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a b s t r a c t

The immune system plays a dual role of host-protecting and tumor-promoting, as elegantly expressed by
the ‘cancer immunoediting’ hypothesis. Although breast cancer has not been traditionally considered to
be immunogenic, recently there is accumulating and solid evidence on the association between immune
system and breast cancer. To mount an effective anti-tumor response, host immunosurveillance must
recognize tumor-specific epitopes, thus defining the antigenicity of a tumor. Neoantigens are mutant
cancer peptides that arise as terminal products of the expression of somatic cancer mutations. Neo-
antigens and major histocompatibility complex (MHC) proteins present together to effector cells of the
immune system. Neoantigen vaccines have shown promising results in inducing neoantigen-specific T-
cell responses. Currently, cancer vaccines are under evaluation in breast cancer to avoid recurrences in
patients at high risk despite optimal standard therapy. Given the promise of a very specific long-term
antitumor immune response, the development of cancer vaccines continues is of great interest. Com-
binations of neoantigen vaccines and other immunotherapies are also studied to evade cancer immune
escape.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The immune system plays a dual role in cancer: it suppresses
tumor growth by destroying cancer cells or impeding their
outgrowth, but it also promotes tumor progression by selecting
tumor cells more likely to survive in an immunocompetent host or
by creating conditions within the tumor microenvironment that
may facilitate tumor outgrowth. The immune system's dual roles of
host-protecting and tumor-promoting is very elegantly expressed
by the ‘cancer immunoediting’ hypothesis [1].

Although breast cancer has not been traditionally thought to be
an immunogenic cancer type, there is accumulating and solid evi-
dence on the association between tumor infiltrating lymphocytes
(TILs) and breast cancer [2]. Furthermore, the success of immune
checkpoint blockade in other tumor types, and very recently in a
small subset of patients with triple negative breast cancer, has
provided restorated excitement in the role of immunosurveillance
in cancer progression [1,3,4].

Evading immune destruction is recognized as a new hallmark of
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cancer [5]. Host immunosurveillance must recognize tumor-
specific epitopes to mount an effective anti-tumor response, thus
defining the antigenicity of a tumor [6]. Neoantigens are mutant
cancer peptides that arise as terminal products of the expression of
somatic cancer mutations [7,8]. Neoantigens and major histocom-
patibility complex (MHC) proteins present together to effector cells
of the immune system.
2. Breast cancer immunogenicity

2.1. The immunogenicity of breast cancer varies across subtypes

TILs reflect an individual immunological tumor response and
may correlate with the neoantigenic tumor load. TILs frequency
depends on the breast cancer subtype. Triple-negative breast can-
cer (TNBC) and HER2þ breast cancer show higher TILs levels as
compared to estrogen receptor positive (ERþ)/HER2-subtype, thus
suggesting these subtypes are more immunogenic [9]. TILs are an
independent prognostic factor in TNBC and HER2þ breast cancer,
with higher TILs tumors showing better outcome [2]. In addition,
TILs may predict sensitivity to systemic therapy with higher TILs
levels associated with higher rates of pathological complete
response (pCR) in patients treated with neoadjuvant therapy in
both TNBC and HER2þ subtypes [2,9]. These data suggest that anti-
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tumor immunity plays a central role in influencing the biology of
TNBC and HER2þ breast cancer. ER þ breast cancer usually ex-
presses lower TILs levels, and the correlation of TILs with outcome
in this subtype is less obvious, thus suggesting that this subtype
might be less immunogenic [10]. TILs levels may provide an esti-
mate of tumor immunogenicity. However, the balance between
active and suppressed immune responses is influenced by TIL
composition [3,11].

The immune-oncology field is becoming increasingly relevant,
as immunotherapeutics are being showing more and more satis-
factory results.

