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Abstract Tumor-associated antigens (TAAs) have been

identified in many malignant tumors. Within these TAAs

are peptide sequences that bind major histocompatibility

complex (MHC) class I and class II molecules recog-

nized by T cells triggering antigen-specific CD8? cyto-

toxic T-cell and CD4? T-helper cell responses. Efforts

to develop vaccines for breast cancer have been under-

way for more than 20 years, including peptide and whole

inactivated tumor cell vaccines as well as antigen-loaded

dendritic cell vaccines. The majority of vaccine trials

have used peptides, including single-peptide and multi-

ple-peptide formulations using either MHC class I and

class II epitopes in oil-based emulsions alone or in

combination with an adjuvant, such as granulocyte-

macrophage colony-stimulating factor, and Toll-like

receptor agonists. Preclinical research in vitro and in

animal models has been aimed at improving vaccine

efficacy by identifying more immunogenic peptides and

combinations of peptides and adjuvants and cytokine

adjuvants that induce stronger immune responses and

prolong T-cell memory. Clinical studies investigating the

therapeutic potential of active immunization using pep-

tide vaccines has found no serious side effects. In this

review, we examine TAA peptide-based vaccination

regimens showing promise in breast cancer patients that

are also being investigated in clinical trials of safety and

efficacy. We also discuss the current limitations in the

peptide vaccination field and areas for future

development.

Abbreviations

APCs Antigen-presenting cells

CEA Carcinoembryonic antigen

CTLs Cytotoxic T lymphocytes

DCs Dendritic cells

GM-CSF Granulocyte-macrophage colony-stimulating

factor

HLA Human leukocyte antigen

hTERT Human telomerase reverse transcriptase

IFN-c Gamma interferon

KLH Keyhole limpet hemocyanin

MHC Major histocompatibility complex

TAAs Tumor-associated antigens

TLRs Toll-like receptors
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Key Points

Breast cancer vaccination has made significant

strides with peptide vaccination moving beyond

single epitope formulations towards multi-peptide or

multi-epitope vaccines and long peptides with

improved adjuvants (toll-like receptor agonists and

dendritic cell activators) and/or immune checkpoint

inhibitors to induce a stronger cellular immune

response with a longer-lived memory T-cell pool.

These cancer vaccines still struggle to find an

application as a standard therapy in the continuum of

breast cancer care, especially in the adjuvant phase

for hormone receptor- and HER2/neu- positive breast

cancer for which a plethora of powerful adjuvant-

phase therapies exist. Thus, a focus on developing

vaccines for more aggressive breast cancer sub-

types, like the triple-negative and basal sub-types, is

needed.

There is a need to find more exquisitely breast

cancer-specific targets for which the immune system

has not developed strong self-tolerance against. In

this regard, efforts to identify and develop vaccine

approaches against mutated antigens (the tumor

‘mutanome’) and against human endogenous

retroviral antigens (HERVs) may be helpful to

generate more high-affinity and polyfunctional

T-cell responses to prevent disease relapse or treat

recurrent metastatic disease.

1 Introduction

Although there have been significant advances in the

treatment of breast cancer, approximately 30 % of patients

will experience recurrence of their disease. There is a

critical need, therefore, to identify novel therapeutic strat-

egies to augment current treatment regimens. Immuno-

therapy has shown significant promise in the treatment of

other solid tumors, including melanoma and renal cell

carcinoma, and there is increasing interest in investigating

immunotherapeutic strategies in breast cancer.

The mechanisms of interaction between immune cells

and various tumor cells are under investigation. Recent

studies have shown that increased numbers of tumor-

infiltrating lymphocytes (TILs), especially T cells, are

associated with improved prognosis and high response

rates to neo-adjuvant chemotherapy in breast cancer

patients [1–6]. T lymphocytes recognize antigens presented

by antigen-presenting cells (APCs) and attack target cells,

like tumor cells, that express these antigens after differ-

entiating into effector cells. In cancer patients, cytotoxic T

lymphocytes (CTLs) react against self-antigens and cell

lineage antigens that become abnormally over-expressed

on cancer cells and are presented as peptides on major

histocompatibility complex (MHC) class I and class II

molecules by APCs. These primed T cells get activated and

undergo cell division and differentiate into effector cells

and memory cells, able to migrate to different extents into

tumor beds. Cancer cells express antigens that differ from

antigens expressed by non-cancerous cells because of

mutation or over-expression. Some of these tumor-associ-

ated antigens (TAAs) are important for tumor cell survival

and growth because they play central roles in protecting

cells from apoptosis. TAAs have been proposed as poten-

tial targets for anti-tumor immune responses. The induction

of humoral and cellular immune responses that further

enhance de novo anti-tumor adaptive immunity and/or

trigger new responses against TAAs make cancer vaccines

an attractive alternative to passive immunotherapies using

antibodies or T-cell adoptive cell therapy.

In this article, we briefly review some basic concepts on

the functioning of the adaptive immune system related to

cancer as well as different cancer vaccine approaches, and

then discuss in more detail the application and mechanisms

of action of peptide vaccines for breast cancer that have

recently been tested in clinical trials. We also discuss

combination therapies using peptide vaccination and che-

motherapy and future prospects for peptide vaccination for

breast cancer as well as the current limitations of this

approach and where the field should focus on in the future.

2 Basic Immunology Concepts Related to Cancer

Vaccines

2.1 T Cells, Antigen-Presenting Cells, and Major

Histocompatibility Complexes

The key adaptive immune system cells that play an

important role in peptide vaccination are T cells and APCs.

T cells are composed of two main classes, which express

CD8 or CD4 co-receptors along with the T-cell receptor

(TCR) complex that is the main antigen-recognizing and

signaling molecules in T cells. CD4? T cells, called helper

T cells (Th), are mainly divided into Th1 and Th2 subtypes

[7, 8], differentiated by the spectrum of cytokines they

secrete. Th1 cells produce mainly interleukin (IL)-2, tumor

necrosis factor alpha (TNF-a), and gamma interferon (IFN-

c) together with granulocyte-macrophage colony-stimulat-

ing factor (GM-CSF) facilitating the activation of dendritic
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cells (DC) and providing growth-promoting cytokines (IL-

2) for CD8? T cells, while Th2 cells produce mainly IL-4,

IL-5, and IL-10 [7, 9]. DCs pick up TAA antigens secreted

into the tumor microenvironment or released from exo-

somes and dead tumor cells and process and present them

as peptides on MHC molecules [7, 8]. MHC molecules

(also called human leukocyte antigens (HLAs; human

MHC) have two forms that bind peptides: class I and class

II. MHC class I molecules consist of one chain containing

a1 and a2 domains that bind peptides, and a third a3

domain; the alpha chain is associated with a b2-micro-

globulin molecule that stabilizes this structure. MHC/pep-

tide complexes are recognized by T cells via their TCR.

