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Abstract The ability to exploit the immune system as a weapon against cancer has revolutio-

nised the treatment of cancer patients, especially through immune checkpoint inhibitors

(ICIs). However, ICIs demonstrated a modest benefit in treating breast cancer (BC), with

the exception of certain subsets of triple-negative BCs. An immune-suppressive tumour micro-

environment (TME), typically present in BC, is an important factor in the poor response to

immunotherapy.

After almost two decades of poor clinical trial results, cancer vaccines (CVs), an active

immunotherapy, have come back in the spotlight because of some technological advance-

ments, ultimately boosted by coronavirus disease 2019 pandemic. In particular, neoantigens

are emerging as the preferred targets for CVs, with gene-based and viral vectorebased plat-

forms in development. Moreover, lipid nanoparticles proved to be immunogenic and efficient

delivery vehicles.

Past clinical trials investigating CVs focused especially on the metastatic disease, where the

TME is more likely compromised by inhibitory mechanisms. In this sense, favouring the use of

CVs as monotherapy in premalignant or in the adjuvant setting and establishing combination

treatments (i.e. CV plus ICI) in late-stage disease are promising strategies. This review pro-

vides a full overview of the past and current breast cancer vaccine landscape.

ª 2021 Elsevier Ltd. All rights reserved.
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1. Introduction

Breast cancer (BC) is the second most frequently diag-

nosed malignancy worldwide, accounting for over two

million cases each year and the leading cause of cancer

death in women [1]. For years BC has been considered

immunologically quiescent compared with other tumour
types [2]. This is partially because of its lower somatic

mutational burden and consequent lower neoantigen

load [2,3]. The hormonal asset plays an important role,

as well [4]. In fact, human epidermal growth factor re-

ceptor 2 (HER2)epositive and triple-negative breast

cancer (TNBC) show a higher mutational burden than

hormone receptor (HR)epositive BC [5,6]. Consistently,

tumour-infiltrating lymphocyte (TIL) rates are higher in
HER2-positive BC and TNBC, in comparison with HR-

positive BCs [7e12]. Interestingly, higher TIL levels

have been associated with improved prognosis in HER2-

positive BC and TNBC, with a 10% increase in TILs

associated with a 15e25% decrease in risk of relapse and

death [2,13]. The lymphocytic infiltrate is also predictive

of pathologic complete response (pCR) to neoadjuvant

chemotherapy (NACT) [14e18]. Of note, the associa-
tion between TILs and a better outcome after

anthracycline-based chemotherapy supports the immu-

nogenic role of certain chemotherapy regimens, which

may awaken a pre-existing host immune response

against cancer cells [19].

Other strategies to stimulate host immune responses

lie in immune checkpoint inhibitors (ICI) and active

immunotherapies, such as therapeutic cancer vaccines
(CVs). The latter aim at stimulating type I (Th1) CD4þ
and CD8þ T-cell immune responses against tumour-

associated antigens (TAAs) or tumour specific antigens

(TSAs). Cancer vaccines rely on the ability of the im-

mune system to differentiate between self-antigens,

normally expressed on the surface of healthy cells, and

those abnormally expressed on cancer cells [20,21]. The

main advantages of CVs are minimal toxicity, the gen-
eration of highly specific adaptive immune responses

and the establishment of immunologic memory, with the

potential to control or eliminate residual disease by

swiftly responding to TAA/TSA exposure over time [22].

In this regard, BC represents the third most studied

tumour for cancer vaccination, following melanoma and

cervical cancer [23]. Historically, the most common

TAAs targeted in BC are HER2, Mucin 1, cell surface
associated (MUC-1), carcinoembryonic antigen (CEA)

and human telomerase reverse transcriptase (hTERT)

[23,24].

However, results from therapeutic BC vaccine clinical

trials have been disappointing, so far [24]. Two phase-III

BC vaccine clinical trials have failed to demonstrate any

benefit in the metastatic and adjuvant setting, respec-

tively [25,26]. The former investigated a STn keyhole
limpet haemocyanin (KLH) vaccine targeting a tumour
associated carbohydrate (TACA) epitope found on

cancer-associated mucins, in the metastatic setting

(Theratope) [26]. The latter assessed the risk of disease

relapse after administering a HER2-based peptide vac-

cine Nelipepimut-S (NeuVax) to high-risk BC patients

in the adjuvant setting (PRESENT trial) [25].

Overall, during a 20-year period (2000e2019) of BC

vaccine clinical trials, the estimated objective response rate
(ORR) was around 9%, without a clear survival benefit

[24]. Such results did not seem to be statistically different

when comparing different traditional vaccine platforms or

different TAAs [24]. Similarly, the use of vaccines alone or

in combination with other treatments did not result in a

significant change in ORR outcomes [24].

Negative results from BC vaccine trials may be

associated to different factors: first, the potentially
immunologically inadequate clinical settings (metastatic

disease among often heavily pretreated BC patients,

mainly characterised by a large tumour burden) [27];

second, the predominance of TAAs as targets; third, the

vaccine delivery platform used [28,29]; fourth, the

presence and type of concurrent therapies administered

in combination with the CV [30,31]; fifth, the presence of

many non-controlled mechanisms of immune escape,
including alterations in antigens (Ags) processing ma-

chinery, the loss of Human Leukocyte Ag class I (HLA-

I) expression, the down-regulation of tumour Ags

expression and, in general, factors favouring a ‘cold’

tumour microenvironment (TME) [6,32e36]. In fact, a

major hurdle undermining therapeutic CVs efficacy is

the presence of immune-evasive mechanisms, particu-

larly in solid tumours [37,38]. Major recognised im-
mune-suppressive mechanisms are T-cell exhaustion in

inflamed tumours, lack of T-cell infiltration in immune

excluded tumours and defective antigen presentation

processes in immune desert tumours [37].

Based on this experience, current CVs research has

been mostly directed towards novel technologies for

vaccine development, combination immunotherapies e
especially with ICIs e and new clinical settings, as later
discussed [29]. Incidentally, the struggle to face the

coronavirus disease 2019 (COVID-19) pandemic, not

only provides large-scale clinical evidence of the safety

and efficacy of new vaccine platforms, but also offers a

technological boost for effective BC vaccines in the next

future [29,39].

This review focuses on the current landscape of

therapeutic vaccines for BC, with insights on their po-
tential use in the clinical practice and the main chal-

lenges to overcome in the next future.

2. Current landscape of therapeutic vaccines for breast

cancer

Briefly, a total of 44 ongoing (i.e. active, not recruiting;

recruiting; not yet recruiting) clinical trials are currently
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investigating therapeutic CVs in BC, as of 23rd June

2021 (Fig. 1). Overall, 30 (68.2%) clinical trials are

enrolling patients with TNBC, 21 (47.7%) clinical trials

are open to patients with HER2-positive BC and only 15

(34.1%) trials have HR-positive BC as inclusion criteria.

Of note, seven (15.9%) trials are open to BC patients,

irrespective of the biological subtype. As for the clinical

setting, 21 (47.7%) clinical trials are including BC pa-
tients in the early setting, while 23 (52.3%) clinical trials

are investigating the role of CVs in the advanced setting.

No study is testing any vaccine in a more preventive

setting. Interestingly, only one (2.3%) clinical trial has a

phase-III experimental design, whereas the other 43

(97.7%) are early-phase studies.

As for the vaccine platform, the majority of BC

vaccines are peptide-based (N Z 20, 45.5%), while
almost 10 (22.7%) clinical trials are testing cell-based BC

vaccines; new technologies such as viral-vectored vac-

cines account for six (13.6%) clinical trials, whereas

gene-based BC vaccines are currently investigated in 8

(18.2%) clinical trials, as depicted in Fig. 2.

3. Vaccines targeting HER2 in breast cancer

Human epidermal growth factor receptor is a trans-

membrane growth factor receptor, member of the HER

protein family, along with HER1 (EGFR), HER3 and

HER4.Numerous epidermal growth factor (EGF) ligands

have beendefined, althoughnone specific toHER2 [40,41].
When a ligand binds to HER1, HER3 or HER4, receptor

dimerisation occurs, with HER2 as the preferred dimer

partner. Then, the activation of the tyrosine-kinase intra-

cellular domain triggers different downstream pathways

[40]. The oncoprotein HER2 is overexpressed with com-

plete membrane staining that is intense and >10% of

tumour cells (i.e. immunohistochemistry, IHC, 3þ) in

10e15% of BC cases [42]. The recently introduced HER2-
low status is defined as an IHC assay score of 1þ or 2þ
without amplification at in situ hybridisation (ISH) assay.
Fig. 1. Summary of the ongoing trials investigating therapeutic vaccines i

mBC, metastatic breast cancer; eBC, early breast cancer; TNBC, triple-

factor receptor 2. Source: clinicaltrials.gov.
When HER2 plays its role as an oncogene, it is by

means of gene overexpression and consequent HER2

easier heterodimerization [41]. Next, both cell trans-

formation and tumorigenic growth are promoted

[43e45]. Of note, HER2 somatic mutations have been

described as well [46,47]. Typically, BC harbouring high

expression of HER2 is associated with an aggressive

clinical behaviour, both in terms of invasiveness and risk
of recurrence, in absence of appropriate treatment [48].

A strong correlation between T cellebased immunity

and reduction of cancer recurrence rates has been observed

in HER2-positive BCs [49]. In particular, a 3% relative

reduction risk of recurrence for each percentage unit in-

crease in TILs has been reported in a study of 387 cases of

HER2-positive BC patients [50]. In addition, the specific-

ities of the interaction between HER2-positive tumour
cells with potential ligands in the TME are thought to

promote immune responses against HER2 protein [51].

Precisely, immune responses against HER2-positive BC

are induced by both cytotoxic T lymphocytes (CD8þ) and

CD4þ T-cells [52]. Cytotoxic T lymphocytes recognise

HER2 peptides presented by major histocompatibility

complex (MHC) class I molecules and induce cell cycle

arrest, apoptosis and an interferon gamma (IFN-g)e
mediatedkilling of tumour cells [53]. Finally,CD4þTcells

and anti-HER2 antibodies are associated with stronger

anti-HER2 immunity response [54,55].

For these reasons, stimulation of anti-HER2 immune

responses has been exploited to eliminate cancerous cells

in HER2-positive BC [56,57]. An overview of the clinical

trials currently investigating therapeutic vaccines tar-

geting HER2-positive BC is provided in Table 1.

3.1. Peptide-based vaccines targeting HER2 in breast

cancer

Immunogenic HER2-derived peptides include those
derived from different parts of HER2 protein, specifically

E75, from the extracellular domain (ECD); GP2, from
n BC, as of 23rd June 2021. Abbreviations: HR, hormone receptor;

negative breast cancer; Ph, phase; HER2, human epidermal growth

http://clinicaltrials.gov


Fig. 2. Summary of the main platforms used in current clinical trials investigating therapeutic vaccines in BC, as of 23rd June 2021. Ab-

breviations: Ph, phase; HER2, human epidermal growth factor receptor; NeoAg, neoantigens; mRNA, messenger ribonucleic acid; LNP,

lipid nanoparticle; APC, antigen presenting cell; IL-2, interleukin 2; INFg, interferon gamma; TNF, tumour necrosis factor. Created with

biorender.com.
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the transmembrane domain (TMD); AE37, from the
intracellular domain (ICD), as depicted in Fig. 3 [54].

