTL media
containing IL-7 and IL-2. The cells were harvested on days 10-
12. If the cultures needed to be fed <48 h before the assay, the
media were replaced without the addition of cytokines.

2.6.2.2 FluoroSpot/ELISpot Assay

FluoroSpot and ELISpot assays were validated and performed
following standard operating protocols at the Clinical Support
Laboratory, Leidos Biomedical Research, Inc. All assays using
PBMC:s (100,000/well) were performed after in-vitro-stimulation
for 10-12 days as the effectors and peptide-pulsed autologous
DCs (10,000/well) as the antigen-presenting cells (APCs) at a
10:1 ratio in culture media containing RPMI (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA), 5% human AB serum
(Omega Scientific), and 1% Pen/Strep-L-glutamine (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA). The APCs
were pulsed with 1 pg/ml peptide 2 h at 37°C before being
plated with the effectors. The response to the HER2 peptides and
the control peptide HTLV-I (Tax 11-19, Mimotopes Pty Inc.),
plus mitogenic stimulation with PHA, was assessed. For the IL-4
ELISpot, a 1:67 dilution of IL-4-I antibody (final 15 mg/ml,
Mabtech, Inc. Cincinnati, OH, USA) was added to MSIP opaque
plates (MilliporeSigma, Burlington, MA, USA) and incubated
overnight at 4°C. The FluoroSpot plates have 3 pre-coated
markers (monoclonal antibodies 1-D1K, GB10, and MT25C5)
situated in 96-well low autofluorescent polyvinylidene fluoride
(PVDF) membrane, HTS opaque plates (Mabtech, Inc.). On the
day of assay, both the three-marker plates and the IL-4 plates
were washed four or five times in D-PBS and blocked with 5%
human AB culture medium at room temperature for
approximately 2 h. The effectors and APCs were incubated for
18-20 h (three-marker plate) or 24 h (IL-4 plate) at 37°C and 5%
CO,. The next day, the plates were manually washed five times
with D-PBS, followed by a 2-h incubation at room temperature
with a 1:200 dilution of anti-IFN-y monoclonal antibody 7-B6-1-
BAM, a 1:500 dilution of biotinylated anti-granzyme B
monoclonal antibody GB11, a 1:200 dilution of anti-TNF-o
monoclonal antibody MT20D9-WASP (three-marker plate),
and a 1:1,000 dilution of IL-4-II-biotin antibody (Mabtech,
Inc.) in D-PBS containing 0.5%-1% bovine serum albumin.
After incubation and five washes in D-PBS to remove excess
antibody, a 1:200 dilution of anti-BAM-490, SA-550, and anti-
WASP-640 (Mabtech, Inc.) in D-PBS containing 1% bovine
serum albumin was added to each well for 1 h at room
temperature followed by five manual washes in D-PBS. IL-4
plates were treated with streptavidin-alkaline phosphatase
(1:1,000 dilution, Mabtech Inc.) in D-PBS containing 0.5%
fetal bovine serum. Finally, fluorescence enhancer (Mabtech,
Inc.), 50 pL/well (three-color plates), or filtered BCIP/NBT

phosphatase substrate (KPL), 100 pL/well (IL-4 plates), was
added for 15 min, resulting in the development of spots. Plates
were flicked to remove the enhancer (three-color plates) or
washed three times with sterile water (IL-4 plates), then dried
overnight in the dark with the underdrain removed. The spots
were visualized and counted using the ImmunoSpot S6 Imaging
Analyzer system (Cellular Technology Ltd., Cleveland, OH,
USA) equipped with three separate filters and ImmunoSpot
Fluoro-X software (Cellular Technology Ltd.) which utilizes
individual monochromatic images taken at each excitation/
emission condition optimized for each fluorochrome. These
monochromatic images were then assessed by the software
using an experimentally validated Center of Mass Distance
algorithm to determine multicolor spot counts. The blue spots
on the IL-4 plates were analyzed using ImmunoSpot software
(Cellular Technology Ltd.). All wells were counted with set
parameters and each count was verified to ensure the accuracy
of the counting software. All results were expressed as the
number of spots per 10° responder cells after subtracting
background spots obtained in wells of effectors with non-
pulsed DCs. The results were reported as positive if the mean
of the test specimen was greater than the control mean + 1
standard deviation (24). If there was a response in at least one of
IFN-vY, granzyme B, or TNF-0, it was considered as having a
positive post-vaccination response. Regarding multifunctional
lymphocyte responses, the detection of simultaneous production
in at least two of IFN-v, granzyme B, or TNF-o in combination
was considered as a positive response.

2.7 Statistical Analysis

An exact Wilcoxon rank sum test was used to compare previous
lines of chemotherapy with and without clinical benefit. The
same test was used to compare continuous measures such as
baseline values of total white blood cell count, peripheral blood
lymphocyte percentage and counts, lymphocyte subsets, 1gG
level, and 25-(OH)-vitamin D among the clinical benefit
groups: clinical benefit (CB) and no clinical benefit (NCB).
Several parameters were also evaluated relative to normal vs.
low levels, and these were compared between the clinical benefit
groups using Fisher’s exact test.

3 RESULTS

3.1 Patient Characteristics

Between March 2013 and August 2019, 33 patients were enrolled
in the study. Median follow-up was 36 weeks (range 4-124). Four
patients completed the entire study, including safety visits up to
124 weeks from enrollment. All patients were off study at the
time of data cutoft (Table 1). Females (n = 20) constituted 60.6%
of enrolled patients, with a median age of 60 (range, 36-72). Of
30 patients with metastasis at the time of enrollment, 18 (60%)
developed de novo metastatic disease and had an average of three
treatment regimens prior to enrollment. No one was enrolled
based on HER2 fluorescence in situ hybridization (FISH) with
IHC 0. Patients in part 1 did not have any history of HER2-
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TABLE 1 | Patient characteristics.

5 x 10°

Age 30-59

>60
Sex Male

Female
Race African American
Asian
Caucasian 7
Hispanic
Breast
NSCLC 1
Esophageal/EGJ/stomach
Colon/rectal 2
Ovary 1
Prostate
Bladder, NED?
Bladder, metastatic
Uterine cervix
Previous lines of treatment® 0-2

3 or more

B W WS

Primary site of cancer

~N o =N

Total

10 x 108

Part 1 Part 2 Total
20 x 10° 40 x 10° 20 x 10° 40 x 10°

4 2 1 2 2 15
4 4 2 4 1 18
2 3 2 1 2 13
6 3 1 5 1 20
1 1
2 1 1 4
5 5 3 5 2 27
1 1

6 1 7

]

1 1 2
5 1 1 9
2 2 5
1 1 2

2 3

2

1 2

3 4 3 2 3 17
5 2 0 4 0 16
8 6 3 6 3 33

All patients were ECOG 0 or 1 by eligibility criteria. Part I: n = 24 (no previous HER2-targeted therapy). Part Il: n = 9 (previously progressed after one or more HER2-targeted therapy).

ANED, no evaluable disease; vaccines were given as an adjuvant after the standard care.

bNumber of treatment regimens prior to enroliment, excluding neoadjuvant or adjuvant regimens.

targeted therapy prior to enrollment. All patients in part 2 (n=9)
had received anti-HER2-containing regimens prior to
enrollment. All patients had received trastuzumab and one
patient (patient 32) had received trastuzumab and lapatinib
prior to enrollment. Median cardiac left ventricular ejection
fraction at time of enrollment was 63%.

3.2 Toxicity

The AdHER2 DC vaccine was well tolerated. No allergic
reaction, autoimmune or cardiac disorder, grade >3 injection-
site reaction, or anaphylaxis was reported during the study. All
the other AEs that fit the study-defined DLT criteria were more
likely associated with disease progression than vaccination. No
study-defined immunization-related DLT was reported. Twenty-
two patients died during the study period, all associated with
disease progression, not with vaccination. Of 47 grade >3
toxicities, 11 were at least possibly attributable to the
investigational drug, although the clinical picture favored the
effects of disease progression rather than vaccine administration
or inflammatory response following vaccination (see Table 2 for
specific AEs). All but two patients had grade 1-2 injection-site
reactions with each dose, beginning several hours after injection
and resolving spontaneously in 4-5 days. Repeated doses did not
aggravate injection-site reactions. Systemic AEs such as fever,
chills, or myalgia were not suggestive of systemic inflammation;
however, anemia, fatigue, and pain were associated with the
course of underlying disease. CTRCD or heart failure was not
observed in any patients during follow-up (Table 2).