MHC class I peptide complexes are recognized by MHC

class I-restricted CD8? T cells that have been activated

and differentiate into cytotoxic effector cells. MHC class I

is expressed by all nucleated cells and binds short peptides

(8–10 amino acids) [7, 10]. TCR on the surface of the CTL

recognize this MHC class I peptide complex in conjunction

with the CD8 co-receptor that strengthens or stabilizes the

TCR-MHC interaction. This stabilization triggers the TCR

and associated CD3 complex to signal via tyrosine kinases

and adaptor proteins, thus activating the T cell. MHC class

II is normally expressed on DCs, macrophages, and some

tumor cells. It binds peptides of 13–25 amino acids [7, 11].

MHC class II peptide complexes are recognized by the

TCR and CD4 molecule expressed on CD4? T cells. Th1

CD4? T cells are particularly important in activating DCs

via CD40-ligand (CD40L) binding to CD40 on the DC,

while Th2 cells (through IL-4, IL-5, and IL-10) activate B

cells to produce antibodies as well as facilitate immuno-

globulin class switching to IgG subtypes during immune

responses [7, 8].

2.2 Tumor-Associated Antigens and Cytotoxic T

Lymphocyte Responses

The amino acid sequences of naturally processed peptides

have fixed, allele-specific positions for MHC binding [12].

The position and the molecular structure of the amino acids

that directly affect the ability of a peptide to bind the

appropriate MHC molecule constitute the peptide binding

motif. T-cell responses to TAA-derived peptides depend

both on the binding of the peptide to the MHC molecule

and on the affinity of the peptide–MHC complex for TCR

[13]. CTLs can lyse tumor cells after recognizing the

peptides that have been processed from TAAs and pre-

sented on the cell surface. A number of available databases

help predict whether a given peptide will interact and bind

to an MHC molecule. For example, the ‘SYFPEITHI’

database used an algorithm based on previous publications

on T-cell epitopes and MHC ligands [14]. Another data-

base, called the BioInformatics and Molecular Analysis

Section (BIMAS) database, used data on predicted half-

times of dissociation of peptide binding with HLA class I

molecules [15]. Other more recent neural network-based

databases are also available, such as netMHC3.4 (http://

www.cbs.dtu.dk/services/NetMHC/), that predict possible

epitopes binding to a wide range of HLA-A, -B, and -C

alleles as well as possible epitopes binding to MHC class II

alleles (http://www.cbs.dtu.dk/services/NetMHCII/).

TAAs are predominantly self-proteins expressed at a

higher level than in non-cancerous cells. Although central

and peripheral tolerance mechanisms in the immune sys-

tem usually prevent adaptive immune responses by T cells

against self-antigens, the increased expression of TAAs can

‘break tolerance’ and facilitate CTL responses to these

over-expressed cancer self-antigens as a result of increased

CTL-APC avidity. Four types of TAAs have been descri-

bed (Table 1): (i) overexpressed differentiation antigens

arising from the source tissue or cell lineage of the tumor,

(ii) Cancer-Testis (CT) antigens expressed normally in

germ cells of the testis or ovary, but over-expressed in

many cancers, (iii) self-antigens expressed in normal tis-

sues but over-expressed in tumors, and (iv) neo-antigens

arising from mutated genes in cancer cells (the so-called

‘mutanome’) [16, 17].

2.3 T-Cell Receptor Signaling, Costimulatory

Molecules, and Co-Inhibitory Molecules

Co-stimulatory molecules are essential for TCR signals to

generate active CD8? T cells; however, DCs need to be

activated or matured through innate immune signals such

as Toll-like receptors (TLRs) to express these critical

T-cell co-stimulatory ligands. One of these critical ligands

is B7, composed of either CD86 or CD80, which binds and

activates the CD28 molecule present on T cells [18]. Other

co-stimulatory signaling components expressed on T cells

include other immunoglobulin superfamily members such

as ICOS (inducible co-stimulator) [19, 20] and members of

the TNF receptor superfamily, such as 4-1BB (CD137) and

OX40 (CD134) [21, 22]. Matured DCs express the corre-

sponding ligands for these T-cell co-stimulatory molecules.

In addition, mature DCs can produce a potent cytokine

activating Th1 CD4? T cells and CD8? CTL, called IL-12

[7]. Maturation factors for DCs include ligands for TLRs

expressed on DCs. These ligands are derived from micro-

bial and viral products and include foreign danger signals

such as CpG and free single- and double -stranded RNA,

and components of bacterial and fungal cell proteins. These

so-called pathogen-associated molecular patterns (PAMPs)

bind to TLRs and activate DCs and other APCs through the

classical and non-classical NFjB pathway. Components

from dead cells and apoptotic bodies (e.g., from dying or

dead tumor cells), such as released mitochondrial DNA and
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heat shock proteins, also bind to innate receptors on DCs

and can trigger DC maturation through the activation of

type I IFN signaling. Activated Th1 CD4? T cells are also

critical in maturing DCs by expressing CD40-ligand that

binds to the CD40 receptor on DCs activating NFjB sig-

naling and thus DC maturation. Type I IFNs, such IFN-a
and IFN-b, produced at high levels by activated plasma-

cytoid DCs (pDCs), are critical in activating natural killer

(NK) cells and myeloid-derived DCs to mature into potent

APCs [23]. When antigen is presented by immature DCs

lacking the expression of the T-cell costimulatory ligands

or by non-professional APCs also lacking T-cell costimu-

latory ligands, a state of T-cell ‘anergy’ can occur in which

T cells remain unresponsive for long periods of time, even

after later stimulation by mature DCs [23, 24]. This anergy

is a major mechanism of self-tolerance in the immune

system and can play a role in preventing adequate anti-

tumor immune response when antigen is presented by

tumor cells (non-professional APCs) to T cells. Without

adequate co-stimulation, even T memory cells are only

transiently activated and possess low cytotoxic activity [7].