3.1.1. E75 (HER2/neu 369e377, KIFGSLAFL),

Nelipepimut-S/NeuVax

The E75-based vaccination is the most widely investigated

strategy for the treatment of BC patients [58]. E75 is a 9-

amino-acid-long peptide from the ECD of the HER2 re-

ceptor and works as an immunodominant CTL epitope

with high affinity for human leukocyte antigen HLA-A2

and HLA-A3 molecules (HLA-restricted) (Fig. 3) [21].

E75 is expressed in almost 60e75% of the population [58].
Although a meta-analysis of delayed-type hypersen-

sitivity (DTH) reactions and CD8þ T cell immune re-

sponses confirmed significant differences between the

vaccinated groups compared with their non-vaccinated

counterparts in several phase IeII clinical trials, a

phase III randomised controlled trial (PRESENT) in the

adjuvant setting failed to demonstrate a clinical benefit

[25]. Specifically, over 750 HLA-A2þ BC patients were
randomised after standard treatment to receive NeuVax

with granulocyte-macrophage colony-stimulating factor

(GM-CSF) or GM-CSF alone, as the control arm. The

PRESENT trial was terminated due to futility after an
interim analysis conducted after 70 disease-free survival
(DFS, primary end-point) events in the overall popula-

tion; however, the study was also hampered by an

important imbalance in the practice of image detection

of metastatic relapse [25]. Interestingly, patients har-

bouring HER2-low BC had more robust immune re-

sponses after vaccination, in comparison with their

HER2-high (i.e. HER2 3þ by IHC, or HER2 gene

amplification assessed by fluorescence in situ hybrid-
isation, FISH, test) counterparts [25]. These findings

could reflect the presence of immunologic tolerance in

HER2 over-expressing patients and suggest further

clinical investigations tailored on the HER2-low sub-

group [21].

Moreover, a potential synergistic effect between

trastuzumab and E75 vaccine has been observed [59].

Consequently, a phase IIb, multicenter, randomised,
single-blinded, controlled trialeenrolled disease-free BC

patients after standard therapy completion for high-risk

HER2-low BC [59]. Briefly, patients received trastuzu-

mab for 1 year and were randomised to placebo GM-

CSF as control or Nelipepimut-S with GM-CSF [59].

While in HER2 low-expressing BCs, no significant dif-

ference in DFS was seen in the intention-to-treat (ITT)

http://biorender.com


Table 1
Summary of ongoing trials on cancer vaccines enrolling HER2-positive breast cancer patients, as of 23rd June 2021.

ID Ph Platform Setting # pts Intervention Patient cohort Target/Moiety Outcome

NCT02061423a 1 Cell-based eBC 7 6 HER2 pulsed dendritic cell

vaccines injections followed by 3

booster vaccines

Stage IeIII HER2-positive

BC with residual disease

post-neoadjuvant CT

HER2 Safety (compliance, AEs)

NCT00880464a 1 Cell-based eBC 8 Irradiated, autologous BC cells

engineered by adenoviral mediated

gene transfer to secrete GM-CSF

Stage IIeIII (any subtype)

BC who have at least 2 cm

of disease after neoadjuvant

CT or 4 cm without

neoadjuvant CT

GM-CSF release Safety (DLT)

NCT03384914c 2 Cell-based and gene-based eBC 110 9 dendritic cells vaccine injections

or 6 WOKVAC vaccine injections

Stage IeIII HER2-positive

BC treated with

neoadjuvant CT without

pCR

HER2 Immune response

NCT02297698a 2 Peptide-based eBC 100 6 Nelipepimut-S vaccine injections

followed by 4 booster vaccine

injections þ trastuzumab for one

year

HLA-A2þ/A3þ/A24þ/

A26þ HER2þ BC at high

risk of relapse (no pCR, >3

LNs, 1e3 LNs with ER-/

PR-)

HER2 E75 (369

e377)

5-year iDFS

NCT04329065c 2 Gene-based eBC 16 3 polyepitope plasmidebased

WOKVAC vaccine injections and 3

infusions of

paclitaxel þ trastuzumab and

pertuzumab

Stage IeIII ER-/HER2-

positive BC before surgery

pUMVC3-IGFBP2-

HER2-IGF1R

Immune response

NCT04197687c 2 Peptide-based eBC 480 6 TPIV100 vaccine injections þ T-

DM1 as maintenance therapy,

followed by 2 booster vaccine

injections

Stage IIeIII HER2-positive

BC who did not achieve

pCR after NACT

HER2 5-year iDFS

NCT00317603a 1 Cell-based mBC 20 Irradiated, autologous BC cells

engineered by adenoviral mediated

gene transfer to secrete GM-CSF

Stage IV BC (any subtype)

in II line of treatment

GM-CSF release Safety (DLT)

NCT00393783a 1 Gene-based (xenogenic) mBC 12 5 HER2 ECD DNA vaccine

injections � ET � trastuzumab (as

per local practice)

Stage IIIeIV HER2-

positive BC

HER2 (ECD) Safety (DLT)

(BrEAsT)

NCT04296942c
1 Viral-based mBC 65 MVA-BN-Brachyury vaccine

injections followed by boosters

with FPV-BN-Brachyury until

disease

progression þ M7824 þ TDM-1

(for HER2þ BC)

Stage IV TNBC and ER-/

HER2-positive

Brachyury ORR

NCT00436254a 1 Gene-based mBC 66 3 pNGVL3-hICD vaccine

injections

Stage IIIeIV HER2-

positive BC

HER2 Safety (AEs)

Immune response

NCT04521764c 1 Viral-based mBC 33 4 MV-s-NAP administered

intratumorally

Stage IV BC (any subtype) Pylori neutrophil

activating protein

(NAP)

Safety (DLT)

NCT01376505c 1 Peptide-based mBC 100 3 MVF-HER-2 (597e626 and 266

e296) vaccine injections followed

by 6 booster shots

Stage IV HER2-positive BC HER2 (597e626,

266e296)

Immune response

Clinical benefit (tumour

markers, RECIST criteria)
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NCT03689192c 1 Peptide-based mBC 10 ARG1 vaccine injections every

third week for 45 weeks

Stage IV BC (any subtype) Arginase-1 Safety (AEs)

NCT04418219b 1/2 Cell-based mBC 42 SV-BR-1-

GM þ cyclophosphamide,

pembrolizumab, interferon-alpha-

2b for 2 years

Stage IV BC (any subtype)d GM-CSF release Safety (AEs)

ORR (RECIST 1.1)

NCT03632941c 2 Viral-based mBC 39 3 VRP-HER2 vaccine

injections þ pembrolizumab

ER-/PR-/HER2-positive

mBC

HER2 Immune response (TILs and

anti-HER2 Abs)

NCT04348747b 2 Cell-based mBC 23 3 anti-HER2/HER3 DCs vaccine

injections þ celecoxib,

recombinant INFalfa-2b,

rintatolimod followed by

pembrolizumab

TNBC or HER2-positive

BC with brain metastasis

HER2/HER3 CNS ORR

NCT03328026c 2 Cell-based þ TME modulator mBC 60 4 SV-BR-1-GM þ 24

INCMGA00012 vaccine

injections � epacadostat (twice

daily)

Stage IV BC (any subtype) GM-CSF release

PD-L1

IDO

Safety (AEs)

NCT00194714b 2 Peptide-based mBC 26 6 HER2 peptide

vaccine þ trastuzumab

HLA-A2þ, HER2-positive

stage IV BC

HER2 Immune response

Safety (AEs)

NCT02491697a 2 Cell-based mBC 400 4 cycles of DC-CIK treatment

(every 1 year) þ capecitabine

(2500 mg/m2 twice daily for 2

weeks followed by a 1-week rest

period q21)

Stage IV BC (any subtype) CIK cells agonist 1-year OS

NCT04246671c 2 Viral-based mBC 45 3 TAEK-VAC-HerBy vaccine

injections þ trastuzumab/

pertuzumab/T-DM1/anti-PD-L1

(not disclosed)

Stage IV HER2-positive BC

(ERþ/�)

HER2/neu Safety (DLT)

NCT00722228c 2 Cell-based mBC 50 5 modified autologous or allogenic

tumour cells vaccine injections

Stage IV BC (any subtype) NA NA

Abbreviations: ID, identifier; #, number; pts, patients; BC, breast cancer; eBC, early breast cancer; mBC, metastatic breast cancer; DLT, dose-limiting toxicity; HER2, human epidermal growth factor

receptor 2; CT, chemotherapy; NACT, neoadjuvant chemotherapy; ET, endocrine therapy; HR, hormone receptor; TPC, treatment of physician’s choice; DCIS, ductal carcinoma in situ; TNBC, triple-

negative breast cancer; AEs, adverse events; SoC, standard of care; ORR, objective response rate; CNS, central nervous system; PFS, progression-free survival; DFS, disease-free survival; pCR,

pathologic complete response; IV, intravenous; LNs, lymph nodes; DCs, dendritic cells; GM-CSF, granulocyte-macrophage colony-stimulating factor; HLA, human leukocyte antigen; iDFS, invasive

disease-free survival; MVA-BN, Modified Vaccinia Ankara-Bavarian Nordic; T-DM1, trastuzumab emtasine; MVF, measles virus fusion; ARG1, Arginase 1; VRP, Virus-like replicon particles; CIK,

cytokine-induced killer cells; PD-L1, programmed-death ligand 1; IDO, indoleamine-pyrrole 2,3-dioxygenase; TME, tumour microenvironment; INF, interferon alpha; ECD, extracellular domain;

IGF1R, insulin-like growth factor 1 receptor; IGFBP2, insulin-like growth factor binding protein 2. Source: clinicaltrials.gov.
a Active, not recruiting.
b Not yet recruiting.
c Recruiting.
d This trial has been described in the section dedicated to clinical trials open to BC patients, irrespective of the biological subtype.
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Fig. 3. Most used HER2-derived peptides for the development of therapeutic peptide-based cancer vaccines. Abbreviations: EGFR; epidermal

growth factor receptor;HER2, human epidermal growth factor receptor 2;HER3, human epidermal growth factor receptor 3;HER4, human

epidermal growth factor receptor 4; P, phosphate; RAF, rapidly accelerated fibrosarcoma; MEK, mitogen-activated protein kinase; ERK,

extracellular signaleregulated kinases; PI3K, phosphoinositide 3 kinase; MHC, major histocompatibility complex; HLA, human leukocyte

antigen; aa, amino acids; ECD, extracellular domain; TMD, transmembrane domain; ICD, intracellular domain. Created with biorender.

com.
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analysis, significant clinical benefit was seen in patients

expressing HLA-A24 (hazard ratio, HR Z 0.41;

p Z 0.05) and in the TNBC subgroup (i.e. HR, DFS,
0.25; 95% CI: 0.08e0.81; pZ 0.01) [59,60]. Based on the
present data, Nelipepimut-S will be further evaluated in

a phase III trial in combination with trastuzumab for

the treatment of patients with TNBC in the adjuvant
setting, after standard treatment [60,61].

http://biorender.com
http://biorender.com


Table 2
Summary of ongoing trials on cancer vaccines enrolling TNBC patients, as of 23rd June 2021.