3. Genomic determinants of immunogenicity and
neoantigens

Increased mutational load, which means the load of somatic
mutations per tumor, correlates with increased tumor antigenicity
[12]. There are differences in mutational load across different
cancer types and within different subtypes of the same cancer type.
Generally, breast cancer has a significantly lower mutational load
than other diseases, such as melanoma and lung cancer. Within
breast cancer, there are significant differences in mutational load
amongst subtypes [13]. Briefly, a higher mutational load is usually
observed in ER-tumors than in ER þ tumors [14], confirming dif-
ferences in TILs described earlier. However, the correlation between
mutational load and outcome is not fully understood yet.

In addition to mutational load, some mutational signatures
display high mutational loads, and may be enriched for immuno-
genic mutations. In this context, immunogenicity may be enhanced
[15,16]. For instance, germline mutations in BRCA1 and BRCA2
show a typical mutational signature, and correlate with high
genomic instability and mutational loads [16,17].

High mutational load likely mirrors higher probability of
harboring immunogenic neoantigens. Many studies have described
T cell reactivity to cancer-specific neoantigens [8,18e20].

Neoantigens are tumor-specific antigens resulting from somatic
DNA alterations. Usually, neoantigens have a high-predicted bind-
ing affinity to MHC molecules.

Neoantigens are extremely important in predicting the efficacy
of checkpoint blockade [21e24]. A meta-analysis of six tumor types
(including breast cancer) examined the effects of mutational load
and demonstrated that neoantigens correlate with improved
overall survival, regardless of clinicopathological prognostic factors
[25]. Patients with high neoantigen load were those with higher
expression of checkpoints PD1 and CTLA4, thus emphasizing that
these patients may be the ideal candidates for immunecheckpoint
blockade. Neoantigen load generally reflects mutational load [26].
Hence, it is reasonable to hypothesize that ER-tumors may harbor
more neoantigens than ER þ tumors. Moreover, neoantigen clon-
ality has to be considered. Reduced neoantigen intratumoural
heterogeneity seems to be associated with better survival and
increased sensitivity to immunecheckpoint blockade, thus sug-
gesting that clonal neoantigens may be more important than sub-
clonal neoantigens [27].

Prediction of neoantigens is difficult but useful to evaluate the
probability of a tumor-specific epitope to bind to antigen present-
ing MHC class I molecules at high affinity [19,24,28,29]. Since only a
trivial proportion (4e6%) of predicted neoantigens proves T cell
response in functional studies, testing candidate neoantigens for T
cell reactivity from patients' own TILs is necessary to define a true
neoantigen [26]. Such a process is constantly evolving and has
generated new interest in generating personalized vaccines. The
mutational landscape of breast cancer is complex as demonstrated
by genomic analyses [15].

Cancer neoantigen identification has been made possible by
advances in next-generation sequencing (NGS) technologies, which
allow fast and cost-effective comparisons between tumor and
normal sequences [30]. Some somatic mutations detected by DNA
sequencing determine altered amino acid sequences, which have to
be effectively translated and then processed into short peptide
fragments and presented on the cell surface in the context of MHC
molecules to be recognized by the immune system. Antigen pro-
cessing and presentation is a complex and multi-step process that
can impact neoantigen presentation [31]. Antigen processing varies
across MHC class I and class II molecules. MHC class I molecules
have 8e10 amino acid peptides created endogenously or acquired
by specialized antigen presenting cells. MHC class II molecules have
11e20 amino acids peptides resulted from exogenous proteins. The
expression of the somatic mutation at the protein level, the pro-
cessing of the mutant protein into an appropriate peptide for pre-
sentation, the binding affinity of themutant peptide to the patient‘s
autologous MHC molecules and the affinity of the mutant peptide/
MHC complex to the TCR of responding T cells are all factors that
may influence the likelihood of a somatic mutation of creating a
neoantigen. However, the majority of somatic mutations detected
by NGS do not result in real neoantigens [32].