Immunosuppressive tumor microenvironments inhibit

local antitumor immune responses by distinct mechanisms,

such as impairment of antigen presentation, activation of co-

inhibitory signals on T cells such as PD-1 (programmed

death-1), active biosynthesis of immunosuppressive mole-

cules, recruitment of naturally occurring regulatory T cells

(Tregs), and transformation of effector T cells locally into Tregs

[25]. Cytotoxic T-lymphocyte antigen 4 (CTLA-4), which is

a member of the immunoglobulin superfamily, inhibits

effector T-cell activation by competing with CD28 for CD80/

86 binding. CTLA-4, like PD-1, shuts off TCR signaling by

activating specific phosphatases (e.g., SHP1 and SHP2),

reversing the activating effects of tyrosine kinases [26]. The

B7 molecules CD80 and CD86 on APCs have a higher

affinity to CTLA-4 (especially CD80) than to CD28 and can

trigger CTLA-4 signaling over CD28 costimulation, thereby

shutting down T-cell activation [27]. PD-1 binds to PD-l

ligand (PD-L1) found on many somatic cells in the body

including tumor cells [27]. Blocking CTLA-4 and PD-1 (also

called T-cell ‘checkpoints’) has become a powerful new

avenue of cancer immunotherapy [26, 28].

3 Cancer Vaccination Strategies

A number of different vaccination strategies have been

tested in numerous clinical trials for both metastatic breast

cancer and in the adjuvant phase after removal of primary

and loco-regional disease in the breast and local lymph

nodes. These approaches include short and long single

peptide or multi-peptide vaccines [29–31], whole tumor

cell vaccines [32, 33], DC-based vaccines [34–37], viral

vector vaccines such as pox viruses and adenoviruses

encoding TAA genes [38], and oncolytic viral vaccines

[38].

Table 1 Summary of tumor-associated antigens s that are being investigated in breast cancer

Antigen Reference(s)

Overexpressed differentiation antigens

NY-BR-1 Serologically defined breast cancer antigen 1 [118]

WT1 Wilm’s tumor suppressor gene 1 [119, 120]

Cancer/testis antigens

MAGE Melanoma-associated antigen [37]

GAGE G antigen [37]

BAGE B antigen [37]

XAGE X antigen [37]

NY-ESO-1 New York esophagus antigen 1 [64]

Survivin Inhibitor of apoptosis (IAP) family [64]

hTERT Human telomerase reverse transcriptase [64]

Antigens overexpressed in tumors

HER2 Human epidermal growth factor receptor 2 [68–70, 72–75, 77, 81–84, 154–158]

MUC1 Hypoglycosylated in adenocarcinomas [62, 63, 159]

p53 Tumor suppressor protein [41, 126, 127, 160]

CEA Carcinoembryonic antigen [109–112]

Sialyl Tn Carbohydrate associated with the MUC-1 aberrant mucin [90–95]

Mutanome antigens

Patient-specific (‘private epitopes’) Based on tumor exome sequencing [16]
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3.1 Tumor Cell Vaccines

Tumor cell vaccines consisted of irradiated, freshly isolated

primary tumor cells inoculated subcutaneously in an oil-

based emulsion such as Incomplete Freund’s Adjuvant

(IFA) and other oil-based emulsions or saline [39]. In some

cases, tumor cells have been transduced with cytokines

such as GM-CSF or viruses such as Newcastle disease

virus that triggers a transient and high secretion of IFN-a
by the infected cells with the aim of facilitating both NK

cell and DC activation at the vaccine site. An interesting

clinical trial by Haas and Schirrmacher [40] with high-risk

breast cancer patients reported a significant increase in

progression-free survival using a whole tumor cell vaccine

infected with Newcastle disease virus in the adjuvant

phase. This approach and similar whole-cell approaches

have been pursued for other solid tumors, including breast

cancer, using GM-CSF-transduced cells called GVAXTM

[41]. These vaccines have been found to induce cell-

mediated immunity against the target cells and TAAs.

3.2 DC-Based Vaccines

DC vaccination usually uses mature DCs that have the

highest ability to stimulate T cells, such DCs express both

MHC class I and II as well as a host of co-stimulatory

ligands, such as CD80, CD86, ICOS-ligand, and ligands for

key TNF-R family members such as 4-1BB/CD137 and

OX40/CD134. The ability to produce IL-12 is also a key

component of these DC vaccines [23]. The most significant

disadvantage of autologous DC-based vaccination is that it

is too complex to generate reproducibly and in most cases

must be customized for each patient [1]. Sipuleucel-TTM,

the only cancer vaccine currently approved by the FDA, is

an example of a DC-enriched vaccine. This vaccine, which

is indicated for patients with metastatic castration-resistant

prostate cancer, uses a patient’s own peripheral blood

mononuclear cells, which include DCs cultured with a

proprietary antigen that includes prostatic acid phosphatase

and GM-CSF [42]. DC vaccination targeting human epi-

dermal growth factor receptor 2 (HER2) has also been

developed in patients with HER2-overexpressing ductal

carcinoma in situ. In an ex vivo study, DCs activated

in vitro with IFN-c together with bacterial lipopolysac-

charide (LPS) generated antigen-specific T cells that

secreted a high level of IFN-c to the HER2 epitope [43]. In

a clinical trial, 5 of 27 patients who were injected with this

DC vaccine intra-nodally before surgery had no evidence

of remaining tumor, suggesting that DC can, under certain

circumstances, elicit strong anti-tumor cell-mediated

immune responses [44]. The use of intra-nodal DC

immunization is especially relevant in this case because the

DCs and antigen are directly placed into a lymphatic

environment where T-cell activation occurs and where

more highly responsive central memory CD4? and CD8?

T cells are also found. Most DC vaccines have used sub-

cutaneous or intradermal routes of administration requiring

the DCs to migrate to the draining lymph nodes (DLNs) to

activate T cells [45, 46]. Many DCs, however, die in the

process and only a fraction of the cells arrive at the DLNs.

Thus, intra-nodal injection of DC vaccines bypasses this

limiting step and promises to increase the efficiency of DC

vaccines for breast cancer. This area should be pursued

more aggressively in the field.