ID Ph Platform Setting # of pts Intervention Patient cohort Target/Moiety Outcome

NCT02427581c 1 Peptide-based eBC 15 single synthetic long peptide

vaccine injections

TNBC at least cT2 with no

pCR post-neoadjuvant CT

Neoantigens Safety (AEs)

NCT00880464a 1 Cell-based eBC 8 Irradiated, autologous BC cells

engineered by adenoviral-mediated

gene transfer to secrete GM-CSF

Stage IIeIII BC (any

subtype) who have at least

2 cm of disease after

neoadjuvant CT or 4 cm

without neoadjuvant CTd

GM-CSF release Safety (DLT)

NCT03199040c 1 Gene-based eBC 24 6 neoantigen DNA vaccine

injections (þ/� durvalumab)

cT1c-T4 TNBC with

residual invasive BC after

neoadjuvant CT

Polyepitope neoantigens Safety (AEs)

NCT02780401a 1 Gene-based eBC 24 3 polyepitope plasmidebased

WOKVAC vaccine injections

Stage IeIII HER2-negative

and node-positive BC after

standard treatment

pUMVC3-IGFBP2-HER2-

IGF1R

Safety (AEs)

NCT04105582a 1 Cell-based eBC 5 NA Non-metastatic TNBC

following standard

treatment

Tailored neoantigen

synthetic peptide

Safety (AEs)

NCT02364492a 1 Peptide-based eBC 20 6 MAG-Tn3 vaccine injections TNBC (any T/N) or ERþ/

HER2� (with at least one

lymph node) pts following

standard treatment

Tn carbohydrate antigen Safety (DLT)

TNBC-MERIT

NCT02316457a
1 Gene-based eBC 42 4 RNAs vaccine injections Stage IIeIII TNBC

following standard

treatment

Neo-antigens Safety (AEs)

NCT02826434a 1b Peptide-based eBC 22 6 PVX-410 vaccine injections and 2

infusions of durvalumab

Stage IIeIII HLA-A2þ
TNBC following standard

treatment

XBP1

CD138

Safety (DLT)

NCT02938442c 1/2 Peptide-based eBC 102 3 P10s-PADRE vaccine

injections þ SoC CT (AC þ T)

Stage IeIII TNBC who will

undergo SoC neoadjuvant

treatment

Carbohydrate mimetic

peptide P10s

Safety

Clinical response

(pCR)

NCT02593227a 2 Peptide-based eBC 80 þ/� priming with

cyclophosphamide IV, then 6

TPIV200 monthly vaccine

injections followed by 6 booster

injections

Stage IeIII TNBC

following standard

treatment

Folate receptor

alpha þ GM-CSF adjuvant

Immune response

NCT00317603a 1 Cell-based mBC 20 Irradiated, autologous BC cells

engineered by adenoviral mediated

gene transfer to secrete GM-CSF

Stage IV BC (any subtype)

in II line of treatmentd
GM-CSF release Safety (DLT)

NCT03674827c 1 Viral-based and

gene-based

mBC 36 4 PF-06936308 vaccine injections

per cycle þ tremelimumab,

sasanlimab

Stage IV TNBC Multi TAAs (not yet

disclosed)

ORR (RECIST 1.1)

NCT04296942c 1 Viral-based mBC 65 MVA-BN-Brachyury vaccine

injections followed by boosters

with FPV-BN-Brachyury until

disease

progression þ M7824 þ TDM-1

(for HER2þ BC)

Stage IV TNBC and ER-/

HER2-positived
Brachyury ORR

(continued on next page)
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Table 2 (continued )

ID Ph Platform Setting # of pts Intervention Patient cohort Target/Moiety Outcome

NCT04521764c 1 Viral-based mBC 33 4 MV-s-NAP administered

intratumorally

Stage IV BC (any subtype)e Pylori neutrophil

eactivating protein (NAP)

Safety (DLT)

NCT02432963a 1 Viral-based mBC 19 3 modified vaccinia virus Ankara

vaccine expressing p53 injections

and 7 infusions of Pembrolizumab

Stage IV TNBC p53 Safety (AEs)

NCT03689192c 1 Peptide-based mBC 10 ARG1 vaccine injections every

third week for 45 weeks

Stage IV BC (any subtype) Arginase-1 Safety (AEs)

NCT02157051c 1 Gene-based mBC 40 3/6/9 polyepitope plasmid DNA

vaccine injections followed by 1 or

2 booster vaccine injections

Stage IIIeIV HER2-

negative BC

CD105/Yb-1/SOX2/CDH3/

MDM2

Safety (AEs)

Immune efficacy

NCT03362060a 1b Peptide-based mBC 20 8 PVX-410 vaccine injections

followed by 2 booster

doses þ Pembrolizumab

HLA-A2þ mTNBC XBP1

SLAMF7

CD138

Immune response

(T-cell activation)

NCT04418219b 1/2 Cell-based mBC 42 SV-BR-1-

GM þ cyclophosphamide,

pembrolizumab, interferon-alpha-

2b for 2 years

Stage IV BC (any subtype)e GM-CSF release Safety (AEs)

ORR (RECIST 1.1)

NSABP FB-14

NCT04024800a
2 Peptide-based mBC 29 5 AE37 peptide vaccine

injections þ pembrolizumab

Stage IV TNBC with no

more than one line of CT

for mBCd

HER2 (776e790) Safety (AEs)

ORR (RECIST 1.1)

NCT04348747b 2 Cell-based mBC 23 3 anti-HER2/HER3 dendritic cell

vaccine injections þ celecoxib,

recombinant interferon alfa-2b,

rintatolimod followed by

pembrolizumab

TNBC or HER2þ pts with

brain metastasisd
HER2/HER3 CNS ORR

NCT03606967c 2 Peptide-based mBC 70 personalised synthetic long peptide

vaccine þ durvalumab þ 4

infusions of tremelimumab þ CT

Stage IV TNBC Personalised synthetic long

peptide vaccine

12-month PFS

NCT03012100c 2 Peptide-based eBC 280 Cyclophosphamide orally þ 6

multiepitope folate receptor alpha

vaccine (TPIV200)

injections þ booster injections

cT1-4 or Nþ TNBC

following standard

treatment

Folate receptor alpha 5-year DFS

NCT03328026c 2 Cell-based þ TME

modulator

mBC 60 4 SV-BR-1-GM þ 24

INCMGA00012 vaccine

injections � epacadostat (twice

daily)

Stage IV BC (any subtype)e GM-CSF release

PD-L1

IDO

Safety (AEs)

NCT04634747b 2 Peptide-based mBC 53 PVX-410 vaccine

injections þ pembrolizumab þ CT

HLA-A2þ, PD-L1þ stage

IV TNBC

XBP1

SLAMF7

CD138

PFS

NCT02491697a 2 Cell-based mBC 400 4 cycles of DC-CIK treatment

(every 1 year) þ capecitabine

(2500 mg/m2 twice daily for 2

weeks followed by a 1-week rest

period q21)

Stage IV BC (any subtype)e Cytokine-induced killer

cells agonist

1-year OS

NCT03761914c 2 Peptide-based mBC 90 (15 TNBC) 16 galinpepimut-S vaccine

injections þ Pembrolizumab

Stage IV TNBC after one

line of therapy in metastatic

setting

Wilms’ tumour (WT1) Safety (AEs)

ORR (RECIST 1.1)
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3.1.2. GP2 (654e662, IISAVVGIL)

GP2 is a subdominant epitope with poor binding af-

finity to the HLA-A2 molecule (Fig. 3) [62]. A GP2-

based CV has been investigated in a prospective,

randomised, placebo-controlled, single-blinded, multi-

center phase IIb basket trial. GP2þGM-CSF was

administered in the adjuvant setting to node-positive

and high-risk node-negative BC patients with tu-
mours expressing any degree of HER2 [63]. Patients

were randomised to receive six doses of vaccine (500

mcg GP2:125 mcg GM-CSF) or placebo (125 mcg GM-

CSF alone), intradermally, every 3e4 weeks, as part of

the primary immunisation series (PIS) for the first 6

months, then four GP2 þ GM-CSF booster versus

placebo intradermal injections every 6 months, there-

after [63]. Overall, 168 patients were included. Specif-
ically, 96 HER2-positive patients received a standard

course of trastuzumab after surgery and subsequently

completed the full PIS or placebo; 72 HER2-low pa-

tients (IHC 1e2þ or absent HER2 gene amplification

assessed by the FISH test) did not receive trastuzumab

after surgery and subsequently completed the full PIS

or placebo [63]. Of note, since GP2 is synergistic with

trastuzumab, and the HER2-low patients did not
receive trastuzumab, a comparison between recurrence

rates in intention-to-treat (ITT) population (n Z 180)

versus per protocol analysis population was pre-

specified. After a 5-year follow up, the DFS rate in

46 HER2 IHC 3þ BC fully vaccinated patients was

100% versus 89.4% in the 50 HER2 IHC 3þ patients

who received placebo (95% CI: 76.2e95.5; pZ 0.0338).

In the 35 HER2 IHC 1e2þ BC fully vaccinated pa-
tients assessed, the 5-year DFS rate was 77.1% (95%

CI: 59.5e87.9%) versus 77.6% in the 37 patients who

received a placebo (95% CI: 60.1e88.2; p Z 0.9142).

As for the toxicity profile, the most common toxicities

were mild local reactions (i.e. erythema, pruritis) and

fatigue. Grade �3 accounted for only five events:

induration and maculopapular rash/pruritis in two

GP2þGM-CSF subjects; chest pain and hypersensi-
tivity reaction in two GM-CSF-only patients [63]. In

conclusion, the clinical trial demonstrated that

completion of the GP2þGM-CSF PIS safely elicited an

immune response and reduced recurrence rates to 0%

in HER2 3þ patients, who received a standard course

of trastuzumab after surgery [63]. Consequently, a

pivotal phase III trial has been initiated to treat HER2

IHC 3þ patients in the (neo)adjuvant setting [63].

3.1.3. AE37 (HER2/Neu 776e790,

GVGSPYVSRLLGICL)

AE37 is a HER2-directed vaccine designed on the

AE36 hybrid peptide (aa 776e790), which is derived
from the intracellular portion of the HER2 protein,

and the core portion of the MHC class II invariant

chain (the Ii-Key peptide, Fig. 3). This hybrid peptide

and the GM-CSF immunoadjuvant constitute the

http://ClinicalTrials.gov


C. Corti et al. / European Journal of Cancer 160 (2022) 150e174160
AE37 vaccine and is able to induce both CD8þ and

CD4þ cells both in vitro and in vivo [64]. A phase II

trials testing AE37-based vaccine enrolled BC patients

with node-positive or high-risk node-negative disease

and tumours that presented with HER2 1e3þ on IHC,

after completion of standard therapies [65]. In the final

survival analysis, with a median follow-up of 59.8

months, no statistically significant difference in 5-year
DFS, the primary end-point, was observed. Interest-

ingly, in patients with advanced stage BC and HER2

low-expression, the 5-year estimated DFS in subjects

treated with AE37 was 83% compared with 62.5% in the

GM-CSF-only arm (HR Z 0.375; CI: 0.142e0.988; p Z
0.039). Similarly, in the subgroup with advanced stage

TNBC, a trend toward improved DFS with vaccination

was found (AE37 85.7% versus control 36.4%, HR Z
0.184; CI: 0.022e1.510; p Z 0.078) [65].