3.3 Clinical Activity and Patient Course
Ten patients (30.3%) completed all five scheduled doses. Two
patients were enrolled who did not receive the vaccine due to

disease progression while waiting for the first dose. Twenty-six
patients (78.8%) received the >3 doses required for assessment of
immunogenicity. Reasons for stopping treatment included
disease progression (n = 12), death (n = 5), development of
medical conditions unsuitable to travel to the study site (n = 4),
and patient request (n = 2).

Among all patients available at the first objective response
evaluation at week 8 and who received at least two doses of the
vaccine, 21 patients were deemed evaluable for objective
response (63.6% of 33 enrolled; 75% of 28 who received >2
doses); 7 patients (33.3% of evaluable patients) showed CB (CR =
1, PR =1, and SD = 5) (Table 3 and Figure 2A). Seven patients
were determined inevaluable either because their scans or
target lesions were considered inadequate per review by the
independent radiologist (patients 1, 19, 22, 28, and 30), or
because they had no evaluable disease by enrollment criteria
for the bladder adjuvant treatment indication (patients 18 and
20). All patients with CB received 10 x 10° or more DCs,
whereas none of the five evaluable patients at the lowest DL of
5 x 10° DCs showed clinical benefit. Patient 9 (DL 10 x 10°)
with metastatic stomach cancer (HER2 THC 3+, FISH 2.5) had
a 50% decrease in the sum of target lesions at week 16
but progressed due to non-target lesion progression at
week 24 (Figure 2B). Among three patients who showed a
decreased sum of target lesions, two with ovarian cancer of
different pathologic subtypes remained stable for 6 months
or more. One patient (patient 17, DL 20 x 10°) with high-
grade serous ovarian cancer (HER2 IHC 3+, FISH 1.3)
had lesions confined to the vaginal cuff at the time of
enrollment that completely regressed after four doses of
vaccine. This response was first demonstrated at week 24
and lasted until week 113. The patient experienced episodes of
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TABLE 2 | Reported adverse events (AEs) that were present in more than 10% (n = 4) of patients who received at least one dose of the vaccine (n = 31).

Toxicity Number of patients (%)
Hematologic disorders Anemia 10 32
White blood cell count decrease 4 13
Lymphocyte decrease 15 48
Gastrointestinal disorders Abdominal pain ih 36
Ascites 6 19
Bloating 5 16
Diarrhea 7 23
Dyspepsia 5 16
Nausea/vomiting 8/10 26/32
AST/ALT elevation 5 16
Bilirubin/ALP elevation 5/6 16/19
General disorders and injection-site reactions Fatigue 18 58
Pain 10 32
Injection-site reaction 29 94
Infections Urinary tract infection 7 23
Respiratory tract infection 7 23
Metabolism and nutritional disorders Anorexia 8 26
Weight loss 6 19
Dehydration 5 16
Hypoalbuminemia 7 23
Hypophosphatemia 9 19
Musculoskeletal and connective tissue disorders Back pain/flank pain 9/4 29/13
Chest wall pain 4 13
Neoplasms Tumor pain 4 13
Psychiatric disorders Insomnia 4 13
Renal disorders Creatinine elevation 7 23
Respiratory, thoracic, and mediastinal disorders Cough 10 32
Dyspnea 10 32
Pleural effusion 4 13
Skin abnormality Pruritus 3 10

Twenty-three patients (74%) had grade >3 AEs. Six patients (19%) had grade >3 AEs attributable at least possibly to vaccine.

small bowel obstruction requiring adhesiolysis (week 26), but
no omental seeding was found, and repeated cytology of
peritoneal fluid was also negative for malignant cells. Later,
she had a surge in CA-125 past week 100, and CT scan
confirmed recurrence with omental nodules. Biopsy of one of
the omental lesions turned out to be HER2 IHC 0 FISH 1.2,
suggestive of a possible escape variant (Figure 2C). A patient
(patient 21, DL 20 x 106) with carcinosarcoma-type ovarian
cancer (HER2 1+, FISH 1.0) who enrolled after five lines of prior
cancer treatment had a maximum 24.8% decrease in the sum of
target lesions that lasted until week 48. Additional SD was
observed in two patients with colorectal cancer (part I, DL 20
x 10°), one with male breast cancer (part 2, DL 40 x 10%),
and one with cancer of the esophagogastric junction (part 2, DL
40 x 10°).

The number of previous lines of treatments did not differ
between CB and NCB (CB: median 3, range 1-5 vs. NCB: median
2, range 1-4, p = 0.95). Patients with CB were found to have
lower total lymphocyte percentage (p = 0.054; CB: median 15.5,
range 10.3%-29.0%; NCB: median 25.25, range 7.8%-60.7%),
absolute lymphocyte count (p = 0.083; CB: median 1,170, range
680-1,490/ul; NCB: median 1,460, range 500-2,530/pl), and
absolute CD4 count (p = 0.031; CB: median 558, range 182-
609/ul; NCB: median 754, range 244-1461/ul) at baseline
compared with patients who progressed while on treatment.

Baseline laboratory values including WBC, CD3, and CD8 T cell
counts; IgG; and 25-(OH)-vitamin D level did not show any
difference between CB and NCB.

Anti-adenoviral IgG was measured to evaluate the association
of pre-existing adenoviral antibody that can neutralize
adenovirus. Of 23 patients (CR = 1, PR =1, SD =4, PD =9,
not evaluable = 8) tested for adenovirus-specific IgG titer
at baseline, 3 (13.0%) had baseline positivity (1:64, n = 2,
both patients were not evaluable; 1:8, n = 1, SD). Results
were available for both baseline and follow-up titer in 19
patients. Among those, seven (38.9%) who were negative
at baseline were found to develop anti-adenoviral IgG titers
suggestive of past infection (1:8 to 1:32, n = 5: 1 CR, 1 SD,
2 PD, and 1 not evaluable) or active infection (1:64, n = 2: 1 SD
and 1 PD).

Among the unevaluable patients, three had muscle-
invasive bladder cancer. They were enrolled as an adjuvant
indication after completing standard-of-care (neo)adjuvant
chemotherapy and curative resection. They did not have any
measurable disease at enrollment. Two patients completed
all scheduled doses; disease did not recur for >3 years.
The third patient was unexpectedly taken off study after
receiving the first dose due to an incidental finding of
esophageal cancer (HER2 IHC 0) not associated with the
vaccine or bladder cancer.
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TABLE 3 | Summary of objective responses: CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease; NE, not evaluable; NED, no

evaluable disease (bladder cancer adjuvant); N/A, not applicable.

Patient Primary site Dose levels HER2 Vaccine doses? Objective response Response duration (weeks)
IHC FISH
Part 1
1 Colon 5x 10° 2 1.6 4 NE N/A
2 Ovarian 5% 10° 2 1.2 3 PD -
3 Cervix 5% 10° 2 1.6 4 PD -
4 NSCLC 5x 10° 2 1.2 3 PD -
5 Bladder 5% 10° 3 48 0 NE N/A
6 Bladder 5x 106 3 0.9 4 PD -
7 Colon 5% 10° 1 0.9 2 PD -
8 Colon 10 x 10° 3 1.2 3 PD -
9 Gastric 10 x 10° 3 25 5 PR (week 8) 16
10 Colon 10 x 10° 2 - 0 NE N/A
11 Colon 10 x 10° 2 1.6 5 SD 16
12 Colon 10 x 10° 1 1.4 4 SD 16
13 Ovarian 10 x 10° 2 1 3 PD -
14 Colon 10 x 10° 3 1.3 4 PD -
15 Ovarian 10 x 10° 2 1.1 3 PD -
16 Colon 20 x 10° 1 - 3 PD -
17 Ovarian® 20 x 10° 3 1.3 5 CR (week 24) 89
18 Bladder 20 x 10° 3 1.3 5 NE (NED) N/A
19 Prostate 20 x 10° 3 1.0 4 NE N/A
20 Bladder 20 x 10° 1 1.2 5 NE (NED) N/A
21 Ovarian® 20 x 10° 1 1.0 5 SD 48
22 Uterine cervix 40 x 10° 2 1.4 4 NE N/A
23 Bladder 40 x 10° 1 1.2 1 NE (NED) N/A
24 Prostate 40 x 10° 1 1.3 3 PD -
Part 2
25 Breast 20 x 10° 2 1.1 5 SD 24
26 Breast 20 x 10° 3 1.2 5 PD -
27 Breast 20 x 10° 3 13.7 5 PD -
28 Breast 20 x 10° 3 36 4 NE N/A
29 Breast 20 x 10° 3 1.7 4 PD -
30 Breast 20 x 10° 3 29 2 NE N/A
31 EGJ? 40 x 10° 3 35 5 SD 24
32 Rectal 40 x 10° 2 - 1 NE N/A
33 Breast 40 x 10° 2 - 1 NE N/A

@Patients who received at least two doses were determined evaluable.
PHigh-grade serous ovarian cancer.