3.3 Viral Vector Vaccines

Recombinant viral vector vaccines based on pox viruses,

such as New York Vaccinia (NYVAC), Modified Virus of

Ankara (MVA), and canary pox virus (ALVACTM) engi-

neered to express breast cancer TAAs such as HER2, p53,

and MUC1, have also been tested in clinical trials, mainly

in metastatic breast cancer patients [47–49]. Although

these viral vaccines do elicit fairly strong CD8? T-cell

responses against the encoded TAAs, boosting the antitu-

mor response with these viral vaccines is problematic due

to the strong immunity induced against the viral backbone

and in some cases the induction of neutralizing antibodies

[50]. Heterologous prime-boosting approaches using dif-

ferent viral vectors in sequential order have been used in an

attempt to overcome this problem and have helped to

induce stronger T-cell responses [51]. However, the overall

problem precluding further intense interest in viral vector-

based vaccines is that the immune response focuses too

much on responding to the viral antigens and relatively

weakly to the encoded TAAs. A similar problem exists

with adenovirus-based vaccines, although removing some

of the highly immunogenic motifs, such as the E1a and E2b

genes, have reduced the problem of neutralizing antibody

responses after vaccination [52].

3.4 Single- and Multi-Epitope Peptide Vaccines

Peptide vaccines can be efficiently generated with high

purity on a large scale and at low cost. However, peptide

vaccination is still only weakly immunogenic for eradi-

cating large tumors. If the tumor burden is very high,

especially in a patient with metastatic cancer, the efficacy

of peptide vaccination has generally been found to be

\4 % [53]. Furthermore, peptide vaccines are restricted by

HLA type, which means that only HLA-type-matched

patients can take these vaccinations. To overcome HLA

restriction, a variety of peptides have been generated and

optimized to adjust for the large population of patients

[54]. To improve the efficacy of peptide vaccination,

investigators have also varied peptide lengths and how
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these peptides are used, such as combinations or different

numbers of peptides. Additionally, peptide vaccines are

injected with an adjuvant, such as GM-CSF or IFA, as well

as TLR agonists such as CpG to heighten their capability

[55].

Most peptide vaccine clinical trials have targeted com-

monly shared over-expressed self-antigens, tissue-specific

antigens, and the CT antigen family using both short and

long peptide vaccines and multi-epitope peptide vaccines

[31, 56]. Short peptides have generally consisted of epi-

topes presented on commonly expressed HLA-A alleles in

the human population such as HLA-A0201 (HLA-A2).

Studies with human cancer patients and animal models

have also tested the immunogenicity of vaccination using

multiple epitopes recognized by T cells. The rationale for

this approach is to increase the TAA coverage of the

vaccine and prevent the loss of tumor recognition by the

immune response due to antigen or epitope loss in tumors

caused by genetic and epigenetic modification. Some

clinical trials have used a combination of epitopes from

different antigens. In a phase I clinical study of DPX-0907,

a vaccine including seven peptides from different antigens

(Topoisomerase IIa, TACR/ADAM-17, integrin b8 subunit

precursor, junction plakoglobin, EDDR1, BAP31, and Abl

binding protein C3) with a polynucleotide-based adjuvant,

was shown to be safe and antigen-specific immune

responses generated IFN-c [57]. Fourteen clinical trials are

currently investigating vaccines using multiple peptides for

breast cancer (https://clinicaltrials.gov/). However,

regardless of the efficacy of the multi-peptides or long

peptides for cancer, these peptide vaccines with multiple

boosts can also lead to immunosuppression. In a mouse

model, LaCelle et al. [58] showed that multiple vaccina-

tions induced immunosuppressive CD4? Foxp3? Tregs. In

addition, Leffers et al. [59] showed that a p53 synthetic

long-peptide vaccine induced Th2 cytokine response

dominating the p53-specific response. Although GM-CSF

can induce suppressive myeloid cells and activate endo-

thelial cell precursors when injected systemically [60],

most vaccines using localized GM-CSF have not posed a

problem in this respect. However, in some cases such as

employing GM-CSF as an adjuvant in whole tumor cell

vaccines, the use of GM-CSF has been associated with

worse prognosis in melanoma patients [61].

4 Target Antigens for Breast Cancer Peptide Vaccines

Several clinical trials have demonstrated induction of

immune responses to TAAs in vaccinated breast cancer

patients. The antigens investigated include carcinoembryonic

antigen (CEA), HER2, mucin 1 (MUC1) (which is hypo-

glycosylated in adenocarcinomas) [62, 63], carbohydrate

antigens (Tn, TF, sialyl Tn), and p53. Other antigens that have

potential for use in a breast cancer vaccine are the CT antigens

such as melanoma-associated antigen (MAGE) and New

York Breast Cancer-1 (NY-BR-1), as well as the putative

universal tumor antigens survivin and human telomerase

reverse transcriptase (hTERT) [37, 64]. Targeting these

antigens is discussed below.

4.1 HER2 Peptides

HER2 is one of the most widely overexpressed tumor

antigens in several cancers. Experimental and clinical

studies have shown that HER2 is an immunogenic mole-

cule that can generate antibody responses and activate

HER2 peptide-specific CTLs and Th cells [65–69]. Several

different HER2 peptides, such as E75, GP2, and AE37, are

being investigated as vaccine antigens in adjuvant phase

vaccine trials in breast cancer patients with HER2-ampli-

fied or HER2 over-expressing primary tumors. Peptides

from HER2 are also now being tested in patients without

HER2 amplification with slightly over-expressed HER2

(so-called ‘HER2 1?’ by immunohistochemistry), as these

patients may also benefit from such a vaccine.

4.1.1 E75 Peptide Vaccine

E75 (HER2 amino acids 369-377: KIFGSLAFL), which is

an HLA class I-restricted peptide that stimulates CTLs, has

been the most studied of the HER2-derived peptides in

clinical trials [70]. The peptide is derived from the extra-

cellular domain of HER2 and is characterized by HLA-A2

and A3 restriction [71]. Murray et al. reported that four

vaccinated patients showed E75-specific CTL responses to

E75 that correlated with significant increases in IFN-c
secretion [72, 73]. E75 peptide vaccination for stage III/IV

breast cancer patients using GM-CSF as an adjuvant

induced HER2-specific IFN-c-producing CD8? T cells,

but this was a short-lived and weak response [74].