The growing body of evidence coupled with subset

analyses of this phase II trial led to another phase II

clinical trial investigating AE37 in combination with

pembrolizumab (NSABP FB-14) in TNBC patients with

metastatic disease (NCT04024800, Table 2).

3.1.4. TPIV100 and sargramostim

A phase II clinical trial is currently enrolling HER2-

positive BC patients (stages IIeIII) with residual disease

after neoadjuvant treatment (NCT04197687, Table 1).

TPIV is a multi-epitopeebased vaccine targeting HER2.

Sargramostim (a recombinant GM-CSF) serves as adju-
vant. Patients are randomised to receive standard-of-care

(SoC) maintenance therapy with trastuzumab emtansine

(T-DM1) and receive TPIV100/placebo and sargramostim

every 21 days, for up to 6 cycles, in the absence of disease

progression or unacceptable toxicity. After completion of

T-DM1 maintenance therapy, patients receive two addi-

tional booster injections of TPIV100 and sargramostim at

3 and 12 months. The primary end-point of the study is
invasive disease-free survival (iDFS), with an estimated

enrolment of 480 patients and an estimated completion

date in January 2025.

3.1.5. MVF-HER-2 (597-626) and MVF-HER-2 (266-

296)

A phase I clinical trial is investigating safety and the

optimal biological dose (OBD) for a combination of two

chimeric trastuzumab-like (MVF-HER-2, aa 597e626)

and pertuzumab-like (MVF-HER-2, aa 266e296) HER2

B-cell peptide-based vaccine emulsified in Montanide

(ISA-720) and muramyldipeptide derivative (nor-MDP)

as adjuvants in patients with metastatic or unresectable
breast, ovarian and gastrointestinal cancer, progressive

after one line of standard therapy. The estimated enrol-

ment is of 100 patients and the estimated completion date

is in December 2021 (NCT01376505, Table 1).
3.2. Whole protein-based vaccines targeting HER2 in

breast cancer

Whole protein vaccines are not HLA restricted and

include both HLA class I and II epitopes [57]. A vaccine

made with the HER2 ICD protein in combination with

GM-CSF was investigated in 25 patients with HER2-

positive BC in different stages (II, III, IV) [57]. With a

good safety profile, 89% of patients developed HER-2/

neu ICD-specific T-cell immunity, and 82% of patients

also developed HER-2/neu-specific immunoglobulin G
antibody immunity [57]. Of note, although higher doses

of vaccine were not associated with increased T-cell

response, time to development of detectable HER2/neu-

specific immunity was earlier for the high- versus low-

dose vaccine group (p Z 0.003) [57]. The vaccine eli-

cited and promoted HER2-specific cellular immunity for

9e12 months [57].

Another whole protein-based vaccine candidate
combines a truncated (aa 1e146) HER2 protein with

cholesterylpullulan (CHP) [66]. In a clinical trial

involving nine metastatic patients, four of which with

BC, CHP-HER2 vaccine was administered three

times, on a 2-week schedule, followed by a booster

injection [66]. Specific anti-HER2 CD8þ and/or

CD4þ responses were developed, with a good safety

and tolerability profile [66]. However, seven patients
experienced disease progression within a median of 5

months, and 5 patients died. The remaining two pa-

tients showed no disease progression over a period of

19 and 25 months, respectively [66]. No tumour

regression was observed [66]. In the second part of

the trial, nine patients were immunised with the

vaccine alone followed by administration of the

adjuvant GM-CSF or OK-432, a lyophilised mixture
of group A Streptococcus pyogenes with antineo-

plastic activity, whereas six patients received CHP-

HER2 plus GM-CSF from cycle one [67]. One hun-

dred and forty-six HER2-specific durable IgG re-

sponses were detected in 14 patients, who were

negative at baseline. Of note, the antibodies induced

by the vaccine were not reactive with the HER2

antigen expressed on the cell surface in any of the
patients.

The third whole protein-based HER2-targeting

vaccine exploited a fusion protein, namely dHER2,

consisting of the ECD of HER2 and a portion of the

ICD, plus the immune stimulant AS15 [51]. Forty

HER2-positive metastatic BC patients were vaccinated

with dHER2 [51]. As for the safety profile, only grade

IeII adverse events (AEs) were reported, such as
myalgia, back pain and diarrhoea [51]. Twenty-five

percent of patients produced anti-HER2 long-term

immunity [68].
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3.3. Cell-based vaccines targeting HER2 in breast cancer

Cell-based CVs are patient-specific and a safe approach
for personalised vaccine development [21]. Autologous

vaccines consist of tumour cell lysates obtained from a

patient’s own tumour antigens, subsequently exploited

to develop an effective immune response [21].

Conversely, in allogeneic cellebased vaccines, an addi-

tional antigen, immune modulator or cytokine is com-

bined with autologous tumour cells [21,69]. Overall, the

major disadvantages of cell-based vaccines lie in the
inherent poor immunogenicity of tumour cells and in the

variability of production methods [21]. In addition, the

presence of endogenous cellular antigens could elicit

autoimmune reactions [70].

3.3.1. Lapuleucel-T (APC8024)

In a phase I study, 18 patients with metastatic HER2

overexpressing BC have been evaluated for the toxicity

and the immune response induced by Lapuleucel-T

(APC8024), an autologous active cellular immuno-

therapy (IO) [71]. This cell-based therapeutic vaccine

consists of peripheral blood mononuclear cells

(PBMCs), previously activated with a recombinant
fusion protein containing the ICD and ECD of HER2,

plus GM-CSF. The vaccine was well-tolerated and

provided specific anti-HER2 cellular immune responses

[71]. Of note, one patient experienced a partial response

(PR) lasting 6 months, and three additional patients had

stable disease (SD), lasting more than 1 year [71].

Currently, in two phase I clinical trials, other autol-

ogous BC cells secreting GM-CSF are being evaluated
for activation of immune responses. In one study

(NCT00317603, Table 1) the safety and biological ac-

tivity of the vaccine is being evaluated also in HER2-

positive metastatic BC patients previously treated with

trastuzumab. In a second study (NCT00880464, Table

1), the same vaccine is being investigated in women

with operable, stage II and III BC.

3.3.2. Allogeneic cellebased cancer vaccines

A 3 � 3 factorial dose-ranging phase I study investi-

gated the use of cyclophosphamide, doxorubicin and

an HER2-positive, allogeneic, GM-CSF-secreting

tumour vaccine in 28 patients with metastatic BC
[72]. This vaccine was made of two cell lines (T47D

parent, HER2-low and SKBR3, HER2-high) which were

genetically modified to secrete GM-CSF. Patients

received three monthly immunisations, with a boost at

6e8 months from study entry. Primary end-points

were safety and determination of the chemotherapy

doses that maximise HER2-specific immunity. The

vaccine was safe, and no dose limiting toxicity was
observed. HER2-specific Th-dependent immunity was

induced with vaccine alone or with low doses of

chemotherapy agents [72]. Of note, the immunomod-

ulatory activity of low-dose cyclophosphamide showed
a narrow therapeutic window, with an optimal dose

not exceeding 200 mg/m2 [72]. Such results suggested

that low dose chemotherapy could break the immune

tolerance and paved the way for further clinical trials

(e.g. PERICLES, NCT03971045) [72]. A similar phase

II trial (NCT00847171) assessed a GM-CSF secreting

cellebased vaccine in combination with trastuzumab

and cyclophosphamide in patients with high-risk or
metastatic BC. No serious adverse effects were

reported.

3.3.3. Dendritic cells (DCs)ebased cancer vaccines

Dendritic cells regulate immune tolerance and are
involved in initiation of anti-tumour effects, by pre-

senting TAAs to T lymphocytes through the MHC

pathway [73]. Moreover, DCs have crucial roles in

controlling antibody-based responses as they can

interact with CD4þ T cells and B cells, ultimately

inducing specific humoral immunity [21,73]. Preclinical

and clinical evidence support the ability of DCs to

induce strong anti-tumour responses against BC cells
[74]. For example, DCs-based CVs combined with

chemotherapy are being investigated in a phase I study

aiming at preventing disease recurrence in BC patients

with residual disease, in the post-neoadjuvant setting

(NCT02061423, Table 1). The estimated enrolment is of

seven patients, and the estimated completion date is in

December 2021.

Similarly, an upcoming phase II clinical trial will
investigate the role of a DCs-based vaccine targeting

HER2/HER3 in combination with pembrolizumab and

a cytokine modulation regimen (rintatolimod, interferon

alpha-2b and celecoxib) to treat brain metastases from

HER2-positive and TNBC. The combined strategy may

enhance the effectiveness of the ICI (NCT04348747,

Tables 1 and 2). The primary end-point of the study is

the best overall central nervous system response as per
Response Assessment in Neuro-Oncology Brain Me-

tastases (RANO-BM). The estimated enrolment is of 23

patients, and the estimated completion date is in June

2024.

To date, although multiple approaches, such as se-

lection of suitable DC subsets, adjuvants and different

DC engineering methods, are being developed to

improve the efficiency of DC-based vaccines, their clin-
ical benefit is still limited [75e77].

3.4. Viral vectorebased vaccines targeting HER2 in

breast cancer

Viruses are naturally immunogenic, and their genetic

material can be engineered to carry any transgenes to be

expressed in the host cells. Several recombinant viruses
are capable of infecting and expressing the transgene in

immune cells like antigen-presenting cells [78].

For example, a multifunctional vaccine made from a

modified lentivirus, loaded with two BC antigens,
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including alpha lactalbumin, and HER2, could directly

target the resident DCs in preclinical models [79]. Single

injections of the DC-targeted lentiviral vectors resulted

in tumour self-antigenespecific cellular immunity and

decreasing tumour growth in mice [79]. Moreover,

certain viruses have naturally oncolytic properties or can

be engineered to target tumour cells (oncolytic viro-

therapy). Oncolytic virotherapy has the additional
advantage to elicit immune T-cell responses against viral

antigens, as well as to tumour cell antigens, which seems

to be long lasting [80].

3.4.1. VRP-HER2

A phase II clinical trial aims at elucidating the immu-

nogenicity (number of TILs and anti-HER2 antibodies)

of alphavirus-like replicon particles (VRPs)econtaining

self-amplifying replicon RNA-encoding HER2

(NCT03632941, Table 1). In the initial safety arm, the

subjects receive the VRP-HER2 vaccinations plus

pembrolizumab. If no dose limiting toxicity is observed,
then subjects are randomised into three arms (VRP-

HER2 alone versus pembrolizumab alone versus VRP-

HER2 plus pembrolizumab). The combination treat-

ment is scheduled as three-dose vaccine every 2 weeks

with five administrations of pembrolizumab flat dose

(200 mg every 3 weeks). The estimated enrolment is of

39 patients with an expected completion date in October

2022.