Adequate prediction and prioritization of neoantigen candidates
is challenging because of the huge amount of somatic mutations,
and the intrinsic polymorphism of human MHC molecules. Several
computational tools have been developed to predict peptideeMHC
binding [33e38]. The perfect neoantigen prediction approach
should evaluate proteasomal cleavage, MHC binding, TCR recogni-
tion, to assess the potential immunogenicity of neoantigen
candidates.

4. Clinical trials in breast cancer

The progresses in neoantigen determination have led to
increased interest in developing precision immunotherapy, such as
personalized vaccines, which appear to be a feasible therapeutic
strategy [39].

Cancer vaccines targeting neoantigens have created great in-
terest, due to the potential advantages of targeting protein se-
quences not present in normal tissue including diminished central
immune tolerance, and better safety profile. Cancer vaccines aim at
eliciting robust antitumor immune responses.

There are several clinical trials with personalized vaccines for
patients with breast cancer (Table 1), in the neoadjuvant and
adjuvant settings.

In high-risk breast cancers, including TNBC subtype, cancer
vaccines could play a role in preventing relapse. Many trials are
currently ongoing and results are still pending.

A phase I clinical trial (NCT02348320) is currently recruiting
patients with persistent disease after neoadjuvant chemotherapy
for TNBC to evaluate the safety and immunogenicity of a person-
alized polyepitope DNA vaccine strategy. The personalized poly-
epitope DNA vaccines are formulated as naked plasmid DNA
vaccines. The hypothesis of this study is that personalized poly-
epitope DNA vaccines will be safe for human administration and
capable of generating measurable CD8 T cell responses to mutant
tumor-specific antigens. The study aims at enrolling 30 patients,
who will be treated by electroporation with 4 mg of a personalized
polyepitope DNAvaccine at day 1, day 29 (þ/1e7 days), and day 57 (
±7 days) with at least 21 days between injection days. Each DNA
vaccination with be 4 mg vaccine administered intramuscularly
using a TriGrid electroporation device. Primary outcome of the
study is the safety of the personalized polyepitope DNA vaccine
strategy, measured by both clinical observation and laboratory
evaluation. Assessment of plasmid DNA safety will include both
clinical observation and laboratory evaluation. Safety will be closely



Table 1
Clinical trials with vaccines for early breast cancer.

Trials in the adjuvant setting

Setting Agent NCT number Status Phase Patients
enrolled

Experimental treatment

Radically resected, HER2 low-
intermediate, node positive
BC

NeuVax™ (Nelipepimut-S or
E75with Leukine®

[sargramostim, GM-CSF])

NCT01479244
(PRESENT)

C III 758 NeuVax™ vs Leukine® alone once a month, for
six consecutive months, and then every six
months for a total of 36 months

Radically resected, low and
intermediate HER2-
expressing BC

NeuVax™ NCT01570036 ANR II 300 Trastuzumab þ NeuVax vaccine vs
Trastuzumab þ GM-CSF (sargramostim) for a
total of 30 months

Radically resected, high-risk
HER2 þ BC (early-stage node
positive disease)

allogeneic GM-CSF-secreting
breast cancer vaccine

NCT00847171 C II 13 Trastuzumabþ Cyclophosphamideþ allogeneic
GM-CSF-secreting whole cell breast cancer
vaccine

Radically resected, node
positive or high risk HER2
positive BC

HER-2/neu peptide GP2 þ GM-
CSF or AE37 peptide þ GM-CSF

NCT00524277 U II 600 GP2 peptide þ GM-CSF vaccine in HLA-A2þ
patients vs GM-CSF alone in HLA-A2þ patients
vs AE37 peptide þ GM-CSF vaccine in HLA-A2-
patients vs GM-CSF alone in HLA-A2- patients
(given every 3e4 weeks up to 6 inoculations)

Radically resected, stage I/II/III
TNBC

Vaccinationwith Folate
Receptor Alpha Peptides
(FRa vaccine) with GM-CSF

NCT02593227 ANR II 80 Low dose FRa vaccine vs High dose FRa vaccine
either alone or in combination with intravenous
cyclophosphamide