Peoples et al. tested E75 plus GM-CSF administered to

node-positive and high-risk node-negative breast cancer

patients in the adjuvant setting and showed that E75 may

reduce recurrences in disease-free and high-risk breast

cancer patients [75, 76]. Peripheral blood mononuclear

cells showed specific cytotoxicity against HER2-positive

target cells [77]. Although HER2 peptide vaccines were

mainly intended for use in patients with HER2 over-

expressing tumors (HER2 gene amplification), the E75

vaccine with GM-CSF given in an adjuvant setting has

been found to induce antigen-specific CD8? T-cell

responses in patients without HER2 gene amplification

with intermediate or low levels of HER2 protein expres-

sion. Benavides et al. have shown that patients with low

levels of HER2 expression (immunohistochemistry

20 M. Harao et al.
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staining of 1? and 2 ?) benefited from vaccination [71,

78]. In fact, given the lower HER2 expression in HER2 1?

and 2? patients, the immune system may not be as tolerant

against this antigen and the vaccine may in fact elicit a

higher affinity/avidity T-cell response that may be more

potent in protecting against tumor recurrence. Disis et al.

[79] have shown that E75 and other HER2 extracellular-

and intracellular-domain-derived HLA class II peptides in

combination with GM-CSF elicited CTL responses in up to

68 % of patients. Other trials have used HLA class II-

restricted HER2-derived peptides consisting of 15 amino

acids, including the E75 CTL epitope in the same

sequence. Using HER2-derived MHC class II helper epi-

topes containing the E75 MHC class I epitope, Knutson

et al. [80] were able to generate long-lasting HER2-spe-

cific, IFN-c-producing CTL responses.

4.1.2 GP2

GP2 is an HLA-A2-restricted peptide derived from the trans-

membrane domain of HER2 (amino acids 654–662). Although

the affinity of GP2 for HLA-A2 is lower than that of E75,

preclinical studies suggest that GP2 may be as effective as E75

[81]. Clinical trials testing the GP2 peptide together with GM-

CSF as adjuvant are currently ongoing (NCT00524277).

4.1.3 AE37

AE37 is a hybrid peptide containing the MHC class II-

restricted AE36 HER2 peptide epitope (amino acids

776–790: GVGSPYVSRLLGICL) linked to the 4-amino-

acid (LRMK) moiety from the Invariant chain (Ii) protein;

this moiety is called the Ii-Key peptide. The AE36 portion

of AE37, derived from the HER2 intracellular domain,

binds promiscuously to a large number of different MHC

class II subtypes, facilitating broad coverage in the human

population. The Ii-Key peptide is thought to stabilize the

AE36 peptide loading onto the HLA class II molecule

while being shuttled to the cell surface in recycling class II-

containing vesicles. This vaccine primarily stimulates

CD4? Th cells. Adjuvant AE37 vaccination in a phase I

clinical trial was safe and well tolerated [82, 83]. Inter-

estingly, the AE37 vaccine had potential to induce signif-

icantly increased immune responses in patients who did not

receive GM-CSF. Furthermore, CD4? CD25? FoxP3?

Treg levels, associated with poor prognosis in breast cancer

patients, decreased after patients were vaccinated with

AE37 [84].

4.2 MUC-1

MUC-1 is a member of the mucin family, heavily gly-

cosylated proteins that are highly expressed at the cell

surface in most cancers of epithelial origin. MUC-1 (950-

958) is a promising candidate for peptide vaccination of

breast cancer patients [63, 85]. Musselli et al. investigated

T-cell response in six patients with stage II-III breast

cancer after completion of adjuvant therapy and no exis-

tence of disease, or stage IV patients who were free from

disease or had stable disease. However, immuno-monitor-

ing of immune responses found that only 3 of 24 patients

had increased IFN-c production to the antigen after a 6-day

in vitro re-stimulation assay [86].

Tumor cells commonly have defects in the glycosylation

pathways mediated in the Golgi network resulting in

aberrant glycosylation or hypo-glycosylation yielding

novel tumor antigens [87–89]. The sialyl-Tn (STn) epitope

from MUC-1 is an example of one of such carbohydrate-

based TAA. TheratopeTM, a synthetic O-linked disaccha-

ride linked to keyhole limpet hemocyanin (KLH) (STn-

KLH), was thought to be a strong candidate for a breast

cancer vaccine, and phase I and II studies provided sup-

porting evidence in the form of STn antigen-specific T-cell

proliferation and peripheral blood lymphocyte lytic activity

[90–93]. Two phase II trials showed that patients receiving

the STn-KLH vaccine and cyclophosphamide survived

significantly longer on average than did the control patients

(overall survival, 19.1 vs. 9.2 months; p = 0.001) [93–95].

In a phase III trial, a combination of vaccination with

endocrine therapy was well tolerated by patients with

metastatic breast cancer. However, no overall benefit in

time to disease progression or survival was observed [96,

97]. In contrast, Ibrahim et al. [97] have shown that in

metastatic breast cancer patients without aggressive disease

who received concurrent hormone therapy, adding STn-

KLH resulted in longer time to progression and overall

survival in a randomized international phase III trial.

4.3 NY-ESO-1

NY-ESO-1 is a germ cell protein (CT antigen) that is fre-

quently highly expressed in cancer cells but not in non-

cancerous cells. In an open-label phase I study including

patients with non-small-cell lung cancer, ovarian cancer,

melanoma, and breast cancer (two patients), immunization

with the NY-ESO-1 p157-165 peptide (SLLMWITQC), in

combination with adjuvant CpG synthetic DNA and IFA,

induced T-cell responses [98]. Longer NY-ESO-1 peptides

have been used to activate CD4? T-cell responses. For

example, an NY-ESO-1-derived pentadecamer epitope

(p134–148) induced CD4? T-cell responses specific to the

HLA-DRB1 subtypes *0101, *0301, *0401, and *0701

[99]. In one of four breast cancer patients, CD4? T cells

responded to NY-ESO-1-expressing target cells [99]. The

issue with NY-ESO-1, however, is that it is expressed in a

minority of breast tumors (2.1 %) [100] and a homolog of
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NY-ESO-1 (LAGE) containing similar epitopes has been

found to stimulate suppressive CD4? CD25? Foxp3?

Tregs [101].

4.4 hTERT

hTERT is widely expressed in human cancers and con-

tributes to oncogenesis by preventing telomere erosion and

promoting tumor cell immortality [102]. CD8? T-cell

responses de novo to the hTERT I540 peptide (residues

540–548; ILAKFLHWL) have been observed at relatively

high frequencies in blood from certain populations of

cancer patients [103, 104]. Domchek et al. [105] conducted

a clinical trial of an hTERT I540 vaccine with adjuvant

GM-CSF for treatment of HLA-A2-positive metastatic

breast cancer resistant to conventional cytotoxic therapy.

hTERT-specific T cells and CD8? tumor-infiltrating T

lymphocytes were observed in vaccinated patients. Fur-

thermore, the patients with an immune response to hTERT

I540 had longer overall survival on average than did the

patients without the response.