“Ovarian carcinosarcoma.

9Cancer of esophagogastric junction.

3.4 Immune Responses
Limited numbers of paired baseline and post-vaccination
samples were available for evaluation for humoral (n = 13) and
cellular (n = 11) immunogenicity.

3.4.1 Antibody Response Against HER2

by Peptide Array

Anti-HER2 antibody response after vaccination >4-fold over
baseline, which was the study-defined positive response, was
observed in one patient who had a CR. If >2.5-fold over baseline
is used as the standard, 3 of 13 patients were positive (Figure 3
and Table 4). Patient 18 had a response that was 2.55-fold
increased response against HER2 peptide 138 at week 8 where
the antibody response evaluation eligibility was only after three
doses of the vaccine. Moreover, the result from the following
weeks did not support a sustained response. Numerous peptides
throughout different domains of HER2 ICD elicited responses in
patient 17 who had CR. Both of the top 2 responders (patient 9

and patient 17) had several shared peptides (peptides 14, 35, 63,
116, 117, 131, 132, and 148) that showed increased reaction at
baseline and follow-up sera unique to these two patients. Three
patients showed increased reaction in consecutive peptides in
immunogenic domain 4, which is the trastuzumab-binding
domain, but the HER2 peptides to which the sera of individual
patients reacted varied (25). Nearly all patient samples from all
timepoints showed reactions to multiple peptides (22, 83, 84, 85,
and 122) across the known immunogenic domains.

3.4.2 Anti-HER2 Cellular Response

With the exception of IL-4 (n = 9), paired pre-vaccination and
post-vaccination samples were available for evaluation in 11
patients. Peripheral blood lymphocytes from patients who were
stimulated with a HER2 peptide mix showed pre-existing anti-
HER2 ECD response when measured for IFN-y (n = 6),
granzyme B (n = 3), TNF-a (n = 5), and IL-4 (n = 5 of 9) by
the FluoroSpot assay. None of the three patients who had tumor
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expression at the time of recurrence is suggestive of immune escape.

shrinkage that lasted 24 weeks or longer (marked with *) after
vaccination showed cellular responses against HER2 ECD in the
baseline samples and showed vaccine-induced responses. Among
11 patients who received at least three doses of the vaccine with
available paired biospecimens, there was a newly detected
production (“induced”) of at least one of IFN-Y, granzyme B,
or TNF-ot in a total of 10 patients when combining the responses
against ECD (patients 9, 12, 17, 20, 21, 26, and 27) and ICD
(patients 9, 11, 16, 18, 20, 26, and 27) of HER2 (Table 5A and
Figure 4). Throughout the assay, there was a tendency to have a
lower number of patients with responses against the ICD than
against the ECD, but there were more post-vaccination responses
including newly induced responses than the baseline responses
against both domains. Of note, ICD was not included in the
transduced antigen (see “epitope spreading” in the Discussion).
Among 11 patients tested, 8 patients [ECD: patients 9, 12, 17, 25,
26, and 27; ICD: patients 9, 17, 18, 20, 26, and 27; Table 5B] were
found to have been induced to make multifunctional lymphocyte
responses. Several of the patients who showed vaccine-induced
responses in Table 5A also showed polyfunctional lymphocyte
responses to the same domains they reacted to [ECD 9, 12, 26,
and 27; ICD 9, 18, 20, 26, and 27, Table 5B]. IL-4 production was
checked as a surrogate marker of T helper 2 (Th2) cells. Newly
induced IL-4 production post-vaccination in cells stimulated by
ECD (four patients) and ICD (three patients) HER2 peptide mix
was detected (Table 5C).

4 DISCUSSION

This is the first-in-human clinical trial of an autologous DC
vaccine against HER2 in patients with solid tumors.

FIGURE 2 | Responses after AJHER2 DC vaccination. (A) Best responses in evaluable patients. Note the durable response in patients 21 and 17 with non-target
lesion progressions at the time of progression while their target lesions were still showing responses. Some patients were determined as having PD because non-
target lesion progression was noted as shown in patient 12 who showed SD initially at week 8 but determined as PD at week 16 despite original target lesions
remained in the range of SD. The range for a stable disease (SD, -30% to +20% change in the sum of target lesions) is tinted with light blue. Not all patients who
progressed at week 8 were labeled with the patient number in the figure. The summary of the response type and duration can be found in Table 3. (B) CT scans of
patient 9 at baseline (a) and at week 24 (b). The target lesion (>, 4.7 x 1.9 cm) at baseline decreased to 1.9 x 1.9 cm at week 24, but a non-target lesion ()
progressed. (C) Microscopic exam of tumor tissue (x400) from patient 17; (a, b) H-E staining; (c, d) IHC of HERZ2; (a, ¢) oophorectomy specimen at the time of
diagnosis; (b, d) at the time of recurrence showing high-grade serous ovarian cancer with HER2 3+ at diagnosis. (d) IHC of HER2 showing the absence of HER2

Trastuzumab was a groundbreaking HER2-targeted agent that
changed the paradigm of HER2+ breast cancer and laid a
foundation for HER2 testing and treatment guidelines.
However, targeting a single epitope or binding site by a
monoclonal antibody or small molecule poses a risk of losing
the target by decreased expression or alteration in the binding
site, including point mutations or activation of alternative
pathways (26-31). In contrast, a vaccine platform that allows
antigen processing by the patient’s own immune system can offer
immunologic responses against multiple epitopes, engaging
several mechanisms of action. However, the clinical success in
using APCs in randomized, controlled clinical trials is limited to
sipuleucel-T, the sole therapeutic cancer vaccine that is FDA-
approved to date (32-34).

In our analysis, the AJHER2 DC vaccine showed virtually
no AEs other than self-limited injection-site reactions and
revealed preliminary efficacy as a single agent in patients who
had progressed after multiple lines of treatment. The overall
safety profile of the total 114 doses was related to the underlying
cancer course rather than the vaccine itself. Repeat dosing was
not associated with any cumulative or escalated toxicities.
Injection-site reactions were self-limited with no systemic
responses and resolved in <1 week. Cardiac toxicities were
carefully monitored based on experience from anti-HER2
monoclonal antibody therapy, and no patients showed
impaired cardiac function during the study period for up to 2
years. A study using chimeric antigen receptor (CAR)-T-cell
therapy against HER2 reported a fatality associated with
interstitial infiltrates in the lungs that led to rapid multiorgan
failure that is considered as a cytokine release syndrome
in retrospect (35), but no such AEs were observed with the
AdHER2 DC vaccine.
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FIGURE 3 | Antibody response against extracellular domain (ECD) and
transmembrane domain (TMD) of HER2 after vaccination using peptide array
(from left to right; patients 6, 9, 11, 12, 16, 17, 18, 21, 26, 27, and 29 with
the two best responders—patients 9 and 17 marked with light orange).
Sequential serum samples from the patients (baseline, white; weeks 8-12,
green; weeks 20-24, magenta; weeks 48-52, blue; >52 weeks, dark orange)
and IgG (control) were used to display the intensity distribution of the binding
to the peptide on the microarray. The peptide sequences of HER2 ECD and
TMD are listed on the left column of the heatmap. HER2 ECD immunogenic
domains are marked on the right side of the heatmap: | (residues 42-186;
white bar), Il (residues 236-363; gray bar), Il (residues 324-530; black bar),
and IV (residues 531-626; blue stripes). Of note, trastuzumab binds to
domain IV and pertuzumab binds to domain II, respectively. Patient samples
that showed >2.5-fold response over baseline; the samples were marked with
blue-lined squares in the rows of corresponding peptides. Patient 17 showed
polyclonal responses to numerous peptides throughout HER2 ECD
immunogenic domains. Patient 9 showed a >2.5-fold increase compared with
the baseline reaction against HER2 peptides 11 and 137. The two best
responders on this study shared many peptides they had reactions to at
baseline or after the vaccination, and many of those appeared to be unique to
these two patients only (marked with green dotted lines; peptides 14, 35, 63,
116, 117, 131, 132, and 148). Patient 29 also showed a >2.5-fold increase
compared with baseline against the peptides in domain IV as patient 9 did,
but the responses were not accompanied by the corresponding clinical
responses. Nearly all patient samples from all timepoints showed reactions to
multiple peptides (marked with black solid lines; peptides 22, 83, 84, 85, and
122) across the previously described immunogenic domains.