Stage II/III HER2þ BC or stage IV
HER2þ BC treated to NED or
stable bone only disease

HER-2/neu peptide vaccine NCT01355393 ANR I/II 50 HER-2/neu peptide vaccine þ rintatolimod vs
HER-2/neu peptide vaccine and sargramostim
vs
HER-2/neu peptide
vaccine þ sargramostim þ rintatolimod

Early stage, node positive, HER2
negative BC

pUMVC3-IGFBP2-HER2-IGF1R
Plasmid DNA Vaccine
(WOKVAC)

NCT02780401 R I 30 WOKVAC with sargramostim every 28 days for
up to 3 courses

Stage IIIA HER2 þ BC or greater
or recurrent stage IV
HER2 þ BC treated to NED

HER-2 pulsed Dendritic Cell
Vaccine

NCT02063724 ANR I 15 6 weekly HER-2 pulsed dendritic cell vaccines
followed by 3 booster vaccines once every 3
months, within 1 year of completion of
standard adjuvant therapy

Radically resected, stage II/III
TNBC; Human Leukocyte
Antigen (HLA)-A2þ Subjects

PVX-410 NCT02826434 R I 20 6 bi-weekly PVX-410 with Durvalumab for 2
infusions

Radically resected, stage II or III
BC

Autologous vaccination with
lethally irradiated, autologous
breast cancer cells engineered
by adenoviral mediated gene
transfer to secrete
GM-CSF

NCT00880464 ANR I 8 Vaccine administered on days 1, 8, 15, 29 and
then every 2 weeks until the supply of vaccine
runs out

Radically resected HER2þ BC MVA-BN-HER2 NCT01152398 C I 15 6 monthly vaccine injections after completion
of standard adjuvant therapy

Radically resected HER2þ BC Combination immunotherapy
with HER2/Neu Peptide
GP2 þ GM-CSF Vaccine

NCT03014076 C Ib 30 HLA-A2þ/A3þ subjects receive GP2 þ GM-CSF
vaccine and trastuzumab; HLA-A2-/A3- patients
receive only trastuzumab and are followed as
controls

Radically resected stage II/III,
HER2 þ BC

HER-2/neu peptide vaccine NCT01632332 C I 22 HER-2/neu peptide vaccine every 28 days for up
to 6 courses after completion of standard
adjuvant treatment

Radically resected TNBC IVAC_W_bre1_uID
IVAC_W_bre1_uID/
IVAC_M_uID

NCT02316457
(TNBC-MERIT)

R I 39 IVAC_W_bre1_uID vaccination vs
IVAC_W_bre1_uID/IVAC_M_uID vaccination vs
IVAC_W_bre1_uID vaccination þ RBLTet.1

Radically resected, stage I/II/III
TNBC

MUCI Peptide and Poly-ICLC
Vaccine

NCT00986609 C I
(pilot
study)

29 MUCI Peptide þ Poly-ICLC Vaccine

TRIALS IN THE POST-NEOADJUVANT SETTING
TNBC with residual disease post

neoadjuvant therapy
FRa vaccine þ sargramostim NCT03012100 R II 280 FRa vaccine þ sargramostin þ oral

cyclophosphamide vs
placebo þ sargramostin þ oral
cyclophosphamide

HER2þ BC with residual disease
post neoadjuvant therapy

NeuVax™ NCT02297698 R II 100 Trastuzumab þ NeuVax (for a total of 24
months) vs Trastuzumab þ Sargramostim (for a
total of 24 months)

HER2þ BC with residual disease
post neoadjuvant therapy

Dendritic Cell (DC1) Vaccine/
pUMVC3-IGFBP2-HER2-IGF1R
(WOKVAC Vaccine)

NCT03384914 R II 110 DC1 vaccine vs WOKVAC vaccine administered
for a total of 12 months after completion of
standard treatment