3.4.2. MVA-BN-brachyury/FPV-BN-brachyury

(BrEAsT)

This phase 1b clinical trial is assessing safety and activity

of two different viral vectorebased vaccines in patients

with HER2-positive and metastatic TNBC

(NCT04296942, Table 1). The priming vaccine is called

modified vaccine AnkaraeBavarian Nordic brachyury,

whereas the boosting vaccine is called fowlpox virus

brachyury. The participants are assigned to three

different arms. Arm I of the trial receives M7824, an
investigational bifunctional antibody that targets

transforming growth factor beta (TGF-b) and pro-

grammededeath ligand 1 (PD-L1), and the viral

vectorebased vaccines alone; arm II receives M7824, T-

DM1 and the viral vectorebased vaccines; arm III of the

trial is treated with M7824, T-DM1, Entinostat and the

viral vectorebased vaccines. Treatment is continued

until disease progression or unacceptable toxicity. The
estimated enrolment is of 65 patients with an expected

completion date in January 2024.

3.5. Gene-based vaccines targeting HER2 in breast cancer

Typically, in gene-based vaccines, the deoxyribonucleic
acid (DNA) encoding the tumour antigen is carried by a

plasmid which is injected into the host. This kind of

vaccine can be used to stimulate both an antigen-specific

adoptive and a non-specific innate immunity [81]. This
strategy is considered as one of the most practical ways

for cancer IO because of its simplicity, safety and cost

effectiveness [82]. Many vaccine studies have already

provided evidence for the efficacy of HER2 DNA-based

vaccines in the prevention of tumour development in

HER2 transgenic mice and transplantable tumour

models [82,83].

The first gene-based CV investigated in a clinical trial
was constituted of a DNA plasmid encoding the total

length of HER2 protein [84]. Eight patients with

advanced/metastatic HER2-positive BC on treatment

with trastuzumab received the gene-based vaccine with

low doses of GM-CSF and interleukin-2. Six patients

completed the three vaccination cycles, while the other

two patients only received one dose of the vaccine due to

clinical complications or disease progression. The vaccine
was safe and well-tolerated. Specific anti-HER2 T cells as

well as antibodies significantly increased after vaccina-

tion; long-lasting cellular and humoral immunity were

observed in some patients [84]. The median survival was

76 months [21,84]. In another phase I clinical study, the

safety and immunogenicity of a gene-based vaccine with

a dual component, namely V930 and V932, was investi-

gated (NCT00250419 and NCT00647114) [85]. Precisely,
V930 vaccine consisted of two plasmids expressing the

ECD and TMD of HER2 and CEA fused to the B-

subunit of Escherichia coli heat labile toxin (LTB) [85].

V932 exploited an adenoviral vector encoding the CEA-

B-subunit fusion and the truncated HER2. The study

enrolled patients with different solid tumours, including

BC (stages II, III or IV), with safety and tolerability as

primary end-points [85]. V930 vaccination with electro-
poration alone or in combination with V932 was well-

tolerated without any serious AEs. No measurable cell-

mediated immune response to CEA or HER2 was

detected in patients by enzyme-linked immunospot

(ELISPOT). However, a significant increase of both cell-

mediated immunity and antibody titre against the bac-

terial LTB were observed [85].

3.5.1. Xenogeneic HER2/Neu DNA-based vaccine

A phase I clinical trial is investigating a gene-based CV
which contains a plasmid carrying a rat-derived HER2-

encoding gene. The trial enrolled patients with stage

IIIeIV HER2-positive BC. The gene-based vaccine is

administered intramuscularly at four different dose

levels (0.5 mg, 1 mg, 3 mg, or 6 mg) during weeks 1, 4, 7,

10 and 13, for five injections. The primary end-point is

dose-limiting toxicity (DLT). The estimated enrolment

is of 12 patients, and the projected completion date was
in May 2021 (NCT00393783, Table 1).

3.5.2. pNGVL3-hICD, plasmid-based vaccine

Another phase I clinical trial is assessing the safety,

tolerability and immunogenicity of a pNGVL3-hICD

plasmid-based vaccine, containing genetic information

about the ICD of HER2 (NCT00436254, Table 1). The
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trial was open to 66 patients either with stage IIIeIV

HER2-positive BC or with stage IIIeIV ovarian can-

cer, with metastases in remission. The enrolled subjects

received the pNGVL3-hICD vaccine combined with

GM-CSF intradermally once a month for 3 months, in

the absence of disease progression or unacceptable

toxicity. The vaccine was administered at the three

different doses of 10 mg, 100 mg and 500 mg. At a median
follow-up of 68 months after vaccination, patients who

received the intermediate dosing schedule (100 mg)
demonstrated the best overall survival (OS, p Z 0.02),

as compared with the other two dosing schedules, with a

good safety profile [86].

3.5.3. WOKVAC (pUMVC3-IGFBP2-HER2-IGF1R),

plasmid-based vaccine

After a promising phase I dose escalation study, a
multicenter, two-arms, phase II clinical trial is currently

investigating the safety of DC1 and WOKVAC vac-

cines, to prevent disease recurrence in clinical stage

IIeIII HER2-positive BC treated with neoadjuvant

chemotherapy and HER2-targeted therapies and who

did not achieve pCR (NCT03384914, Table 1) [87]. DC1

is a DC-based vaccine, whereas WOKVAC (also

pUMVC3-IGFBP2-HER2-IGF1R) is a plasmid-based
DNA vaccine which contains expression vector

pUMVC3 encoding the three epitopes insulin-like

growth factorebinding protein 2 (IGFBP2), HER2 and

insulin-like growth factor receptor-1 (IGF1R) that are

overexpressed in BC as TAAs. In accordance with the

vaccination schedule, patients will receive the first of 3

booster vaccines, approximately 6 months after the first

vaccine. The primary end-point of the study is immu-
nogenicity assessed by ELISPOT assay for six distinct

peptides. Secondary end-point of the study is DFS. The

estimated enrolment is of 110 patients, and the projected

completion date is in March 2023.

WOKVAC is being investigated also in a phase II

clinical trial that combines the BC vaccine with pacli-

taxel, trastuzumab, and pertuzumab in the neoadjuvant

setting (NCT04329065, Table 1). WOKVAC is admin-
istered intradermally on day 13 and treatment repeats

for up to 3 cycles, in the absence of disease progression

or unacceptable toxicity. The primary end-point is

immunogenicity, that is the number of T-betþ, CD4þ,

and CD8þ T cells in TILs after combination immune-

chemotherapy. The likely enrolment is of 16 patients,

and the estimated completion date is in June 2026.

4. Vaccines targeting triple-negative breast cancer

With almost 200.000 cases each year, TNBC accounts

for approximately 15% of BCs diagnosed worldwide

[1,88]. Besides the typical aggressiveness of TNBC, its

poor prognosis lies also in the scarcity of predictive
biomarkers of treatment response [41]. However, the

recent advances in IO for TNBC allowed for a rapid

surge of different strategies to enhance its efficacy [29].

In particular, besides ICIs and combination treatment

with chemotherapy, several CVs are currently investi-

gated to heat-up the TME against cancer cells, as shown

in Table 2 [24].

4.1. Peptide-based vaccines for triple-negative breast

cancer

4.1.1. PVX-410 (PVX, OncoPep)

Two phase Ib and a phase II clinical trials are investi-

gating the role of this vaccine in TNBC in the early (stage

IIeIII) and metastatic setting. PVX-410 is a novel tetra-

peptide HLA-A2-restricted vaccine constituted by three

of the four antigens most commonly overexpressed in

TNBC, namely X-boxebinding protein 1, with two splice

variants, syndecan-1 (CD138) and cell surface glycopro-
tein SLAM family member 7 (SLAMF7 or CD319). X-

boxebinding protein 1 has been found to drive relapse

and progression in TNBC by controlling the hypoxia-

inducing factor 1a [88e90]. Syndecan-1 promotes cell

growth and is associated with epithelialemesenchymal

transition (EMT) [91]. SLAMF7 is a natural killer

(NK) cell receptor, which results upregulated in primary

TNBCs, although its messenger ribonucleid acid
(mRNA) expression has been found decreased in meta-

static lesions [92].

In the early setting, the phase Ib multi-centre, single-

arm clinical trial included HLA-A2epositive patients

with TNBC at least 1 cm in size or with positive loco-

regional lymph nodes [93]. Of note, patients with local-

regional recurrence without evidence of distant metas-

tases were also eligible as long as they had not received
treatment for the metastatic setting [93]. Patients

received subcutaneous injections of PVX-410, emulsified

in Montanide and co-administered with polyinosinic-

polycytidylic acid (Poly-ICLC, Hiltonol), an intramus-

cular immunostimulant. The vaccination was planned

on a 2-week schedule, and two doses of durvalumab

1500 mg were concurrently administered during the 4th

and 6th vaccine treatments, respectively. After a run-in
phase with six patients enrolled to assess for DLT, 14

further patients constituted the expansion phase. The

primary objectives were safety and tolerability. A key

secondary objective was PVX-410 specific immune

response, defined at week 14 as a two-fold or greater

change over baseline in the proportion of CD3þ CD8þ
T cells expressing IFNg and the proportion of CD3þ
CD8þ T cells positive for PVX tetramers, after an in

vitro stimulation of PBMC with PVX peptides and a

flow cytometric determination. Among a total of 22

patients enrolled, the median age was aged 48 years, and

the majority of the study population had a stage II
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disease (N Z 14 patients, 64%). No DLTs were

observed in the run-in phase. The most common any-

grade AEs were injection site reaction (96%), flu-like

symptoms (41%), fatigue (41%) and arthralgias (36%).

Twenty patients were evaluable for immune response at

week 14. At the time of the analysis, 12 patients had a

complete immune-response assessment. Ten of these 12

patients showed a PVX-410especific immune response,
that persisted in all patients tested at 6 months. With a

median follow-up of 15.4 months at the time of data cut-

off, four of 22 (18%) patients had a local [1] or meta-

static [3] recurrence and two patients (9%) have died.

Updated results are expected in December 2021

(NCT02826434, Table 2).

In the metastatic setting, PVX-410 was first investi-

gated in a phase Ib clinical trial in combination with
pembrolizumab. The clinical trial started in 2017 with a

planned enrolment of 22 patients with HLA-

A2epositive TNBC, in the second-line treatment for

metastatic disease or beyond. The primary end-point is

immune response as assessed by the fold activation of T

cells from patient blood at week 10, compared to base-

line. The estimated completion date is 31st December

2022 (NCT03362060, Table 2). A second clinical trial,
starting in 2021, will assess PVX-410 in HLA-

A2epositive metastatic TNBC (NCT04634747, Table

2). The vaccine will be administered in combination

with pembrolizumab and chemotherapy, with

progression-free survival (PFS) as primary end-point.