A widely held concept in tumor immunology is that larger
tumor burdens make the immune system more dysfunctional by
promoting suppressive immune modulation and tolerance,
either directly by affecting the machinery of tumor cell killing
or indirectly by promoting a tumor microenvironment hostile to
immune killing (36-38). However, our patients showed
responses in both relatively small measurable lesions and
advanced, multiple large tumor volumes when the tumor had
progressed on standard regimens before enrollment. The absence
of clinical benefit at 5 x 10° DL may represent suboptimal

antigen stimuli for a meaningful immune response. In
DL>10 x 10° DCs, 7 of 16 evaluable patients (44%) showed
clinical benefit, providing a rationale for further clinical studies
of this vaccine. DLs above 10 x 10° did not lead to dose-
dependent superior responses. Stable disease falls in the
window between not enough progression to meet the criteria
for PD and not enough shrinkage to meet the criteria for PR.
Slow disease progression with no tumor shrinkage is included as
“stable disease” by RECIST definition as long as patients do not
show apparent progression with >20% increase in the sum of
target lesions.

Patient 17 initially presented with HER2 THC 3+ cancer but
recurred with tumors lacking HER2 expression after vaccination.
This suggests a possible immune escape mechanism in response
to immunotherapy. Narrowly, immune escape involves antigenic
alteration or loss of a specific tumor antigen. More broadly,
immune escape is the inherent capacity of cancer to evade
immune attack in the face of selective pressure from tumor
immunosurveillance (39, 40). This phenomenon has been
observed when a target antigen in tumor cells is not essential
for tumor survival or fitness and tumor cells can survive by losing
the vulnerability. The loss of the target or escape from
immunosurveillance has been a challenge. A significant
number of patients with HER2+ breast or stomach cancer
develop a pre- and post-HER2 status discrepancy thought to
be associated with a worse outcome (41-43). In therapeutics with
a single target, the risk of developing alterations of the target or
drug metabolism impairs the durability of responses (44, 45).
Immune responses elicited by dying tumor cells can lead to
antigen or epitope spreading, making escape more difficult.
However, resistant clones and intratumoral heterogeneity have
emerged even after a successful reduction in tumor burden and
sometimes even after durable responses (46-48). Determining
whether targeting multiple epitopes is a more efficient and
durable approach than targeting a fixed epitope by engineering
for monoclonal antibodies or effector cells will require further
investigation. The disappearance of HER2 expression at the time
of progression in patients who initially showed clinical benefit
may support the hypothesis that a vaccine-induced immune
response exerted immunologic pressure on the original tumor
and therefore was effective against that tumor, but was followed
by immune escape as a resistance mechanism.

HER2 reporting criteria were originally developed as a
guidance in decisions regarding standard-of-care treatment
using anti-HER2 monoclonal antibodies in breast cancer, and
patients are considered HER2-positive if IHC score is 3+ or FISH
shows amplification (49). However, this study included patients
whose tumors expressed lower levels of HER2 than the original
criteria indicated. In investigational settings, cancers with a
HER2 THC score of 1+ or 2+ with negative FISH are referred
to as HER2-low. The rationale for vaccines may be different from
monoclonal antibody agents, where lower HER2 expression
could have an advantage. Lengthy exposure of the immune
system of the patients to an overexpressed antigen, such as
HER2 with a IHC score, can lead to immune tolerance,
impairing the induction of an effective immune response
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TABLE 4 | Antibody response against HER2 using peptide microarray after at least three doses of the vaccine.

Patient Response Week 8 Week 12 Week 28 Week 48 Week 52 Week 76 Week 100
6 PD NA - - NA NA NA NA
9 PR >2.5 >2.5 NA NA - NA NA
11 SD - NA NA - NA NA
12 SD NA - NA NA NA NA NA
14 PD - - NA NA NA NA NA
16 PD - - NA NA NA NA NA
17 CR NA NA - NA >2.5 NA >2.5
18 N/A (NED) >2.5 NA - - NA - NA
21 SD - NA - NA - NA -
25 SD - NA - NA NA NA NA
26 PD NA - - NA NA NA NA
27 PD - NA - NA NA NA NA
29 PD - >2.5 NA NA NA NA NA

The specimens were collected prior to vaccine administration on the corresponding study week. For example, week 8 sample was drawn prior to the administration of the third dose of the
vaccine. Thus, the first timepoint that reflects the immune response after the third dose is week 12. Among the limited samples (n = 13) available for analysis, reactivity to HER2 peptides
that was >2.5-fold compared with baseline was detected in three patients (patients 9, 17, and 29), among which two were the two best responders (patient 9 and patient 17). Patient 18
showed >2.5 but only from the sample at week 8 without sustained response. If the ratio of reactivity compared to the baseline was <2.5, it was marked as negative ().

NA, not available.

(50-52). In our study, patient 21 with a score of HER2 IHC 1+
had a 24.8% decrease in the sum of target lesions until a non-
target lesion progressed at week 48, suggesting potential benefit
from vaccination in patients with HER2-low cancers. From an
immunologic standpoint, targeting tumors with lower expression
of HER2 may be more promising than using exogenous
engineered antibody agents that are designed to target
overexpressed tumor antigen. Immunologic targets could
initiate an immunologic domino effect, as suggested by the
antigen spreading and cross presentation of newly available
antigens (53-55). Targeting HER2-low cancer opens treatment
options to a new group of patients that represent nearly half of
breast and stomach cancers (56).

In analyzing the relationship between clinical laboratory
values and response to vaccine, lower total lymphocyte and
CD4 T-cell counts were somewhat counterintuitively associated
with clinical benefit, but we must be cautious in interpreting the
finding given the small size of the study. One of the merits of

TABLE 5A | Detection of cellular responses against HER2 after vaccination.

manipulating DCs for antigen processing using an adenoviral
vector is that community-acquired seropositivity against
adenovirus will not likely interfere with transduction by
neutralizing the viral vector carrying the antigen of interest. In
our vaccine platform, the Ad5f35 vector was used to better target
DCs and lower the risk of neutralization by pre-existing anti-Ad5
antibodies (19). In our study, seroconversion against adenovirus
was noted after vaccination but did not exclude clinical benefit.
Immunogenicity assays showed HER2-specific antibody
responses in 3 of 13 evaluable patients, including the 2 best
responders. Two patients shared many HER2 ECD peptides that
showed strong reactions, although interpretation was difficult
due to elevated baseline reactivity. Since preclinical studies
suggested exclusive antibody-mediated protection, deeper
investigation for antibody characterization, including epitope
mapping and antibody subtyping, is warranted. Also, the
timing of specimen collection could have decreased the
sensitivity of antibody detection as all specimens were collected

Patients IFNy Granzyme B TNF-o Summary of post-vaccination anti-HER2 response

ECD ICD ECD ICD ECD ICD ECD ICD ECD/ICD

Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Vaccination Induced Vaccination Induced Induced

response response response response response
only only only
18 Adjuvant + + - - + + - + + + - - + - + + +
20 Adjuvant + + - + + + - - - + - - + + + + +
17 CR* - + - - - + - - - + - - + + - - +
9 PR* - + + + - + - + - + - + + + + + +
21 SD* - - - - - + - - - - - - + + - - +
11 SD + - + - - - - + + - - - - - + + +
12 SD + - - - - + - - - + - - + + - - +
25 8D + + - - - - - - - - - - + - - - -
16 PD - - - - + + + - + + - + + - + + +
26 PD - + - + - - - + + - + + + + + + +
27 PD + + - + - + + + + + + + + + + + +
Total 6 7 2 4 3 8 2 5 5 7 2 4 10 7 7 7 10
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TABLE 5B |

Patients IFNy-GB IFNy-TNFo GB-TNFa IFNy-GB-TNFo Summary of post-vaccination anti-HER2 response

ECD ICD ECD ICD ECD ICD ECD ICD ECD ICD ECD/ICD

aid
1sod
aid
1sod
aid
1s0d
aid
1sod
aid
1sod
aid
1s0d
aid
1sod
aid
1sod

asuodsai uoneurdoep
Ajuo asuodsaa paosnpuj
asuodsaJ uoneulddep
Ajuo asuodsaa paosnpuj
Ajuo asuodsaa paosnpuj

18  Aduvant + + - + + + - + o+ o+ -+ + + - + + - + + +
20  Aduant + + - + + 4+ - 4+ 4+ + - o+ + + - - + - + + +
17 CR* - 4+ - + 4+ + - 4+ - + 4+ o+ - + - - + + + + +
9 PR* - + - - -+ - 4+ = - - - - - - - + + + + +
21  SD* - - - - - - - = = = = = - - - - - - - - -
11 SD + - o+ - + - + - + - + - + - - - + - + - -
12 SD -+ - - + + - - + + - - - + - - + + - - +
25 SD + + - - 4+ o+ - = - + = = - - - - + + - - +
16 PD + + - - 4+ + - - + + = - + + - - + - - - -
26 PD - - - + - 4+ - + - + + + - - - + + + + + +
27 PD -+ + + - + - + - + 4+ - - + + + + + + + +
Total 5 8 2 5 7 9 1 6 5 8 4 4 4 6 1 3 10 6 7 6 8
TABLE 5C |
Patients IL-4 Summary of post-vaccination anti-HER2 response