A phase I trial is currently investigating a vaccination

combining hTERT, survivin, daclizumab (humanized anti-

human CD25 monoclonal antibody, to transiently deplete

Treg cells), and pneumococcal conjugate vaccine (Prevnar;

for augmentation of Th-cell immunity) (ClinicalTrials.gov

NCT00573495). Results are not yet available.

4.5 Survivin

Survivin is an inhibitor of apoptosis expressed during fetal

development. It contains a single Baculovirus IAP (inhib-

itor of apoptosis) repeat domain and a carboxyl-terminal

RING finger [106]. A phase I study found that in patients

with metastatic breast cancer, Survivin-2B [80–88] in

combination with IFA induced a high level of peptide-

specific CTL response after the fourth vaccination [107].

The correlation between Survivin-specific T-cell responses

and tumor regression and patient survival has been found in

melanoma patients, but results on a similar clinical trial in

breast cancer patients are still pending [108].

4.6 Carcinoembryonic Antigen

CEA is a glycoprotein involved in cell adhesion that is

normally expressed during fetal development and in adult

tissue on normal epithelial cells, such as the colonic lining

[109]. Two different HLA-A2-restricted epitopes were

used in preclinical vaccine investigations. In a mouse

model, immunizing HLA-A2-restricted CEA(691-699)

(YMIGMLVGV) peptide significantly prolonged survival

on average compared with non-immunized mice, and target

cells expressing HLA-A2 and CEA were killed at a

significant rate [110, 111]. In another study, T cells from

patients immunized with the CEA(571-579) (YLS-

GADLNL) peptide lysed autologous B cells presenting this

peptide [112]. Although CEA as a tumor antigen for cancer

immunotherapy has been studied for a long time, it is

considered now as a ‘non-starter’ not only due to the high

level of immune tolerance against multiple CEA epitopes,

but also the potential life-threatening toxicities associated

with strong anti-CEA CD8? CTL responses. Recent clin-

ical trials using the adoptive transfer of CEA-specific T

cells (using gene transfer of a high-affinity CEA-specific

TCR into activated peripheral blood T cells) in metastatic

colorectal cancer patients did induce significant tumor

regression in patients, but this was at the cost of immense

life-threatening Grade 4 diarrhea caused by the killing of

normal colonic epithelial cells expressing CEA

(NCT01723306). CEA is an example of a TAA (like HER2

expressed in the heart, especially) also expressed by

‘indispensable’ normal tissues not only subjected to a high

degree of self-tolerance, but against which we cannot

induce a potent enough anti-cancer response due to the

possibility of severe side effects against normal cells. This

issue is still a conundrum in the field and will continue to

plague the breast cancer vaccine field. Thus, there is still a

need to identify ‘real’ breast cancer-specific antigens and it

will be difficult to move the field forward without this.

4.7 NY-BR-1

Microarray gene expression screens on primary breast

cancer specimens using large panels of normal tissue RNA

[113] as specificity controls as well as a process called

serological analysis of gene expression (SEREX) [114]

have revealed other antigens that may be more specific and

yet to be tested in clinical vaccine trials. One of these

TAAs that is highly expressed in breast cancer is NY-BR-

1, expressed in [80 % of breast tumors [115–117]. NY-

BR-1 is one of the most over-expressed breast cancer-

specific antigens found to date, especially in ER? breast

cancer [113]. Wang et al. [118] reported that NY-BR-1

peptide-specific CTLs stimulated by DCs pulsed with the

p904 peptide (SLSKILDTV) produced IFN-c and could

kill NY-BR-1-expressing breast tumor cells. A phase I trial

will be needed to show the efficacy and safety of peptide

vaccines derived from NY-BR-1, especially targeting ER?

breast cancer.

4.8 WT1

The Wilms tumor 1 (WT1) gene is overexpressed in leu-

kemia and a variety of solid tumors. The protein encoded

by the WT1 gene is necessary for the development of the

kidneys and gonads. A phase I trial of an HLA-A2402-
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restricted WT1 peptide (amino acids 235–243,

CMTWNQMNL) and a modified version of this peptide

(amino acids 235–243, CYTWNQMNL) found that the

vaccination was safe. This WT1 peptide and modified WT1

peptide were tried in metastatic breast cancer patients. In

two patients, shrinkage of breast cancer metastases was

induced after progression following mastectomy, hormonal

therapy and chemotherapy [119, 120].

4.9 p53

Mutations that inactivate p53 proteins or proteins involved

in p53 pathways are the most common genetic alterations

in human cancers, and mutations in the p53 gene are found

in approximately 30 % of breast carcinomas associated

with poor prognosis following conventional therapy [121,

122].

CTLs with HLA class I-restricted specificity for wild-

type p53 peptides have been observed in peripheral blood

spontaneously in some cancer patients and after p53 pep-

tide vaccination [123–125]. However, the levels of CD4?

CD25? Treg cells can significantly increase after p53

vaccination [126]. A DC-based p53-targeting vaccine

consisting of three wild-type and three modified p53-

derived HLA-A*0201-binding peptides was used to

immunize HLA-A2-positive patients who had progressive

metastatic breast cancer after chemotherapy [41, 127]. In

eight of the 19 evaluated patients, the disease stabilized.

High levels of serum YKL-40 and IL-6 were associated

with poor prognoses. YKL-40, also known as chitinase-3-

like protein 1, is one of the inflammatory mediators

secreted by macrophages and granulocytes and is able to

promote tumor growth by up-regulating anti-apoptotic

protein levels in the tumor cells [127]. In a phase II trial of

the same vaccine in combination with low-dose IL-2, 5 of

22 patients had CTL reactivity to wild-type p53 epitopes

[128].

4.10 Combination of CD4? T-Helper Cell (HLA class

II) Epitopes with HLA Class I Epitopes in Breast

Cancer Vaccines

CD8? T cells also need the ‘help’ of CD4? Th cells to be

activated. Longer peptides cannot bind to MHC class I

molecules and have to be taken up and processed by DCs

[29, 31]. Presentation of both CD8? and CD4? T-cell

epitopes by DCs improves the killing capacities of both

types of T cells [79, 80, 129]. HLA class II peptides pro-

long epitope presentation in draining lymph nodes and

elicit a strong Th cell response to activate immunological

memory, resulting in effective clonal expansion and

increased IFN-c production by effector cells [79, 80, 130–

133]. Long peptides consisting of both MHC class I and II

epitopes require the proteosomal activity of professional

APCs like DCs and improve vaccine efficiency by bringing

Th cells and CTL precursors together for a more effective

immune response [80, 130].