The estimated enrolment is of 53 patients and the pro-

jected completion date is in April 2025.
4.1.2. P10s-PADRE

P10s-PADRE is a peptide-based vaccine, containing a

carbohydrate mimetic peptide P10s, fused to the pan-

HLA-DRebinding epitope (PADRE) peptide, with
immunoadjuvant activity and potential antineoplastic

activity [94]. It is usually administered with the Mon-

tanide ISA 51 VG adjuvant. The P10s peptide mimics

gangliosides and other TACAs. Upon injection, it both

stimulates a CTL response towards TAAs-expressing

cells and induces the production of antibodies that are

reactive with a broad set of TACAs. In addition, the

anti-TACA antibodies may interfere with cellular
pathways involved in tumour cell survival and may

induce antibody-dependent cellular cytotoxicity [94].

This vaccine has been tested in a randomised two-arm,

open-label, multi-center phase II clinical trial in the

early setting for TNBC (NCT02938442, Table 2). Pa-

tients were randomised to receive either only standard

dose-dense neoadjuvant chemotherapy (doxorubicin,

cyclophosphamide and paclitaxel) or neoadjuvant
chemotherapy plus the vaccine. The vaccine is injected

on weeks 1, 2 and 3, prior to chemotherapy. Primary

end-points are safety, tolerability and clinical response

as assessed by pCR. The estimated enrolment is of 102
participants, and the projected completion date is in

November 2024.

4.1.3. TPIV200

Metastatic lesions of TNBC are characterised by an

overexpression (up to 86% of patients) of the TAA

folateereceptor alpha (FRa) [95]. Because FRa is poorly

expressed in healthy tissues, the target has been selected

for the development of a peptide-based CV. TPIV200 is a

penta-epitope vaccine, carrying five fragments of the
FRa, able to elicit both a CD4þ and a CD8þ immune

response. A phase I trial first investigated TPIV200 in BC

(stage IIeIII), ovarian (stage IIeIV) and other gynae-

cological cancers (NCT01606241). Twenty-two were

treated with cyclophosphamide (days 1e7 and 15e22 of

28, for one cycle). Subsequently, the TPIV200 was

administered intradermally at three sites with a mixture

of the five FRa peptides on day 1 of a 28-day cycle for a
maximum of six vaccination cycles. FRa-specific T cell

responses were observed in 20 of 21 patients with immune

response data. The vaccine showed a good safety profile

with lymphopenia, neutropenia and injection site re-

actions as the most severe AEs (grade 2).

A randomised four-arm phase II clinical trial inves-

tigated TPIV200 in patients with early TNBC. Patients

were randomised to receive either 165 mg or 500 mg of
TPIV200 with or without cyclophosphamide [96].

Eighty patients with stage IeIII TNBC were planned for

enrolment (NCT02593227, Table 2). The vaccine was

administered on a monthly basis for six months, then a

booster was dispensed every six months, for a total of

three years of treatment or until disease recurrence.

Although results of the study are expected in the second

half of 2021, a double-blind efficacy study has already
started (NCT03012100, Table 2), with an enrolment

plan of 280 patients and an estimated completion date is

in July 2026.

4.1.4. Tumour-specific mutant antigens (TSMA)ebased

synthetic long peptide vaccine

A phase II clinical trial is investigating the role of a

peptide-based vaccine targeting TNBC neoantigens in

the metastatic setting (NCT03606967, Table 2). In one
arm, the vaccine is administered in combination with

chemotherapy, durvalumab and tremelimumab while in

the other arm the patients receive the triplet therapy

with a placebo instead of the vaccine. The latter is

administered in combination with a poly-ICLC on days

1, 4, 8, 15, 22, 50, and 78 until disease progression on

unacceptable toxicity. The primary end-point is PFS,

with an estimated enrolment of 70 participants and an
estimated study completion date in December 2021.

4.1.5. Galinpepimut-S

After initial assessments in haematological malig-

nancies, Galinpepimut-S is being investigated in TNBC

in an open-label, non-comparative, multicenter, multi-
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arm phase I/II clinical trial in combination with pem-

brolizumab (NCT03761914, Table 2) [97].

Galinpepimut-S is an investigational peptide-based

vaccine constituted by the four peptide chains of

Wilms’ tumour gene 1 (WT-1) protein. Specifically, the

vaccine is comprised of one WT1-derived peptide (WT-

A1), possibly stimulating CD8þ T cells; two WT1

peptides (WT1-427 long, WT1-331 long), that may
stimulate CD4þ T-cell responses, and one modified

peptide (WT1-122A1 long) that may stimulate both

CD4þ and CD8þ T cells and a targeted innate immune

response against WT1-expressing tumour cells [98].

WT1, a zinc-finger DNA-binding protein and tran-

scription factor, is overexpressed in leukaemic cells and

in many non-haematological solid tumours [98].

In the clinical trial, Galinpepimut-S is administered
as second-line treatment every three weeks, co-

administered with pembrolizumab every three weeks

for four times. Subsequently, pembrolizumab is

administered either alone or in combination with the

vaccine in accordance with the study schedule. After 84

weeks, non-progressors will continue in the study on

pembrolizumab alone. The primary end-points are

safety and ORR. The estimated enrolment is of 90
participants, and the projected study completion date in

April 2024.

4.1.6. Adagloxad simolenin (GLORIA study)

Globohexaosylceramide (Globo-H) is overexpressed in

a variety of epithelial cancer cell types including human

pancreatic, gastric, lung, colorectal, oesophageal, and

BC [99]. Adagloxad simolenin (AS) is constituted by the

TAA Globo-H, linked to the carrier protein keyhole

limpet haemocyanin (KLH). The KLH provides anti-

genic immune recognition and T-cell responses. AS is
co-administered with a saponin-based adjuvant OBI-821

to induce a humoral response [100]. After a phase II trial

showed a trend for superior PFS for Adagloxad simo-

lenin (AS)/OBI-821 compared to placebo in patients

with Globo-H-high BC, the GLORIA study was initi-

ated [101]. It is a phase III, randomised, open-label

study investigating the peptide-based vaccine AS/OBI-

821 in the adjuvant treatment of patients with high-
risk, early-stage Globo-Hepositive TNBC

(NCT03562637, Table 2). In particular, eligible patients

must have either �1 cm residual invasive local disease or

at least one positive lymph node after neoadjuvant

chemotherapy or �4 axillary lymph nodes after adju-

vant chemotherapy [100]. Patients will receive either

subcutaneous injection of AS (30 mg) with OBI-821 (100

mg) or a volume-matched placebo. Up to 21 doses of
vaccine or placebo will be administered over 100 weeks

with a schedule as per study protocol, provided that no

disease recurrence or unacceptable toxicity occur [100].

The primary end-point is iDFS, with quality of life and
OS as secondary outcome measures [100]. The planned

enrolment is of 668 participants, with a study comple-

tion date estimated in December 2027.

4.2. Viral vectorebased vaccines for triple-negative breast

cancer

4.2.1. p53MVA

Mutations in TP53 gene are present in a majority of

solid tumours, resulting in the accumulation of onco-

genic and potentially immunogenic p53 protein product

within tumour cells [102]. A MVA virus has been engi-

neered to express wild-type TP53 transgene (p53MVA)
as an immunotherapeutic strategy. Robust p53-specific

CD8þ T-cell responses were observed, and they were

further enhanced by antiePD-1 treatment, in preclinical

models [103]. Consequently, a phase I clinical trial was

designed to evaluate the safety and tolerability profiles

of the p53MVA vaccine in combination with pem-

brolizumab. Patients with different solid tumours,

including TNBC, failing standard treatment were
eligible, provided that p53 involvement was confirmed

by IHC or by mutational analysis [103]. A 3-at-risk

rolling design was used as patients received 5.6 � 108

plaque-forming unit (PFU) p53MVA for three doses in

combination with 200 mg pembrolizumab for seven

doses every 3 weeks [103]. The preliminary results

showed clinical benefit associated with durable p53-

specific CD8þ T-cell responses, especially in two cases
of TNBC and head and neck squamous cell carcinoma

[103]. In particular, a TNBC patient had complete

regression of cutaneous metastases as well as stable

disease for >6 months. However, four patients

(pancreatic ductal adenocarcinoma, hepatocellular car-

cinoma and two TNBC) had rapidly progressive disease.

Preliminarily, the viral vaccine p53MVA in combination

with the PD-1 blockade represents a novel immuno-
therapeutic approach capable of stimulating systemic

immune responses and associated clinical benefit. The

study completion date is estimated in December 2021

(NCT02432963, Table 2).

4.3. Gene-based vaccines for triple-negative breast cancer

4.3.1. Neoantigen vaccine with durvalumab

A single institution, open-label randomised phase I trial

is testing a neoantigen gene-based vaccine in stage

IIeIII TNBC patients. After SoC therapy, patients are

randomised to receive either the personalised neoantigen

vaccine alone, or the vaccine plus durvalumab, in
accordance with a defined schedule. In patients rando-

mised to the neoantigen vaccine plus durvalumab arm,

the neoantigen-specific T-cell response will be assessed

prior to Day 85. If a neoantigen-specific T cell response

is present, durvalumab 1500 mg will be started on Day
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85, and will be administered every four weeks. The

primary outcome of the study is the safety of the vaccine

given alone or in combination with durvalumab (num-

ber of AEs). Immunogenicity will be assessed via

different assays as a secondary outcome measure. The

estimated enrolment is of 24 participants, with a study

completion date foreseen in December 2023

(NCT03199040, Table 2).

4.3.2. IVAC_W_bre1_uID and IVAC_M_uID vaccines

The Mutanome Engineered RNA Immuno-Therapy

(TNBC-MERIT) is a three-arm phase I clinical trial

investigating a personalised RNA-based vaccine in
TNBC patients. Two main strategies have been devel-

oped for this trial. First, a ready-to-use, off-the-shelf

RNA-based vaccine targeting TAAs (IVAC_W_-

bre1_uID); second, a personalised vaccine constituted

by on-demand RNA manufacturing to target up to 20

individual tumour neo-antigens derived from mutated

epitopes (IVAC_M_uID). Tumour-specific mutations

are identified by next-generation sequencing (NGS).
Besides this novel platform, liposomes will be used as

vaccine vehicles.

Patients in arm 1 and 3 receive treatment with four

TAAs-targeting RNAs, plus a p53 RNA. A selection

process of RNAs from different TAAs is based on

reverse transcriptase-polymerase chain reaction (RT-

PCR) profiling of RNA extracted from patient’s tumour

sample specimens. Predefined cut-offs and algorithms
have been implemented to select the three most relevant

RNAs to each patient. The immunostimulant RBLTet.1

is added in arm 3. Finally, patients enrolled in arm 2

optionally receive both the TAAs-targeting RNA-based

vaccine (IVAC_W_bre1_uID) and a personalised TSA-

targeting RNA-based vaccine (IVAC_M_uID). The

mutation selection is carried out through identification

of tumour-specific somatic mutation by NGS, mutation
confirmation, prioritisation, and on-demand

manufacturing. The primary outcomes of the study are

safety and tolerability of the vaccine. Changes of

induced T-cell responses will be assessed as secondary

outcomes. The planned enrolment is of 42 participants,

with a study completion date estimated in December

2023 (NCT02316457, Table 2).