ECD ICD ECD ICD ECD/ICD

Pre Post Pre Post Vaccination Induced response Vaccination Induced response Induced response
response only response only only

18 Adjuvant - + - + + + + + +
20 Adjuvant + + - + + - + + +
17 CR* - + - - + + - - +
9 PR* NA  NA NA NA NA NA NA NA NA
21 SD* - - - - - - - - -
11 SD + - + + + - + - -
12 SD - + - - + + - - +
25 SD NA  NA NA NA NA NA NA NA NA
16 PD + + - - + - - - -
26 PD - - - + - - + + +
27 PD + + + + + - + - -
Total 4 6 2 5 7 3 5 3 5

Paired serial specimens were available in 11 patients. The top 2 lines represent the patients who received the vaccine as an adjuvant therapy for high-risk bladder cancer and did not recur
during the study period. Patients are listed by the response types. Three patients with an asterisk (*) showed shrinkage of the tumors that lasted 24 weeks or longer when compared with
the baseline sum of target lesions. Positive response was defined as the mean of the test specimen being greater than the control mean + 1 standard deviation. As there were baseline
positive responses against HERZ2 as previously reported by other researchers, distinction was made in the right-side post-vaccination response summary columns marked “Induced
response only” to denote when the baseline response (“Pre”) was absent and positive response was found only after the vaccination (“Post”) in at least one of the markers or the
combinations tested. (A) Production of IFN-y, granzyme B, and TNF-a by PBMCs stimulated by HERZ2 peptide mix. If there was a response in at least one of IFN-y, granzyme B, or TNF-o, it
was considered as having a positive post-vaccination response. Of the 11 patients tested, 7 developed responses against extracellular domain (ECD) and 7 developed responses against
intracellular domain (ICD) of HER2. Combining the response against ECD and ICD, 10 patients (91%) among 11 showed newly induced anti-HER2 response. (B) Assessment of
multifunctional T-cell response. The detection of simultaneous production in at least two of IFN-y, granzyme B, or TNF-a in combination was considered a positive response. Of the 11
patients tested, 6 (55%) developed new multifunctional responses against ECD that were not present prior to vaccination and 6 (55%) showed newly detected multifunctional responses
against ICD. Of note, ICD was not included in the transduced antigen when the AAHER2 DC vaccine was manufactured. Combining the response against ECD and ICD, 8 patients (72.7%)
among 11 showed newly induced anti-HERZ cellular responses. Reviewed by the domains of induced responses, several of the patients with polyfunctional lymphocyte response had
vaccine-induced responses in Table 5A (ECD 9, 12, 26, and 27;ICD 9, 18, 20, 26, and 27) and in the domains they showed polyfunctional responses. (C) Production of IL-4 by peripheral
blood lymphocytes after ADHER2 DC vaccination. Production of IL-4 was checked as a surrogate marker of Th2 cell activity. Newly induced IL-4 production after the vaccination in both
groups of cells stimulated by ECD and ICD HERZ2 peptide mix was noted.

GB, granzyme B; ECD, extracellular domain; ICD, intracellular domain; Pre, pre-vaccination; Post, post-vaccination,; Adjuvant, bladder cancer adjuvant indication bladder cancer; CR,
complete response; PR, partial response; SD, stable disease; PD, progressive disease; NA, not available.
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FIGURE 4 | Detection of cellular response against HER2 after vaccination using the FluoroSpot assay. PBMCs were stimulated in the presence of a HER2 peptide
mix and measured for the production of IFN-y, granzyme B, TNF-a, and their combinations. (A) Representative image of the assay on PBMCs of patient 17 who had
complete regression of the lesion after vaccination. The first row is without antigen presentation, the second row is HER2 presented via DCs in vitro, and the third
row shows cells stimulated by an irrelevant peptide. HER2-stimulated cells show a marked increase in spot numbers compared with control rows. (B) Representative
image of the assay detecting multifunctional lymphocyte response. Taken from patient 18 who received the vaccine as an adjuvant after standard treatment for high-
risk muscle-invasive bladder cancer when there was no detectable tumor in imaging studies. The number in the left upper corner indicates positive spots (cells) per
well; IFN-y (blue) and TNF-a (red); dual positive cells (pink) were marked with arrows.

3 weeks post-vaccination, while the ideal interval from
vaccination to antibody measurement is thought to be 10 to 14
days after vaccination when peak immune response typically
occurs. Future studies should employ optimal timing of
specimen collection which will enable the investigators to
better analyze the relationship between clinical response and
immunologic response. Identifying the antibody-reactive
epitopes of an individual patient could provide new therapeutic
targets that could expand treatment options beyond current
antibody or small molecule targets (17). Polyclonal antibody
responses from a multiepitope vaccine may reduce the risk of
immune escape mechanisms. Also, vaccinated individuals may
produce their own polyclonal antibodies instead of requiring
repeated exogenous monoclonal antibody treatment and may
maintain prolonged immune surveillance with the induction of
immune memory.

Cellular response data are less clear as the interpretation was
hindered by the presence of baseline anti-HER2 immunity, as
previously reported in individuals with or without cancer (57).
Newly detected lymphocyte responses against HER2 peptides
were detected after vaccination in 10 of 11 patients as
determined by the production of at least one of IFN-vy,
granzyme B, or TNF-o. The absence of cellular responses
against HER2 ECD at the baseline in all three patients who
showed durable tumor shrinkage after vaccination may suggest
pre-existing anti-HER2 cellular immunity in other patients that
are associated with immune tolerance. Further investigation is
warranted to determine if pre-existing anti-HER2 immune

responses have any predictive value in the treatment outcome
of anti-HER2 vaccines. Also, responses against HER2 ICD
peptides that were not part of the vaccine support the concept
of antigen spreading of the AdHER2 DC vaccine and its ability to
produce multifaceted immune responses compared with
engineered targeted therapeutics against a single epitope. While
the majority of the patients showed anti-HER2 responses
measured by cytokine production, those responses were not
exclusive to the patients who showed clinical benefit. Cancer
vaccine-induced responses are often assessed by T-cell response,
while vaccines against infectious organism are generally
considered efficacious when neutralizing antibodies are detected
at certain titers regardless of T-cell responses. There have been
cancer vaccine studies that support the idea of coordinated
humoral and cellular response against the same vaccinated
tumor antigen, which means that a vaccine that induced one
type of immune response was found to have induced another type
of response (58, 59). As the immunogenicity is confirmed, the
measures to aid the trafficking of the new effectors to the tumor
tissue and to unleash the immune checkpoints to boost immune-
mediated tumor cell killing can be considered when developing a
combinational strategy as well as the investigation of the changes
in the tumor tissues.

Two evaluable patients who had adjuvant treatment for high-
risk muscle-invasive bladder cancer after completing standard
treatment regimens had no disease recurrence during the study
period. This finding has no statistical value but warrants further
investigation of the potential role of the vaccine in delaying or
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preventing recurrence in high-risk individuals with HER2-
expressing cancer.

DC vaccine manufacturing is a complex process. Providing cell
products with consistent quality requires seamless cell collection,
manufacturing, and administration. Potential strategies to
improve time-sensitive clinical needs in DC vaccine
manufacturing include 1) adoption of an automated, closed cell
culture system; 2) batch manufacturing of the cellular product that
minimizes human error and variability; and 3) an exploration of
allogeneic or artificial APCs or systems which will be pursued to
expand the access to the studied vaccine in future trials.

In vitro antigen-transduced DCs in vitro could bypass
inhibitory immune mechanisms in antigen processing in
patients. Such inhibitory processes can be present locally in the
tumor microenvironment and systemically as humoral
components (22, 60). To a significant extent, the restricted
benefit of checkpoint inhibitors has been associated with a lack
of endogenous immune response in the microenvironment of the
so-called cold tumors either due to the absence of antitumor
effector T cells or regulatory immune influences that blocks
effective trafficking of immune effectors. Thus, combination
approaches incorporating a vaccine as a unique tool that can
induce effective tumor-specific immune responses such as
AdHER2 DC with checkpoint inhibitors and other immune
modulatory agents that reduce the influence of inhibitory
immune processes have a great potential for synergy.