TNBC with residual disease post
neoadjuvant therapy

Neoantigen DNA Vaccine NCT03199040 R I 24 Neoantigen DNA Vaccine alone vs Neoantigen
DNA Vaccine plus Durvalumab after completion
of standard of care therapy

HER2 negative BC at high-risk
of relapse (residual disease
or node positive after
neoadjuvant chemotherapy

Synthetic Multiple Antigenic
Glycopeptide Displaying a Tri
Tn Glycotop (MAG-Tn3) Plus
AS15

NCT02364492 R I 30 3 escalating doses of MAG-Tn3 in combination
with a fixed dose of AS15 adjuvant.
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Table 1 (continued )

Trials in the adjuvant setting

Setting Agent NCT number Status Phase Patients
enrolled

Experimental treatment

TNBC with residual disease post
neoadjuvant therapy

Personalized polyepitope DNA
vaccine

NCT02348320 R I 30 4mg vaccine at day 1, 29, 57 administered using
a TriGrid electroporation device

TNBC with residual disease post
neoadjuvant therapy

Poly-ICLC Vaccine NCT02427581 S I 15 Poly-ICLC Vaccine on days 1, 4, 8, 15, 22, 50, 78

TRIALS IN THE NEOADJUVANT SETTING
Stage II and III HER2 negative

BC patients (luminal A and
triple negative)

Autologous Dendritic Cell
Vaccination

NCT01431196 C II 29 Neoadjuvant chemotherapy (Dose dense EC x 4
/Docetaxel x 4) plus Autologous Dendritic Cell
Vaccination

Stage II/III TNBC P10s-PADRE with
MONTANIDE™ ISA 51 VG
[Carbohydrate Mimotope-
based Vaccine]

NCT02938442 NYR II 102 Standard neoadjuvant chemotherapy alone or
in combination with P10s-PADRE vaccine.

Stage II/III TNBC NANT NEOADJUVANT Triple-
Negative Breast Cancer
VACCINE

NCT03554109
(QUILT-3.057)

NYR II 376 NANT NEOADJUVANT Triple-Negative Breast
Cancer plus a combination of agents vs dose
dense neoadjuvant AC / paclitaxel

Early ERþ, HER2 negative BC Mammaglobin-A DNA Vaccine NCT02204098 R I 60 Neoadjuvant endocrine
therapy þ Mammaglobin-A DNA Vaccine vs
endocrine therapy alone

p53-Overexpressing stage III BC
{adjuvant and neoadjuvant}

Autologous dendritic cell-
adenovirus p53 vaccine

NCT00082641 ANR I/II 24 Arm I (neoadjuvant): dose dense AC x 4 /

paclitaxel x 4 plus a total of 4 vaccinations
during and after neoadjuvant chemotherapy
Arm II (Adjuvant): vaccination at 6, 8, 10, and 12
weeks after completion of radiotherapy.

ANR: Active, not recruiting; AC: doxorubicin þ cyclophosphamide; BC: Breast Cancer; C: Completed; EC: Epirubicin þ Ciclofosfamide; ER: Estrogen Receptor; NED: No ev-
idence of Disease; NYR: Not yet recruiting; R: Recruiting; S: Suspended; TNBC: Triple Negative Breast Cancer; U: unknown.

C. Criscitiello et al. / The Breast 44 (2019) 128e134 131
monitored after injectionwith eight or more clinical and laboratory
assessments in the first 24 weeks of the trial. Local and systemic
signs and symptoms, laboratory evaluations, adverse and serious
adverse events will be assessed following vaccination.

In a phase I clinical trial (NCT01532960), a vaccine consisting of
9 MHC class I-restricted breast cancer-associated peptides (from
MAGE-A1, -A3, and -A10, CEA, NY-ESO-1, and HER2 proteins),
combined with a TLR3 agonist, poly-ICLC, along with a helper
peptide derived from tetanus toxoid, was evaluated in 11 early
breast cancer patients after completion of their standard adjuvant
treatment (except for endocrine therapy in specific cases). Almost
all patients experienced injection site reaction/induration, flu-like
symptoms and fatigue. The TLR3 adjuvant, poly-ICLC, plus helper
peptide mixture provided a modest immune stimulation: CD8þ T
cell responses to the vaccine were assessed by stimulated inter-
feron gamma ELIspot assays and were observed in 4 out of 11 pa-
tients [40].