4.3.3. STEMVAC

A phase I dose-escalation clinical trial is investigating

the role of DNA plasmid-based vaccine in stage IIIeIV

HER2-negative BC, irrespective of HR status (both

TNBC and HR-positive HER2-negative subtypes). This
vaccine platform is a CD105/Y-boxebinding protein

1(Yb-1)/sex-determining region Y-box 2 (SOX2)/cad-

herin 3 (CDH3)/mouse double minute 2 homolog

(MDM2)-polyepitope plasmid that targets immuno-

genic TAAs associated to breast cancer stem cells
(BCSC). Preliminary data demonstrated an increased

humoral immune response against eight BCSC proteins

in advanced BC and suggested an association between

autoantibodies and a more aggressive disease [104].

The vaccine is administered with recombinant GM-

CSF (rhuGM-CSF) every 28 days for 3 months. Patients

may also receive two additional boosters of STEMVAC

vaccines at 3 and 9 months after the third vaccine, in the
absence of unacceptable toxicity or disease progression.

After completion of study treatment, patients are followed

up twice yearly for up to 5 years. The primary outcomes of

the study are safety and immunologic efficacy, defined as

achievementof a statistically significant increase inTh1 cell

immunity for at least 50% of the immunising antigens, as

compared to baseline. The estimated enrolment is of 40

participants, with a study completion date likely in
February 2027 (NCT02157051, Table 2).

5. Vaccines targeting HR-positive breast cancer

HR-positive BC is a well-known less immunogenic

subtype in comparison with TNBC and HER2-positive

BC [88]. Generally, HR-positive BC establishes a TME

devoid of TILs, have low HLA class I expression, and

recruit immune cells, other than T cells, which impact

response to therapy [4]. This phenomenon could be

partially due a crosstalk between the hormone

receptorerelated pathways and the immune checkpoint
pathways [105]. In this context, CVs could represent

either a means to convert a cold TME into a hot one or

a new strategy to enhance immunosurveillance against

possible micrometastases in the early setting [24]. A

summary of the ongoing clinical trials investigating CVs,

specifically in HR-positive BC is provided in Table 3.

5.1. Peptide-based vaccines for HR-positive breast cancer

5.1.1. ESR1 peptide vaccine

Mutations in the oestrogen receptor gene (ESR1) are

frequently acquired in metastatic HR-positive BC [106].
A phase I clinical trial is investigating a peptide-based

vaccine aiming at inducing ESR mutantespecific mem-

ory T cells in early BC. In particular, the oestrogen

receptorederived peptides used in this vaccine are

combined with the adjuvant GM-CSF to enhance im-

mune response. The primary outcome of the study is the

safety profile of the IO. The proposed enrolment is of 18

participants, with a study completion date estimated in
August 2024 (NCT04270149, Table 3).

5.1.2. Magtrivacsein (MAG-Tn3)

Tumorigenesis is often associated with aberrant glyco-

sylation processes that lead to the expression of new

carbohydrate antigens at the surface of tumour cells. In

particular, Tn is a mucin carbohydrate antigen, highly



C. Corti et al. / European Journal of Cancer 160 (2022) 150e174 167
expressed in many carcinomas, especially in BC. MAG-

Tn3 is a CV based on three consecutive Tn moieties that

are linked to a CD4þ T-cell epitope, to induce anti-Tn

antibodies. In animal models, the MAG-Tn3 vaccine

was able to induce anti-Tn antibody responses, which

targeted Tn-expressing tumour cells and mediated

tumour cell death both in vitro and in vivo [107].

A three dose-level first-in-human, open-label, non-
randomised, dose-escalation phase I study assessed the

vaccine candidate MAG-Tn3þAS15 administered to

patients with high-risklocalised HR-positive HER2-

negative BC (HR status <10% is included, as well).

Each patient received one of the three escalating doses

ofMAG-Tn3 in combination with a fixed dose of AS15

adjuvant. Six vaccine injections are scheduled and

administered with a 3-weeksinterval between each dose.
The primary outcome of the study is the safety profile of

the IO. The planned enrolment is of 20 participants,

with a study completion date estimated in December

2021 (NCT02364492, Table 3). Preliminary findings

demonstrated the induction of tumour-specific cytotoxic

antibodies [108].

5.2. Gene-based vaccines for HR-positive breast cancer

5.2.1. Mammaglobin-A (MAM-A) vaccine

MAM-A is a protein that is highly expressed by BC cells

(TAA). A phase Ib study is investigating a gene-based

CV targeting mammaglobin-A in HR-positive early BC.

The DNA is purified from bacteria and carries the gene

encoding for the target protein. Patients are divided into

four cohorts, in accordance with their planned treatment

for early disease. In arm 1 and 2 patients receive adju-
vant endocrine therapy alone versus endocrine therapy

plus the vaccine; in arm 3 and 4 patients receive (neo)

adjuvant chemotherapy alone versus endocrine therapy

plus the vaccine. The gene-based CV is administered at

the dose of 4 mg via electroporation at three time points

(days 28, 56, and 84). The primary outcome of the study

is the safety profile of the IO. The estimated enrolment is

of 56 participants, with a study completion date pro-
jected in January 2027 (NCT02204098, Table 3).

6. Vaccines targeting breast cancer irrespective of the

biological subtype

6.1. SV-BR-1-GM (allogeneic cell-based vaccine)

Compared to normal human breast cells, SV-BR-1-

GM, a GM-CSF-secreting BC cell line overexpresses
genes encoding TAAs, such as Preferentially Expressed

Antigen in Melanoma (PRAME), a cancer/testis antigen,

and HLA class II genes (HLA-DRA, HLA-DRB3,

HLA-DMA, HLA-DMB), in addition to several other

factors known to play immunostimulatory roles [109]. In
a phase I pilot study (NCT00095862), a subject with stage

IV BC treated with SV-BR-1-GM in combination with

low-dose interferon alfa and low-dose cyclophosphamide

experienced substantial regression of breast, lung and

brain metastatic lesions [109]. On these promising results,

a phase I/II study (NCT03328026, Tables 1e3) is

enrolling patients with metastatic or locally recurrent BC,

irrespective of the biological subtype, to assess the ac-
tivity of SV-BR-1-GM, in combination with the PD-1

inhibitor INCMGA00012 and the indoleamine-pyrrole

2,3-dioxygenase inhibitor epacadostat, a TME modu-

lator, on a 3-week schedule. The primary end-point is the

safety profile, with an estimated enrolment of 60 partic-

ipant and an expected completion date in December

2022. Conversely, the phase I/II clinical trial investigating

SV-BR-1-GM in combination with pembrolizumab in
HLA-matched recurrent or metastatic BC has been

withdrawn for funding discontinuation on 7th June 2021

(NCT04418219, Tables 1e3).

6.2. DC-CIK (DCs-based cancer vaccine)

In vitro generated DCs co-cultured with cytokine-
induced killer cells (CIK) IO proved to prolong sur-

vival in several cancers, but its role in advanced BC is

still unclear [110]. Thus, a phase II clinical trial is

assessing the efficacy and safety of DC-CIK IO com-

bined with capecitabine versus capecitabine mono-

therapy as second or third-line treatment for advanced

BC, irrespective of the biological subtype

(NCT02491697, Tables 1e3). The primary end-point is
OS, with an estimated enrolment of 400 participants and

an expected completion date in August 2033.

6.3. Modified vaccination measles virus (MV-s-NAP)

A phase I trial is currently investigating the safety profile
and optimal dose of the oncolytic virus MV-s-NAP in

metastatic BC patients, irrespective of the biological sub-

type (NCT04521764, Tables 1e3). MV-s-NAP has been

engineered to have an extra gene that allows the virus to

produce the Helicobacter pylori neutrophil-activating

protein (NAP), which is normally expressed in inflamma-

tory reactions. The expected enrolment of 33 participants,

and the estimated completion date in August 2022.

7. Other targets for breast cancer vaccine development

Research on TAA peptides has identified a large

collection of peptide epitopes that have been and are
being used for the vaccination of cancer patients [89].

Among all recognised TAAs, interest has been focused

on cancer testis and differentiation antigens in the past

few years. These antigens are frequently downregulated

in somatic adult tissues, while becoming aberrantly re-



Table 3
Summary of ongoing trials on cancer vaccines enrolling patients with HR-positive BC, as of 23rd June 2021.

ID Ph Platform Setting # of pts Intervention Patient cohort Target/Moiety Outcome

NCT04270149c 1 Peptide-based eBC 18 6 ESR1 peptides vaccine injections HLA-A0201þ with at least

pT3 (any N) ERþ (any

HER2) BC following

standard treatment

ESR1 Safety (AEs)

NCT00880464a 1 Cell-based eBC 8 Irradiated, autologous BC cells

engineered by adenoviral mediated

gene transfer to secrete GM-CSF

Stage IIeIII (any subtype)

who have at least 2 cm of

disease after neoadjuvant

CT or 4 cm without

neoadjuvant CTd

GM-CSF release Safety (DLT)

NCT02204098c 1 Gene-based eBC 56 3 Mammaglobin-A DNA vaccine

injections þ CT/ET

cT2-T4 (any N) ERþ/

HER2-negative BC

undergoing neoadjuvant

therapy

Mammaglobin-A Safety (AEs)

NCT02780401a 1 Gene-based eBC 24 3 polyepitope plasmidebased

WOKVAC vaccine injections

Stage IeIII HER2-negative

and node-positive BC after

standard treatment

pUMVC3-IGFBP2-HER2-

IGF1R

Safety (AEs)

NCT02364492a 1 Peptide-based eBC 20 6 MAG-Tn3 vaccine injections TNBC (any T/N) or ERþ/

HER2- (with at least one

lymph node), following

standard treatment

Tn carbohydrate antigen Safety (DLT)

NCT02229084c 2 Peptide-based eBC 61 3 P10s-PADRE

injections þ neoadjuvant CT with

different schedules

Stage IeIII ERþ/HER2-

negative BC who undergo

neoadjuvant CT

Carbohydrate mimetic

peptide P10s

Safety

Immune response

Clinical response (pCR)

NCT03804944c 2 Peptide-based eBC 100 CDX-

301 þ pembrolizumab þ radiotherapy

Post-menopausal stage II

eIII ERþ/HER2� BC

before surgery

Ftl-3 (binds to CD135) Safety (AEs)

Clinical response rate pCR

NCT02157051c 1 Gene-based mBC 40 3/6/9 polyepitope plasmid DNA

vaccine injections followed by 1 or 2

booster vaccine injections

Stage IIIeIV HER2-

negative BC

CD105/Yb-1/SOX2/CDH3/

MDM2

Safety (AEs)

Immune efficacy

NCT00317603a 1 Cell-based mBC 20 Irradiated, autologous BC cells

engineered by adenoviral mediated

gene transfer to secrete GM-CSF

Stage IV BC (any subtype)

in II line of treatmentd
GM-CSF Safety (DLT)