The AdHER2 DC vaccine investigated in this first-in-human
study has demonstrated safety, tolerability, and preliminary
antitumor activity as a single agent, setting the stage for the
next steps to explore further applications such as combination
therapies with checkpoint inhibitors and other immune
modulators, as well as neoadjuvant or adjuvant indications for
HER2-expressing tumors including HER2-low status.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

REFERENCES

1. Hendriks BS, Opresko LK, Wiley HS, Lauffenburger D. Quantitative Analysis
of HER2-Mediated Effects on HER2 and Epidermal Growth Factor Receptor
Endocytosis: Distribution of Homo- and Heterodimers Depends on Relative
HER2 Levels. J Biol Chem (2003) 278(26):23343-51. doi: 10.1074/
jbc.M300477200

2. Moasser MM. The Oncogene HER2: Its Signaling and Transforming
Functions and Its Role in Human Cancer Pathogenesis. Oncogene (2007)
26(45):6469-87. doi: 10.1038/sj.onc.1210477

3. Citri A, Yarden Y. EGF-ERBB Signalling: Towards the Systems Level. Nat Rev
Mol Cell Biol (2006) 7(7):505-16. doi: 10.1038/nrm1962

4. Park JS, Rha SY, Chung HC, Jung M, Kim KH, Jun HJ, et al.
Clinicopathological Features and Prognostic Significance of HER2
Expression in Gastric Cancer. Oncology (2015) 88(3):147-56. doi: 10.1159/
000368555

5. Seo AN, Kwak Y, Kim DW, Kang SB, Choe G, Kim WH, et al. HER2 Status in
Colorectal Cancer: Its Clinical Significance and the Relationship Between

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Institutional Review Board, National Institutes
of Health. The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

JM, MT, DS, LVW, and JB conceptualized the study. HM, LE,
LVW, and BR conducted the clinical trial. HB, DR, VS, SDP,
MM, and FB provided clinical correlatives. WW, JM, SP, DS,
LVW, and JB contributed to the study drug development and
manufacturing. HM, JI, KD, LMW, and JB contributed to the
generation of laboratory correlatives. HM, BM, HB, SS, JI, KD,
and JB validated and analyzed the data. HM, BM, JI and B wrote
the manuscript. All authors contributed to the article and
approved the submitted version.

FUNDING

This study was supported by the Intramural Research Program
of Center for Cancer Research, National Cancer Institute,
National Institutes of Health.

ACKNOWLEDGMENTS

The authors thank the study patients for their participation and
trust, the support received from the NIH Clinical Center, and the
expert advice and collaboration in developing the AdHER2
vector from Dr. Malcolm K. Brenner and his team at the
Center for Cell and Gene Therapy, Baylor College of Medicine,
Houston, TX, USA. The authors also pay special tribute to Ms.
Nasheda Sapp for her administrative support and Ms. Bonnie
Casey, Dr. Jennifer Marte, and Dr. James Gulley at the
Genitouninary Malignancy Branch/NCI for the critical review
and contribution in improving the manuscript.

HER2 Gene Amplification and Expression. PloS One (2014) 9(5):e98528.
doi: 10.1371/journal.pone.0098528

6. Slamon DJ, Clark GM, Wong SG, Levin WJ, Ullrich A, McGuire WL. Human
Breast Cancer: Correlation of Relapse and Survival With Amplification of the
HER-2/Neu Oncogene. Science (1987) 235(4785):177-82. doi: 10.1126/
science.3798106

7. Ruiz-Saenz A, Dreyer C, Campbell MR, Steri V, Gulizia N, Moasser MM.
HER2 Amplification in Tumors Activates PI3K/Akt Signaling Independent of
HER3. Cancer Res (2018) 78(13):3645-58. doi: 10.1158/0008-5472.CAN-18-
0430

8. Hainsworth JD, Meric-Bernstam F, Swanton C, Hurwitz H, Spigel DR,
Sweeney C, et al. Targeted Therapy for Advanced Solid Tumors on the
Basis of Molecular Profiles: Results From MyPathway, an Open-Label, Phase
IIa Multiple Basket Study. J Clin Oncol (2018) 36(6):536-42. doi: 10.1200/
JC0.2017.75.3780

9. Yamaguchi H, Chang SS, Hsu JL, Hung MC. Signaling Cross-Talk in the
Resistance to HER Family Receptor Targeted Therapy. Oncogene (2014) 33
(9):1073-81. doi: 10.1038/0nc.2013.74

Frontiers in Oncology | www.frontiersin.org

December 2021 | Volume 11 | Article 789078


https://doi.org/10.1074/jbc.M300477200
https://doi.org/10.1074/jbc.M300477200
https://doi.org/10.1038/sj.onc.1210477
https://doi.org/10.1038/nrm1962
https://doi.org/10.1159/000368555
https://doi.org/10.1159/000368555
https://doi.org/10.1371/journal.pone.0098528
https://doi.org/10.1126/science.3798106
https://doi.org/10.1126/science.3798106
https://doi.org/10.1158/0008-5472.CAN-18-0430
https://doi.org/10.1158/0008-5472.CAN-18-0430
https://doi.org/10.1200/JCO.2017.75.3780
https://doi.org/10.1200/JCO.2017.75.3780
https://doi.org/10.1038/onc.2013.74
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Maeng et al.

HER2 Vaccine in Solid Tumors

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Ewer SM, Ewer MS. Cardiotoxicity Profile of Trastuzumab. Drug Saf (2008) 31
(6):459-67. doi: 10.2165/00002018-200831060-00002

Fedele C, Riccio G, Malara AE, D’Alessio G, De Lorenzo C. Mechanisms of
Cardiotoxicity Associated With ErbB2 Inhibitors. Breast Cancer Res Treat
(2012) 134(2):595-602. doi: 10.1007/s10549-012-2103-8

Bang Y], Van Cutsem E, Feyereislova A, Chung HC, Shen L, Sawaki A, et al.
Trastuzumab in Combination With Chemotherapy Versus Chemotherapy
Alone for Treatment of HER2-Positive Advanced Gastric or Gastro-
Oesophageal Junction Cancer (ToGA): A Phase 3, Open-Label, Randomised
Controlled Trial. Lancet (2010) 376(9742):687-97. doi: 10.1016/s0140-6736
(10)61121-x

Shitara K, Bang YJ, Iwasa S, Sugimoto N, Ryu MH, Sakai D, et al. Trastuzumab
Deruxtecan in Previously Treated HER2-Positive Gastric Cancer. N Engl |
Med (2020) 382(25):2419-30. doi: 10.1056/NEJM0a2004413

Fader AN, Roque DM, Siegel E, Buza N, Hui P, Abdelghany O, et al.
Randomized Phase II Trial of Carboplatin-Paclitaxel Versus Carboplatin-
Paclitaxel-Trastuzumab in Uterine Serous Carcinomas That Overexpress
Human Epidermal Growth Factor Receptor 2/Neu. J Clin Oncol (2018) 36
(20):2044-51. doi: 10.1200/jc0.2017.76.5966

Park JM, Terabe M, Sakai Y, Munasinghe J, Forni G, Morris JC, et al. Early
Role of CD4+ Thl Cells and Antibodies in HER-2 Adenovirus Vaccine
Protection Against Autochthonous Mammary Carcinomas. ] Immunol
(2005) 174(7):4228-36. doi: 10.4049/jimmunol.174.7.4228

Sakai Y, Morrison BJ, Burke JD, Park JM, Terabe M, Janik JE, et al.
Vaccination by Genetically Modified Dendritic Cells Expressing a
Truncated Neu Oncogene Prevents Development of Breast Cancer in
Transgenic Mice. Cancer Res (2004) 64(21):8022-8. doi: 10.1158/0008-
5472.CAN-03-3442

Park JM, Terabe M, Steel JC, Forni G, Sakai Y, Morris JC, et al. Therapy of
Advanced Established Murine Breast Cancer With a Recombinant Adenoviral
ErbB-2/Neu Vaccine. Cancer Res (2008) 68(6):1979-87. doi: 10.1158/0008-
5472.CAN-07-5688

Zurbriggen R. Immunostimulating Reconstituted Influenza Virosomes.
Vaccine (2003) 21(9-10):921-4. doi: 10.1016/s0264-410x(02)00541-8

. Yotnda P, Onishi H, Heslop HE, Shayakhmetov D, Lieber A, Brenner M, et al.