Two clinical trials in breast cancer have tested whether

HER2-specific CD8? T-cell immunity could be elicited by

HER2-derived MHC class II helper peptides together with

an HLA class I epitope [79, 80]. In one of these trials, 19

HLA-A2-positive patients received a vaccine preparation

consisting of one of three HER2 helper epitopes, which

contained HLA-A2-binding motifs. After vaccination,

peptide-specific T cells were able to lyse tumor cells,

suggesting that HER2 MHC class II-binding peptides that

contain MHC class I epitopes can induce long-acting

HER2-specific, IFN-c–producing CD8? T cells [79, 80].

4.11 Epitope Spreading by Single TAA Peptide

Vaccines

Another important concept that emerged from peptide-

based vaccines for cancer is ‘epitope spreading’ or ‘antigen

spreading’ where the initial adaptive immune response

against an immunizing antigen (e.g., peptide) facilitates a

domino-like effect boosting previous T-cell responses or

inducing new T-cell responses against other epitopes in the

same TAA and/or against other TAAs not in the original

vaccine [54]. This is a critical concept in cancer vaccines

and has been also addressed in the breast cancer peptide

vaccine field. For example, a clinical trial by Mittendorf

et al. showed that the vaccination of patients with the E75

HER2-derived HLA class I-binding peptide with GM-CSF

induced a response to another HLA class I-binding HER2

peptide epitope called GP2 as well as a response against an

epitope (E41) from another TAA, the folate-binding pro-

tein [134, 135]. This suggests the peptide vaccination using

short peptide with adjuvant induced not only antigen-spe-

cific CD8? T cells but also both epitope spreading and

antigen spreading.

4.12 Combination of Other Treatments with Peptide

Vaccination

To increase the power of peptide vaccination in the adju-

vant setting, combination treatments could be tested

whereby adding other therapies inducing a stronger effect

may reduce tumor burden. First, the combination of peptide

vaccines and adoptive cell transfer (ACT) should be con-

sidered. ACT by peripheral blood lymphocytes or tumor

infiltrating lymphocytes involves the selection of autolo-

gous lymphocytes with antitumor activity expressing

tumor-specific receptor. Vaccinating with peptides from

TAAs before or after ACT may increase tumor-specific T

cells in patients. Another possible approach is to combine
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peptide vaccine (especially long multi-epitope vaccines)

with oncolytic viruses such as pox viruses, herpes simplex

viruses, vesicular stomatitis virus (VSV) and Maraba virus

[35, 136, 137]. These oncolytic viruses are usually injected

locally directly into accessible tumors (intra-tumoral

injection) where tumor cells are more susceptible to viral

infection and death, releasing TAAs to prime T-cell

responses that can be further boosted by TAA vaccines [35,

136, 137].

Furthermore, combination with targeting co-inhibitory

receptor (e.g., CTLA-4, PD-1, PD-L1, LAG3) or co-stim-

ulatory receptor (e.g., ICOS, OX40, CD40) also has the

potential to yield better outcomes for patients. For exam-

ple, in Stage III–IV high-risk melanoma patients receiving

a vaccine consisting of three tumor antigen epitopes

(gp100, MART-1, and tyrosinase) with adjuvant Monta-

nide ISA 51 and CTLA-4 monoclonal antibody induced

strong CD8? T-cell response, as determined using

enzyme-linked immunospot (ELISPOT) assays [138]. In

addition, inhibiting other immunosuppressive pathways

may also further boost vaccine-specific T-cell responses

and epitope and antigen spreading. For example, the use of

an inhibitor of the immunoregulatory enzyme, indoleamine

2,3-dioxygenase (IDO), or antibodies to suppressive cyto-

kines such as transforming growth factor beta (TGF-b) can

be considered [139, 140]. IDO inhibits T-cell activation

and proliferation through tryptophan degradation. TGF-b is

a key immunosuppressive cytokine that inhibits the

immune response at multiple levels, including preventing

DC maturation and limiting T-cell division after activation

[139, 140]. Additionally, targeted therapy with tyrosine

kinase inhibitors, such as mutant BRAF inhibitor, could

provide immuno-modulatory effects on vaccine-induced

T-cell responses. BRAF is mutated in some cancers such as

melanoma where V600E mutations are quite prevalent and

can be targeted by specific inhibitors by binding to the ATP

binding pocket [141]. Paradoxically, these specific mutant

BRAF inhibitors actually activate immune cells with wild-

type BRAF by inducing the formation of BRAF-CRAF

dimers [142] and can potentiate anti-tumor CD8? T-cell

responses and ACT [143].

5 Summary and Future Directions

Ample pre-clinical data have demonstrated efficacy of

peptide vaccination in generating immune responses that

can potentially kill cancer cells. However, their mecha-

nisms of action warrant further investigation. Peptide

vaccination and peptide-pulsed DC vaccination may have

potential for use as adjuvant therapy to prolong relapse-free

survival and overall survival, but the issue of the extent of

the T-cell response and the persistence of adequate

memory cells relative to the time of relapse (that can be

quite long in many primary breast cancer patients) is a huge

issue that needs to be addressed. It is not known how long

these adjuvant phase vaccines targeting HER2 epitopes, for

example, need to be given as prime-boost regimens and

whether they can induce truly long-lived central memory T

cells. If these vaccines cannot establish long-lived central

memory cells, then periodic boosting will always be

required. In addition, newer vaccine formulations testing

different adjuvants triggering a stronger innate immune

response and APC (DC) activation are needed to enhance

both CD8? and CD4? T-cell immunity and improve the

persistence of memory T cells in this context. Some data

suggest that vaccination therapy may be beneficial when

combined with standard therapies, such as chemotherapy,

given sequentially [144, 145]. However, chemotherapy is

still a troublesome option when trying to induce or main-

tain a cellular immune response and establish long-lived

memory cells. Careful selection of suitable chemotherapy

agents that are compatible in this regard will be needed,

and this is largely an empirical exercise requiring costly

clinical trials. However, animal models may help. Fur-

thermore, combination therapies with peptide vaccines and

immune checkpoint blockade (e.g., anti-CTLA-4 or anti-

PD-1), or adoptive T-cell transfer therapy might deliver a

stronger anti-tumor response than peptide therapy alone. A

big question remains; what is the future of peptide vacci-

nation in breast cancer care, against the current panel of

TAAs?