NeuVax™ is the vaccine at the most advanced stage of devel-
opment [41]. It is a major histocompatibility complex (MHC) class I
vaccine that consists of the HER2-derived peptide E75 (nelipepi-
mut-S) combined with the immunoadjuvant granulocyte macro-
phage colony-stimulating factor (GM-CSF).

Two early-phase clinical trials evaluated the safety and efficacy
of E75 þ GM-CSF administered in the adjuvant setting. The first
studywas a standard dose escalation study, which enrolled patients
with node-positive breast cancer. The second study was a dose and
schedule optimization trial, which enrolled high-risk node-nega-
tive patients. Both trials included patients whose tumors expressed
any degree of HER2. All patients had completed standard-of-care
therapy and were disease free upon enrollment. Patients on
endocrine treatment continued on that therapy. At the time of
enrollment, HLA-A2 status was determined for each patient, and
those who were HLA-A2þ were vaccinated, while those who were
HLA-A2- were followed prospectively as controls. Patients received
escalating doses of E75 with GM-CSF immunoadjuvant every
month for 4 or 6 months. The vaccine stimulated an antigen-
specific immune response and was well tolerated at all dose
levels, with negligible toxicity [42]. Hence, the development moved
to phase II trials.

The trials enrolled 195 patients, 100 with node-positive, and 95
with node-negative disease. These patients were followed for 60
months, and the primary endpoint was disease-free survival (DFS).
Among the 187 evaluable patients, 108 received the vaccine and 79
did not but were followed as controls. The two groups were well
matched, except for the higher percentage of ER-patients in the
vaccinated group [43]. The vaccine was well tolerated, with mild
toxicities. Local toxicities, usually injection site erythema and
pruritus, were of grade 1 (83.3%) and grade 2 (16.7%). Systemic
toxicities, most frequently bone pain, flu-like symptoms, and fa-
tigue, were trivial. Only 1.9% of patients experienced grade 3 tox-
icities, and no greater than grade 3 toxicities were observed. The 5-
year DFS was 89.7% in vaccinated patients and 80.2% in unvacci-
nated controls (p¼ 0.08), with a 48% reduction in relative risk of
recurrence with the vaccine [43]. The optimal biologic dose was the
maximal dose administered (1000 mg E75 with 250 mg GM-CSF).

Patients with low-HER2-expressing tumors (IHC 1 þ or 2þ) had
the strongest immune responses [44], and derived benefit from
vaccination, with a 5-year DFS of 88.1% in vaccinated patients vs
77.5% in unvaccinated controls (p¼ 0.16), with a relative risk
reduction of 48% [43].

Among patients who benefited the most from vaccination, there
were the 37 patients who received the optimal biologic dose (5-
year DFS 94.6% vs 80.2% in unvaccinated controls, p¼ 0.05) [43],
and those patients with grade 1 or 2 breast cancer (5-year DFS rate
96.7% in low-grade vaccinated patients vs 80.9% in low-grade
control patients, relative risk reduction¼ 84%, p¼ 0.01) [45].