Efficient Infection of Primitive Hematopoietic Stem Cells by Modified
Adenovirus. Gene Ther (2001) 8(12):930-7. doi: 10.1038/sj.gt.3301488
Arnould L, Gelly M, Penault-Llorca F, Benoit L, Bonnetain F, Migeon C, et al.
Trastuzumab-Based Treatment of HER2-Positive Breast Cancer: An
Antibody-Dependent Cellular Cytotoxicity Mechanism? Br ] Cancer (2006)
94(2):259-67. doi: 10.1038/sj.bjc.6602930

Hudis CA. Trastuzumab-mechanism of Action and Use in Clinical Practice.
N Engl ] Med (2007) 357(1):39-51. doi: 10.1056/NEJMra043186

Jin P, Chen W, Ren J, Chen S, Wood L, Zhao Y, et al. Plasma From Some
Cancer Patients Inhibits Adenoviral Ad5f35 Vector Transduction of Dendritic
Cells. Cytotherapy (2018) 20(5):728-39. doi: 10.1016/j.jcyt.2018.03.001
Wolchok JD, Hoos A, O'Day S, Weber JS, Hamid O, Lebbe C, et al. Guidelines
for the Evaluation of Immune Therapy Activity in Solid Tumors: Immune-
Related Response Criteria. Clin Cancer Res (2009) 15(23):7412-20.
doi: 10.1158/1078-0432.CCR-09-1624

Dittrich M, Lehmann PV. Statistical Analysis of ELISPOT Assays. Methods
Mol Biol (2012) 792:173-83. doi: 10.1007/978-1-61779-325-7_14

Rockberg J, Schwenk JM, Uhlén M. Discovery of Epitopes for Targeting the
Human Epidermal Growth Factor Receptor 2 (HER2) With Antibodies. Mol
Oncol (2009) 3(3):238-47. doi: 10.1016/j.molonc.2009.01.003

Vernieri C, Milano M, Brambilla M, Mennitto A, Maggi C, Cona MS, et al.
Resistance Mechanisms to Anti-HER2 Therapies in HER2-Positive Breast
Cancer: Current Knowledge, New Research Directions and Therapeutic
Perspectives. Crit Rev Oncol Hematol (2019) 139:53-66. doi: 10.1016/
j.critrevonc.2019.05.001

Nagy P, Friedlinder E, Tanner M, Kapanen Al, Carraway KL, Isola J, et al.
Decreased Accessibility and Lack of Activation of ErbB2 in JIMT-1, a
Herceptin-Resistant, MUC4-Expressing Breast Cancer Cell Line. Cancer Res
(2005) 65(2):473-82.

Mitra S, Ring AM, Amarnath S, Spangler JB, Li P, Ju W, et al. Interleukin-2
Activity can be Fine Tuned With Engineered Receptor Signaling Clamps.
Immunity (2015) 42(5):826-38. doi: 10.1016/j.immuni.2015.04.018

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Berns K, Horlings HM, Hennessy BT, Madiredjo M, Hijmans EM, Beelen K,
et al. A Functional Genetic Approach Identifies the PI3K Pathway as a Major
Determinant of Trastuzumab Resistance in Breast Cancer. Cancer Cell (2007)
12(4):395-402. doi: 10.1016/j.ccr.2007.08.030

Rexer BN, Ghosh R, Narasanna A, Estrada MV, Chakrabarty A, Song Y, et al.
Human Breast Cancer Cells Harboring a Gatekeeper T798M Mutation in
HER2 Overexpress EGFR Ligands and Are Sensitive to Dual Inhibition of
EGFR and HER2. Clin Cancer Res (2013) 19(19):5390-401. doi: 10.1158/1078-
0432.Ccr-13-1038

Zhang S, Huang W-C, Li P, Guo H, Poh S-B, Brady SW, et al. Combating
Trastuzumab Resistance by Targeting SRC, a Common Node Downstream of
Multiple Resistance Pathways. Nat Med (2011) 17(4):461-9. doi: 10.1038/
nm.2309

Kantoff PW, Higano CS, Shore ND, Berger ER, Small EJ, Penson DF, et al.
Sipuleucel-T Immunotherapy for Castration-Resistant Prostate Cancer.
N Engl ] Med (2010) 363(5):411-22. doi: 10.1056/NEJMo0al001294

Palucka K, Banchereau J. Dendritic-Cell-Based Therapeutic Cancer Vaccines.
Immunity (2013) 39(1):38-48. doi: 10.1016/j.immuni.2013.07.004

Goldman B, DeFrancesco L. The Cancer Vaccine Roller Coaster. Nat
Biotechnol (2009) 27(2):129-39. doi: 10.1038/nbt0209-129

Morgan RA, Yang JC, Kitano M, Dudley ME, Laurencot CM, Rosenberg SA.
Case Report of a Serious Adverse Event Following the Administration of T
Cells Transduced With a Chimeric Antigen Receptor Recognizing Erbb2. Mol
Ther (2010) 18(4):843-51. doi: 10.1038/mt.2010.24

Janicki CN, Jenkinson SR, Williams NA, Morgan DJ. Loss of CTL Function
Among High-Avidity Tumor-Specific CD8+ T Cells Following Tumor
Infiltration. Cancer Res (2008) 68(8):2993-3000. doi: 10.1158/0008-
5472.Can-07-5008

Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer Statistics, 2021. CA: A
Cancer ] Clin (2021) 71(1):7-33. doi: 10.3322/caac.21654

Prato S, Zhan Y, Mintern JD, Villadangos JA. Rapid Deletion and Inactivation
of CTLs Upon Recognition of a Number of Target Cells Over a Critical
Threshold. J Immunol (2013) 191(7):3534-44. doi: 10.4049/
jimmunol.1300803

Galon J, Bruni D. Tumor Immunology and Tumor Evolution: Intertwined
Histories. Immunity (2020) 52(1):55-81. doi: 10.1016/j.immuni.2019.12.018
Beatty GL, Gladney WL. Immune Escape Mechanisms as a Guide for Cancer
Immunotherapy. Clin Cancer Res (2015) 21(4):687. doi: 10.1158/1078-
0432.CCR-14-1860

Ignatov T, Gorbunow F, Eggemann H, Ortmann O, Ignatov A. Loss of HER2
After HER2-Targeted Treatment. Breast Cancer Res Treat (2019) 175(2):401-8.
doi: 10.1007/s10549-019-05173-4

Pietrantonio F, Caporale M, Morano F, Scartozzi M, Gloghini A, De Vita F,
et al. HER2 Loss in HER2-Positive Gastric or Gastroesophageal Cancer After
Trastuzumab Therapy: Implication for Further Clinical Research. Int ] Cancer
(2016) 139(12):2859-64. doi: 10.1002/ijc.30408

de Azevedo-Santos APS, Rocha MCB, Guimaraes SJA, Vale AAM, Laginha
FM, Nascimento FREF, et al. Could Increased Expression of Hsp27, an “Anti-
Inflammatory” Chaperone, Contribute to the Monocyte-Derived Dendritic
Cell Bias Towards Tolerance Induction in Breast Cancer Patients? Mediators
Inflammation (2019) 2019:8346930. doi: 10.1155/2019/8346930

Majzner RG, Mackall CL. Tumor Antigen Escape From CAR T-Cell Therapy.
Cancer Discov (2018) 8(10):1219-26. doi: 10.1158/2159-8290.Cd-18-0442
Breslin S, Lowry MC, O'Driscoll L. Neratinib Resistance and Cross-Resistance
to Other HER2-Targeted Drugs Due to Increased Activity of Metabolism
Enzyme Cytochrome P4503a4. Br ] Cancer (2017) 116(5):620-5. doi: 10.1038/
bjc.2016.445

Man Y-g, Stojadinovic A, Mason J, Avital I, Bilchik A, Bruecher B, et al.
Tumor-Infiltrating Immune Cells Promoting Tumor Invasion and Metastasis:
Existing Theories. ] Cancer (2013) 4(1):84-95. doi: 10.7150/jca.5482
Palladini A, Thrane S, Janitzek CM, Pihl J, Clemmensen SB, de Jongh WA,
et al. Virus-Like Particle Display of HER2 Induces Potent Anti-Cancer
Responses. Oncoimmunology (2018) 7(3):e1408749. doi: 10.1080/
2162402x.2017.1408749

Osada T, Hartman ZC, Wei J, Lei G, Hobeika AC, Gwin WR, et al.
Polyfunctional Anti-Human Epidermal Growth Factor Receptor 3 (Anti-
HER3) Antibodies Induced by HER3 Vaccines Have Multiple Mechanisms of