NCT04521764c 1 Viral-based mBC 33 4 MV-s-NAP administered

intratumorally

Stage IV BC (any subtype)e Pylori NAP Safety (DLT)

NCT03689192c 1 Peptide-based mBC 10 ARG1 vaccine injections every third

week for 45 weeks

Stage IV BC (any subtype) Arginase-1 Safety (AEs)

NCT04418219b 1/2 Cell-based mBC 42 SV-BR-1-GM þ cyclophosphamide,

pembrolizumab, interferon-alpha-2b

for 2 years

Stage IV BC (any subtype)e GM-CSF release Safety (AEs)

ORR (RECIST 1.1)

NCT03328026c 2 Cell-based þ TME

modulator

mBC 60 4 SV-BR-1-GM þ 24 INCMGA00012

vaccine injections � epacadostat (twice

daily)

Stage IV BC (any subtype)e GM-CSF release

PD-L1

IDO

Safety (AEs)

NCT02491697a 2 Cell-based mBC 400 4 cycles of DC-CIK treatment (every 1

year) þ capecitabine (2500 mg/m2

twice daily for 2 weeks followed by a 1-

week rest period q21)

Stage IV BC (any subtype)e Cytokine-induced killer

cells agonist

1-year OS

C
.
C
o
rti

et
a
l.
/
E
u
ro
p
ea
n
J
o
u
rn
a
l
o
f
C
a
n
cer

1
6
0
(
2
0
2
2
)
1
5
0e

1
7
4

1
6
8



N
C
T
0
0
7
2
2
2
2
8
c

2
C
el
l-
b
a
se
d

m
B
C

5
0

5
m
o
d
ifi
ed

a
u
to
lo
g
o
u
s
o
r
a
ll
o
g
en
ic

tu
m
o
u
r
ce
ll
s
v
a
cc
in
e
in
je
ct
io
n
s

S
ta
g
e
IV

B
C

(a
n
y
su
b
ty
p
e)

N
/A

N
/A

A
b
b
re
v
ia
ti
o
n
s:
ID

,
id
en
ti
fi
er
;
p
h
,
p
h
a
se
;
#
,
n
u
m
b
er
;
m
B
C
,
m
et
a
st
a
ti
c
b
re
a
st

ca
n
ce
r;
eB

C
,
ea
rl
y
b
re
a
st

ca
n
ce
r;
p
C
R
,
p
a
th
o
lo
g
ic

co
m
p
le
te

re
sp
o
n
se
;
O
S
,
o
v
er
a
ll
su
rv
iv
a
l;
T
N
B
C
,
tr
ip
le
-n
eg
a
ti
v
e
b
re
a
st

ca
n
ce
r;
A
E
,
a
d
v
er
se

ev
en
ts
;
D
L
T
,
d
o
se
-l
im

it
in
g
to
x
ic
it
y
;
G
M
-C

S
F
,
g
ra
n
u
lo
cy
te
-m

a
cr
o
p
h
a
g
e
co
lo
n
y
-s
ti
m
u
la
ti
n
g
fa
ct
o
r;
D
N
A
,
d
eo
x
y
ri
b
o
n
u
cl
ei
c
a
ci
d
;
C
T
,
ch
em

o
th
er
a
p
y
;
E
T
,
en
d
o
cr
in
e
th
er
a
p
y
;
E
R
,

o
es
tr
o
g
en

re
ce
p
to
r;
H
E
R
2
,
h
u
m
a
n
ep
id
er
m
a
l
g
ro
w
th

fa
ct
o
r
re
ce
p
to
r
2
;
S
o
C
,
st
a
n
d
a
rd

o
f
ca
re
;
IG

F
1
R
,
in
su
li
n
-l
ik
e
g
ro
w
th

fa
ct
o
r
re
ce
p
to
r
1
;
IV

,
in
tr
a
v
en
o
u
s;
O
R
R
,
o
b
je
ct
iv
e
re
sp
o
n
se

ra
te
;
X
B
P
1
,
X
-

b
o
x
e
b
in
d
in
g
p
ro
te
in

1
;
S
L
A
M
F
7
,
S
L
A
M

fa
m
il
y
m
em

b
er

7
;
S
O
X
2
,
(s
ex

d
et
er
m
in
in
g
re
g
io
n
Y
)-
b
o
x
2
;
C
D
H
3
,
ca
d
h
er
in
-3
;
P
D
-L
1
,
p
ro
g
ra
m
m
ed
-d
ea
th

li
g
a
n
d
1
;
ID

O
,
in
d
o
le
a
m
in
e-
p
y
rr
o
le

2
,3
-

d
io
x
y
g
en
a
se
;
W
T
1
,
W
il
m
s’

tu
m
o
u
r
p
ro
te
in
;
D
C
,
d
en
d
ri
ti
c
ce
ll
;
C
IK

,
cy
to
k
in
e-
in
d
u
ce
d
k
il
le
r;

N
A
P
,
n
eu
tr
o
p
h
il
-a
ct
iv
a
ti
n
g
p
ro
te
in
;
IG

F
1
R
,
in
su
li
n
-l
ik
e
g
ro
w
th

fa
ct
o
r
1
re
ce
p
to
r;

IG
F
B
P
2
,
in
su
li
n
-

li
k
e
g
ro
w
th

fa
ct
o
re

b
in
d
in
g
p
ro
te
in

2
.
S
o
u
rc
e:

C
li
n
ic
a
lT
ri
a
ls
.g
o
v
.

a
A
ct
iv
e,

n
o
t
re
cr
u
it
in
g
.

b
N
o
t
y
et

re
cr
u
it
in
g
.

c
R
ec
ru
it
in
g
.

d
T
h
is
tr
ia
l
h
a
s
a
lr
ea
d
y
b
ee
n
d
es
cr
ib
ed

in
th
e
se
ct
io
n
d
ed
ic
a
te
d
to

v
a
cc
in
es

ta
rg
et
in
g
H
E
R
2
in

b
re
a
st

ca
n
ce
r.

e
T
h
is
tr
ia
l
h
a
s
b
ee
n
d
es
cr
ib
ed

in
th
e
se
ct
io
n
d
ed
ic
a
te
d
to

cl
in
ic
a
l
tr
ia
ls
o
p
en

to
B
C

p
a
ti
en
ts
,
ir
re
sp
ec
ti
v
e
o
f
th
e
b
io
lo
g
ic
a
l
su
b
ty
p
e.

C. Corti et al. / European Journal of Cancer 160 (2022) 150e174 169
expressed in various malignancies [89]. As a result,

several clinical trials investigated vaccines containing

TAAs, such as New York oesophageal squamous cell

carcinoma-1 (NY-ESO-1), Wilms tumour antigen

(WT-1), melanoma-associated antigen 3 (MAGE-A3)

and PRAME in different solid tumours, including BC.

In this regard, WT1 and NYESO-1 show over-

expression in a group of patients with TNBC for whom
therapeutic options are limited [89]. However, none of

these CVs showed striking efficacy in both the early

and the advanced setting for BC [24].

A summary of the most frequently studied antigens

for the treatment of BC is provided in Fig. 4.
8. Conclusions and future perspectives

The ability to exploit the immune system as a weapon

against cancer has revolutionised the treatment of

cancer patients. So far, the main clinical benefit has

been achieved with the administration of ICIs [88].
However, ICIs have demonstrated only a modest

benefit in treating advanced BC, as an immune sup-

pressive TME typically characterises this disease [88].

Of note, HER2-positive and, above all, TNBC are

associated with TILs and tend to better respond to

ICIs. In contrast, HR-positive BC displays low TIL

infiltration and minimal response to ICIs [4].

In this context, active IO, such as CVs, represent for
BC additional means to convert a cold TME into a hot

one. Moreover, CVs harbour well-known advantages

over passive IO or chemotherapy, as they are tumour-

specific, usually well-tolerated, can be used as a combi-

nation with other treatment modalities and are expected

to induce long-lasting immune responses [24]. After

almost two decades of poor clinical trial results, CVs

have come back in the spotlight because of the techno-
logical advancements occurred in the recent years and

ultimately boosted by the COVID-19 vaccination

campaign [24,111]. In particular, because of poor

immunogenicity of single-peptide vaccines, polypeptide

vaccines in addition to the inclusion of different adju-

vants and delivery vectors have been implemented [29].

As well, new platforms are approaching the field of CVs

for BC, such as gene-based and viral vectorebased
vaccines. In addition, delivery vehicles are undergoing

an evolution towards lipid nanoparticles, virus-like

particles, polymeric and non-degradable nanoparticles

[29]. Specifically, liposomes not only help the peptide-

based or nucleic acidebased antigens to be delivered

to the lymph nodes, but they also increase the cellular

uptake by DCs, resulting in enhanced vaccine immu-

nogenicity [112]. Moreover, liposomes themselves act as
immune adjuvant to increase and prolong the immune

responses [113].

Unlike the past two decades, neoantigens are

emerging as the preferred targets for CVs [29]. In

http://ClinicalTrials.gov


Fig. 4. Summary of the most frequently studied antigens for the treatment of BC with information about their immunogenicity. Abbreviations:

NeoAgs, neoantigens; MAGE, melanoma-associated antigen; BAGE, B melanoma antigen; NY-ESO-1, New York oesophageal squa-

mous cell carcinoma 1; HER2, human epidermal growth factor receptor 2; CEA, carcinoembryonic antigen; hTERT, human telomerase

reverse transcriptase; IGFBP2, insulin-like growth factorebinding protein 2; IGF1R, insulin-like growth factor receptor-1. Created with

biorender.com.
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particular, the recent development of methods for high-
throughput detection of mutation-associated epitopes,

as well as of bioinformatic tools for neoepitope predic-

tion have been developed, with promising results [24,29].

Regarding the treatment setting, past clinical trials

investigating CVs focused especially on the metastatic

setting, where the TME is more likely compromised by

inhibitory mechanisms [24]. In this sense, new strategies

are focussing on favouring the use of CVs as mono-
therapy in premalignant or in the (neo)adjuvant setting

and on establishing combination treatments in late-stage

disease [24]. For example, combining BC vaccines with

ICIs, gut microbiome modulators or novel immune

targeting agents have been proposed to promote the

transition from a ‘cold’ to a ‘hot’ TME [24]. In fact, the

synergistic effect between CVs and ICIs has already

been established in many tumour types [29]. This aspect
could be of particular interest, especially given the recent

approvals for the first-line treatment setting of pem-

brolizumab in combination with chemotherapy in

TNBC patients with PD-L1 combined positive score

�10 and of atezolizumab in combination with nab-

paclitaxel in TNBC patients with PD-L1 � 1% as

determined by VENTANA SP142 assay [114,115]. More

importantly, on 26th July 2021, the Food and Drug
Administration approved pembrolizumab in combina-

tion with chemotherapy as neoadjuvant treatment, and

then continued as a single agent as adjuvant treatment

after surgery for high-risk, early-stage, TNBC. There-

fore, in an attempt to impact mechanisms of primary

and secondary resistance to the anti-tumour immune

response, novel combination strategies should be further
investigated in BC [116e118]. In this sense, both tech-
nological advancements and a better understanding of

the tumourehost immune interactions are needed.
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