The notion of starting adjuvant phase vaccines after

primary tumor removal may also be a troublesome pros-

pect. The reason is that the source of antigen (TAAs)

driving the initial T-cell response and maintaining the

TAA-specific effector-memory T cells in the first place (the

tumor) is removed; original tumor removal paradoxically

also severely reduces the antigen load in the system needed

to maintain the turnover and survival of these memory

cells. Thus, depending on the rate of attrition of the

memory T-cell response, adjuvant-phase vaccine regimens

initiated after a long time interval, or after the memory

response has been largely lost, may be akin to ‘waking up a

dead horse’. This conceptual point has not been debated in

the field and work needs to be done to determine the lon-

gevity of these initial immune responses after removal of

the primary tumor in patients to gauge whether it is worth

vaccinating patients in the first place with the TAAs in

question. Thus, assuring that an adequate level of the pre-

existing TAA response still persists, against which the

vaccine is formulated, may be a critical biomarker to select

patients in this regard.

One of the critical problems plaguing the breast cancer

vaccine field, still largely ignored, is that most TAAs being

targeted repeatedly in study after study are from over-
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expressed tissue differentiation antigens like HER2,

MUC1, and CEA and others, and are the subjects of strong

self-tolerance mechanisms in the immune system. This

tolerance occurs because these antigens are expressed on

indispensable normal tissues such as the heart, lung, pan-

creas, kidney, brain, and colon. It is difficult to balance

triggering a strong enough cell-mediated immune response

against these antigens to really make a difference in pro-

tecting patients from metastatic disease and the toxicities

that would be associated with such an immune response.

Even other antigens such as Survivin are troublesome, as

recent studies have shown that triggering a high-affinity

T-cell response against Survivin can actually cause acti-

vated T cells to kill each other because Survivin is also a

critical anti-apoptotic molecule required by T cells [146].

WT-1, p53, hTERT and other similar TAAs also suffer

from similar issues. The most pressing problem is the high

degree of pre-existing immune tolerance that has elimi-

nated T cells with TCRs having high affinity for peptide

epitopes presented from these antigens on self-MHC mol-

ecules. This results in only low-affinity T-cell responses

being elicited against these TAAs by any vaccine

(regardless of the strength of the adjuvant). Thus, even in

primary breast cancer patients with no disease, these

adjuvant-phase vaccines will mean little in terms of fight-

ing off newly progressing metastatic lesions due to the

weak immune reactivity of these T cells. Unfortunately,

this is one of the great lessons of the history of peptide

vaccination against TAAs over the last few decades.

However, out of the shadows has arisen a new and

exciting set of tumor antigens targeting tumor-specific

mutations. Recent data suggests that ultimately the potent

T-cell responses against breast cancer may ultimately be

against mutated antigens or against the tumor mutanome

and these can be harnessed now using our existing genetic

technologies. In this case, neo-epitopes from proteins

derived from mutated tumor genes presented by DCs trigger

potent CD4? and CD8? T-cell responses that are not

restricted by previous central and peripheral self-tolerance

mechanisms. The emerging importance of neo-epitope

recognition by T cells in cancer has recently been under-

scored by data from patients receiving autologous tumor-

infiltrating lymphocyte (TIL) therapy. In metastatic stage

IV melanoma patients, TILs recognizing mutated antigens

were found to expand following adoptive transfer and per-

sist in vivo for long periods of time; these mutanome-spe-

cific TIL have been associated with complete durable

responses in patients (NCT00003895) [147]. Mutanome-

specific T-cell responses may also be useful in eradicating

metastatic disease in epithelial-derived cancer, as shown in

a report on a cholangiocarcinoma patient with widespread

metastatic disease who received autologous TIL highly

enriched for a patient-specific mutated antigen and

underwent durable tumor regression ([75 % decrease in

tumor burden) ongoing for more than 2 years as of writing

this review [148]. Newer vaccine strategies are now aimed

at identifying tumor mutations using whole exome

sequencing and mRNA sequencing and predicting epitopes

binding to the patient’s own MHC using epitope binding

prediction algorithms that are improving as the databases

for prediction expand and predictive neural network-based

software improves. These peptides are then synthesized and

used with adjuvants as a vaccine. Plasmid or viral vaccines

incorporating DNA or RNA of single or multiple mutated

antigens in tandem could be another approach, especially by

inserting these antigens into DCs and using intra-nodal

administration to facilitate a strong T-cell response.

Another strategy that is being used in breast cancer and

other tumor types is peptide elution from the surface of

tumor cells and using this as a source of vaccine [149]. In

this case, fresh tumor specimens are used to elute peptide

from MHC molecules using a mild acid treatment and these

peptides are used in a mix with adjuvants to vaccinate

patients. These peptide mixtures would contain epitopes

from mutated genes along with epitopes from normal non-

mutated gene products. The major problem with this

approach, however, is that the mutated epitopes in these

eluted mixtures are rare within an ‘ocean’ of much more

abundant self-epitopes. Moreover, these normal protein

self-epitopes against which strong self-tolerance mecha-

nisms already exist, trigger regulatory T-cell responses that

may shut-off the responses against the mutated epitopes

through a ‘cross-tolerance’ mechanism.

Another area worth watching out for in terms of breast

cancer vaccines is the area of endogenous retroviral anti-

gens, such as human endogenous retroviral antigen-K

(HERV-K) [150]. HERV-K and other HERVs are remnants

of ancient retroviral infections that entered the human

population millions of years ago [151]. These HERVs

represent up to 8.3 % of our genomic sequence [151]. The

genes from HERV-K are silenced in normal cells due to

stop codons, gene insertions, splice sites, and suppression

of transcription by transcriptional repressors in normal

cells [152]. Thus, under normal circumstances these genes

are not expressed and self-tolerance against HERV-K and

other HERVs may not exist. DNA instability inducing

frameshifts, mutations, deletions, and insertions during

tumor initiation and progression can result in the re-

expression of full-length HERV-K genes such as the gag

and envelope protein. Recently, both CD4? T-cell-medi-

ated antibody responses as well as CD8? T-cell responses

against HERV-K epitopes have been detected in breast

cancer patients [153]. It will be interesting to test whether

peptide or recombinant vaccines against these HERVs

along with vaccines against mutated gene products will

have activity against breast cancer in the future.
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