NeuVax™ is currently being evaluated in a phase III registration
trial, the PRESENT trial (NCT01479244). This study enrolled patients
with HLA-A2þ/A3þ, node-positive, HER2 IHC 1þ, 2 þ breast cancer
who had no evidence of disease after standard treatment. Patients
were randomized to receive either E75þ GM-CSF or GM-CSF alone.
A 6-inoculation primary series was followed by booster in-
oculations every 6 months through 3 years. The trial's primary
endpoint is 3-year DFS.
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4.1. Combination immunotherapy: trastuzumab and vaccine

Both cellular and humoral anti-neu immune responses are
needed to eliminate HER2/neu-expressing tumors [46e48]. Anti-
HER2 antibody-induced tumor regression is T cell dependent
[49]. Moreover, antibody-dependent cellular cytotoxicity mediated
by natural killer cells is a known mechanism of action of trastu-
zumab, which is an IgG antibody with a conserved Fc portion.
Antibody-dependent cellular cytotoxicity induces tumor cell lysis
with consequent release of antibody-coated tumor antigens. Den-
dritic cells take these antibody-coated tumor antigens up and
present them on MHC class I molecules through the cross-
presentation process. Hence, trastuzumab effectively turns the tu-
mor into a vaccine [50].

In brief, trastuzumab augments tumor cells susceptibility to lysis
by vaccine-generated CD8þ Tcells, suggesting possible benefit of an
immunotherapy combination strategy [51e54].

A small study of patients who received trastuzumab for meta-
static HER2-positive breast cancer demonstrated the generation of
HER2-specific CD4þ T cell responses as well as anti-HER2 antibody
responses that augmented significantly on therapy, and were
associated with improved clinical response [54].

In early-stage E75 trials, 12 patients with HER2 IHC 3 þ breast
cancer received standard-of-care trastuzumab, which was then
followed by vaccination. None of these patients recurred after 5
years of follow-up [55], thus supporting the potential synergy be-
tween trastuzumab and a CD8þ T cell-eliciting vaccine. A second
MHC class I peptide derived from the HER2 protein that stimulates
a CD8þ T cell response, GP2, has been evaluated in phase I and II
clinical trials [56]. At a median follow-up of 34 months, in HER2-
overexpressing patients, DFS was 100% in patients who received
the vaccine after trastuzumab (n¼ 48) and 89% in control patients
(n¼ 50) (p¼ 0.08). The combination of trastuzumab and a vaccine
designed to elicit a HER2-specific helper T cell response is safe
without cardiac toxicity in phase I trials [57].

Since the combination of trastuzumab and an MHC class I, CD8þ

T cell-eliciting vaccine was proven safe, this strategy has been
further evaluated in two phase II adjuvant therapy trials. One of
these studies (NCT02297698) randomizes patients with high-risk
HER2þ breast cancer to receive trastuzumab ± the E75 þ GM-CSF
vaccine. This study includes patients with residual disease after
optimal neoadjuvant therapy, or, for those undergoing surgery as
first intervention, those with nodal involvement (any positive
lymph nodes for hormone receptor-negative tumors, � 4 positive
lymph nodes for patients with hormone receptor-positive tumors).
The second study (NCT01570036) randomized 275 patients with
HER2 IHC 1 þ or 2 þ tumors, a group that does not receive HER2-
targeted therapy as standard treatment, to receive
trastuzumab þ the E75 þ GM-CSF vaccine (NeuVax) or
trastuzumab þ GM-CSF. All pts received one year of trastuzumab.
NeuVax or GM-CSF was given every 3 weeks for six times starting
with the third dose of trastuzumab, then boosted every six months
for 4 times. Findings of a prespecified interim analysis of this ran-
domized phase IIb study have been presented at the 2018 ESMO
annual meeting. The activity of the NeuVax vaccine/trastuzumab
combination in reducing recurrence of HER2 low-expressing, node
positive and/or TNBC was compared with trastuzumab plus GM-
CSF in 275 patients. The primary endpoint was DFS at 24 months.
In patients with HER2 low-expressing TNBC, estimated 24-month
DFS was 91.1% in the vaccine arm and 69.9% in the control arm
(hazard ratio 0.26; p ¼ 0.02). This level of significance was not
replicated in the overall study population or in node-positive pa-
tients. Both regimens appeared to be well tolerated; there were no
grade 4e5 adverse events and no between-treatment differences in
cardiac, local or systemic toxicities.
Another dose-escalation trial enrolling patients with no evi-
dence of disease, HLA-A2þ or A3þ, HER2-positive breast cancer has
been conducted [58].