Frontiers in Oncology | www.frontiersin.org

December 2021 | Volume 11 | Article 789078


https://doi.org/10.2165/00002018-200831060-00002
https://doi.org/10.1007/s10549-012-2103-8
https://doi.org/10.1016/s0140-6736(10)61121-x
https://doi.org/10.1016/s0140-6736(10)61121-x
https://doi.org/10.1056/NEJMoa2004413
https://doi.org/10.1200/jco.2017.76.5966
https://doi.org/10.4049/jimmunol.174.7.4228
https://doi.org/10.1158/0008-5472.CAN-03-3442
https://doi.org/10.1158/0008-5472.CAN-03-3442
https://doi.org/10.1158/0008-5472.CAN-07-5688
https://doi.org/10.1158/0008-5472.CAN-07-5688
https://doi.org/10.1016/s0264-410x(02)00541-8
https://doi.org/10.1038/sj.gt.3301488
https://doi.org/10.1038/sj.bjc.6602930
https://doi.org/10.1056/NEJMra043186
https://doi.org/10.1016/j.jcyt.2018.03.001
https://doi.org/10.1158/1078-0432.CCR-09-1624
https://doi.org/10.1007/978-1-61779-325-7_14
https://doi.org/10.1016/j.molonc.2009.01.003
https://doi.org/10.1016/j.critrevonc.2019.05.001
https://doi.org/10.1016/j.critrevonc.2019.05.001
https://doi.org/10.1016/j.immuni.2015.04.018
https://doi.org/10.1016/j.ccr.2007.08.030
https://doi.org/10.1158/1078-0432.Ccr-13-1038
https://doi.org/10.1158/1078-0432.Ccr-13-1038
https://doi.org/10.1038/nm.2309
https://doi.org/10.1038/nm.2309
https://doi.org/10.1056/NEJMoa1001294
https://doi.org/10.1016/j.immuni.2013.07.004
https://doi.org/10.1038/nbt0209-129
https://doi.org/10.1038/mt.2010.24
https://doi.org/10.1158/0008-5472.Can-07-5008
https://doi.org/10.1158/0008-5472.Can-07-5008
https://doi.org/10.3322/caac.21654
https://doi.org/10.4049/jimmunol.1300803
https://doi.org/10.4049/jimmunol.1300803
https://doi.org/10.1016/j.immuni.2019.12.018
https://doi.org/10.1158/1078-0432.CCR-14-1860
https://doi.org/10.1158/1078-0432.CCR-14-1860
https://doi.org/10.1007/s10549-019-05173-4
https://doi.org/10.1002/ijc.30408
https://doi.org/10.1155/2019/8346930
https://doi.org/10.1158/2159-8290.Cd-18-0442
https://doi.org/10.1038/bjc.2016.445
https://doi.org/10.1038/bjc.2016.445
https://doi.org/10.7150/jca.5482
https://doi.org/10.1080/2162402x.2017.1408749
https://doi.org/10.1080/2162402x.2017.1408749
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Maeng et al.

HER2 Vaccine in Solid Tumors

49.

50.

51.

52.

53.

54.

55.

56.

57.

Antitumor Activity Against Therapy Resistant and Triple Negative Breast
Cancers. Breast Cancer Res (2018) 20(1):90. doi: 10.1186/s13058-018-1023-x
Vogel CL, Cobleigh MA, Tripathy D, Gutheil JC, Harris LN, Fehrenbacher L,
et al. Efficacy and Safety of Trastuzumab as a Single Agent in First-Line
Treatment of HER2-Overexpressing Metastatic Breast Cancer. ] Clin Oncol
(2002) 20(3):719-26. doi: 10.1200/JC0O.2002.20.3.719

Parks CA, Henning KR, Pavelko KD, Hansen M]J, Van Keulen VP, Reed BK,
et al. Breaking Tolerance With Engineered Class I Antigen-Presenting
Molecules. Proc Natl Acad Sci (2019) 116(8):3136-45. doi: 10.1073/
pnas.1807465116

Finn OJ. Human Tumor Antigens Yesterday, Today, and Tomorrow. Cancer
Immunol Res (2017) 5(5):347-54. doi: 10.1158/2326-6066.Cir-17-0112
Cheung AF, DuPage MJP, Dong HK, Chen J, Jacks T. Regulated Expression of
a Tumor-Associated Antigen Reveals Multiple Levels of T-Cell Tolerance in a
Mouse Model of Lung Cancer. Cancer Res (2008) 68(22):9459-68.
doi: 10.1158/0008-5472.Can-08-2634

Disis ML. Immunologic Biomarkers as Correlates of Clinical Response to
Cancer Immunotherapy. Cancer Immunol Immunother (2011) 60(3):433-42.
doi: 10.1007/500262-010-0960-8

Xin G, Khatun A, Topchyan P, Zander R, Volberding PJ, Chen Y, et al.
Pathogen-Boosted Adoptive Cell Transfer Therapy Induces Endogenous
Antitumor Immunity Through Antigen Spreading. Cancer Immunol Res
(2020) 8(1):7-18. doi: 10.1158/2326-6066.Cir-19-0251

Wei SC, Dufty CR, Allison JP. Fundamental Mechanisms of Immune
Checkpoint Blockade Therapy. Cancer Discov (2018) 8(9):1069-86.
doi: 10.1158/2159-8290.Cd-18-0367

Tarantino P, Hamilton E, Tolaney SM, Cortes J, Morganti S, Ferraro E, et al.
HER2-Low Breast Cancer: Pathological and Clinical Landscape. J Clin Oncol
(2020) 38(17):1951-62. doi: 10.1200/jco.19.02488

Disis ML, Calenoff E, McLaughlin G, Murphy AE, Chen W, Groner B, et al.
Existent T-Cell and Antibody Immunity to HER-2/Neu Protein in Patients
With Breast Cancer. Cancer Res (1994) 54(1):16-20.

58. Hulett TW, Jensen SM, Wilmarth PA, Reddy AP, Ballesteros-Merino C,
Afentoulis ME, et al. Coordinated Responses to Individual Tumor Antigens by
IgG Antibody and CD8+ T Cells Following Cancer Vaccination.
J Immunother Cancer (2018) 6(1):27-. doi: 10.1186/s40425-018-0331-0
Tripathi SC, Peters HL, Taguchi A, Katayama H, Wang H, Momin A, et al.
Immunoproteasome Deficiency Is a Feature of Non-Small Cell Lung Cancer
With a Mesenchymal Phenotype and Is Associated With a Poor Outcome. Proc
Natl Acad Sci USA (2016) 113(11):E1555-64. doi: 10.1073/pnas.1521812113
Gabrilovich DI, Nadaf S, Corak J, Berzofsky JA, Carbone DP. Dendritic Cells
in Antitumor Immune Responses. II. Dendritic Cells Grown From Bone
Marrow Precursors, But Not Mature DC From Tumor-Bearing Mice, Are
Effective Antigen Carriers in the Therapy of Established Tumors. Cell
Immunol (1996) 170(1):111-9. doi: 10.1006/cimm.1996.0140

59.

60.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Maeng, Moore, Bagheri, Steinberg, Inglefield, Dunham, Wei,
Morris, Terabe, England, Roberson, Rosing, Sachdev, Pack, Miettinen, Barr, Weiner,
Panch, Stroncek, Wood and Berzofsky. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

December 2021 | Volume 11 | Article 789078


https://doi.org/10.1186/s13058-018-1023-x
https://doi.org/10.1200/JCO.2002.20.3.719
https://doi.org/10.1073/pnas.1807465116
https://doi.org/10.1073/pnas.1807465116
https://doi.org/10.1158/2326-6066.Cir-17-0112
https://doi.org/10.1158/0008-5472.Can-08-2634
https://doi.org/10.1007/s00262-010-0960-8
https://doi.org/10.1158/2326-6066.Cir-19-0251
https://doi.org/10.1158/2159-8290.Cd-18-0367
https://doi.org/10.1200/jco.19.02488
https://doi.org/10.1186/s40425-018-0331-0
https://doi.org/10.1073/pnas.1521812113
https://doi.org/10.1006/cimm.1996.0140
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Phase I Clinical Trial of an Autologous Dendritic Cell Vaccine Against HER2 Shows Safety and Preliminary Clinical Efficacy
	1 Introduction
	2 Patients and Methods
	2.1 Patient Eligibility
	2.2 Clinical Trial Design and Regulatory Oversight
	2.3 AdHER2 DC Vaccine Vector Construction, Vaccine Manufacturing, and Administrations
	2.4 Adverse Events and Dose-Limiting Toxicity
	2.5 Objective Response Evaluation
	2.6 Immune Correlatives
	2.6.1 HER2-Specific Antibody Response
	2.6.2 HER2-Specific Cellular Response
	2.6.2.1 Cell Culture Conditions
	2.6.2.2 FluoroSpot/ELISpot Assay


	2.7 Statistical Analysis

	3 Results
	3.1 Patient Characteristics
	3.2 Toxicity
	3.3 Clinical Activity and Patient Course
	3.4 Immune Responses
	3.4.1 Antibody Response Against HER2 by Peptide Array
	3.4.2 Anti-HER2 Cellular Response


	4 Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