Patients received everymonth for sixmonths inoculations of the
GP2 (HER2: 654e662) peptide vaccine, which is comprised of the
HLA-A2- and A3-restricted, HER2-derived peptide GP2 combined
with GM-CSF, administered concurrently with trastuzumab. Local
and systemic toxicity, including cardiac toxicity, were regularly
monitored. Immunologic responses were evaluated in vitro by us-
ing an IFN-g ELISPOT assay and in vivo by measuring the local re-
action. Seventeen patients received the vaccine. No dose limiting
nor greater than grade 2 toxicities were observed. The median left
ventricular ejection fraction (LVEF) did not change from baseline
after vaccination. Mean local reaction at first injection was
28 ± 10 mm and increased to 68 ± 8 mm at the final injection
(p < 0.01). Mean ELISPOT response to GP2 increased from 47 ± 19 at
baseline to 144 ± 60 (p ¼ 13) after vaccination. According to safety
and immunologic data, the appropriate dose was found to be
1000 mg of GP2 þ 250 mg of GM-CSF. Based on these results, the
GP2þGM-CSF vaccine demonstrated to be safe and to stimulate an
immunologic responsewhen given concurrently with trastuzumab,
whichwas strongest in patients without a pre-existing immunity to
HER2.

A combination of trastuzumab and CD8þ T cell-eliciting HER
peptide vaccinemay induce synergistic immunotherapeutic benefit
in patients with HER2þ breast cancer.

These positive results prompted the initiation of a randomized
phase II trial (NCT00524277), evaluating the efficacy of combining a
CD8 T cell-eliciting vaccine with trastuzumab in HER2-positive
breast cancer patients. Patients were treated with either GP2
peptide þ GM-CSF vaccine, GM-CSF (sargramostim), or AE37
(another cancer vaccine) þ GM-CSF vaccine. This trial is ongoing
but no longer recruiting participants. At ASCO 2014 Breast Cancer
Symposium the initial results from 190 women with breast cancer
were presented. Among the 182 patients out of 190 who completed
the trial, disease-free survival (DFS) was 94% in patients treated
with the vaccine vs 85% in patients treated with trastuzumab only,
suggesting that treatment with GP2 plus GM-CSF along with tras-
tuzumab may reduce the risk of recurrence.

5. Challenges

Despite huge improvements, the development of neoantigen
vaccines is still challenging. Time to manufacture neoantigen vac-
cines is still quite long, from tissue acquisition to vaccine delivery it
may take from 3 to 5months [59,60]. Identification and validation
of candidate neoantigens as well as manufacture of neoantigen
vaccines under good manufacturing practice conditions are still
very expensive [30]. Furthermore, neoantigen prediction algo-
rithms need further optimization, as CD4þ T-cell responses to
neoantigen vaccines are more frequent than CD8þ T-cell responses,
even if the neoantigens included in the vaccines were prioritized
based on predicted MHC class I binding [59,60].

Immunotherapies are evaluated using immune-related
response criteria (irRC) [61,62]. Besides respecting these immune-
related response criteria, neoantigen vaccines have to rely on
effective immune monitoring to evaluate vaccine-induced immune
responses before clinical end points are obtained.

Conclusions

Neoantigen vaccines have shown very promising results in
inducing neoantigen-specific T-cell responses. First, they have been
meticulously tested in phase I clinical trials. Then, they have
demonstrated encouraging results in various phase II clinical trials,



C. Criscitiello et al. / The Breast 44 (2019) 128e134 133
and currently cancer vaccines are being tested in phase III trials, in
order to prevent breast cancer recurrences in patients at high risk of
recurrence after optimal standard of care therapy. Given the
promise of a very specific long-term antitumor immune response,
the development of cancer vaccines continues to be of great in-
terest. Combinations of neoantigen vaccines and other immuno-
therapies is key to evade the cancer immune escape.
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