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Abstract. HER2-positive breast cancer is aggressive and associated with poor prognosis worldwide. While
passive immunotherapy using monoclonal antibodies is effective, resistance and recurrence remain major
challenges. HER2-targeted cancer vaccines offer a promising strategy to induce durable, antigen-specific
immune responses. This review summarizes the biological and immunological basis of HER2 targeting,
including oncogenic signaling and tumor antigenicity, and outlines both passive and active
immunotherapeutic approaches. It highlights advances in HER2 vaccines, particularly mRNA-based
strategies, and emphasizes combination therapies with immune checkpoint inhibitors, HER2-targeted agents,
chemotherapy, and radiotherapy to enhance antitumor immunity and overcome immune evasion. Despite
progress, challenges such as low immunogenicity, HLA restriction, and an immunosuppressive tumor
microenvironment limit clinical efficacy. Future directions include optimizing antigen design, expanding
combination strategies, and leveraging artificial intelligence for personalized vaccine development. Overall,
HER2-targeted vaccines represent a promising frontier in next-generation cancer immunotherapy.

1 Introduction

Worldwide, breast cancer is the most common
malignancy in women. It is also the leading cause of
cancer death. According to the Global Cancer
Observatory (GLOBOCAN) 2020 database from the
International Agency for Research on Cancer (IARC),
approximately 2.30 million new breast cancer cases and
666,103 deaths were reported globally in 2022. Using
the Average Annual Percent Change (AAPC) from 2018
to 2022, a study projected global breast cancer incidence
and mortality to 2050. The results suggest that cases
may exceed 6 million worldwide, while a substantial
increase in deaths is predicted, particularly in Asia and
Africa [1]. A different study looked at the current trends
in breast cancer cases and deaths, and how these data
will change in the future. Based on that study, the
number of new breast cancer cases worldwide will reach
about 3.55 million by 2050. Deaths will go up to 1.14
million. These numbers point to a real problem that
breast cancer will become a major public health
challenge around the world [2].

Breast cancer is highly heterogeneous. It has
multiple pathological types and molecular subtypes,
presenting different biological characteristics and
showing different patterns in clinical practice. This
heterogeneity largely depends on critical receptors,
including the estrogen receptor (ER), progesterone
receptor (PR), and human epidermal growth factor
receptor 2 (HER2). HER2 functions as the preferred
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heterodimerization partner for other HER receptors,
forming signaling complexes such as HER2-HER3 that
strongly activate downstream pathways. In addition,
HER2 primarily becomes an oncogene through gene
amplification, leading to  significant protein
overexpression on the cell surface. This overexpression
drives oncogenesis by continuously activating key
downstream signaling pathways.

Among all breast cancer cases, HER2-positive breast
cancer accounts for 15% to 20%. Research shows that
the recurrent risk of patients with HER2-positive tumors
increases significantly, especially in the distant area.
Also, recurrent cases tend to occur within the first five
years after diagnosis, significantly more than the other
molecular subtypesp [3].

Given what we know about HER2 positive tumors,
the situation looks serious, since these cancers are
aggressive and hard to treat. That said, research over the
past two decades has given us real solutions. Many
drugs and vaccines targeting HER2 have been
developed. Most significantly, a first humanized mAb,
Trastuzumab, approved by the Food and Drug
Administration, has dramatically improved survival
rates for patients with this previously aggressive subtype
[4]. It is located on the domain IV of the HER2 receptor
and prevents the formation of homodimers from
overexpressed HER2 molecules. But the drug can fail.
One of the main reasons is that a relatively common
mutation in PIK3CA, working downstream of HER2,
could still promote the proliferation of cancer cells.
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So researchers keep looking for new ways to treat
the disease. Some are engineering oncolytic viruses to
go after HER2. Others are testing epigenetic modulators
like histone deacetylase (HDAC) or EZH2 inhibitors,
trying to restore the cancer's vulnerability to treatment.
Still others are working on cancer vaccines, targeting
antigens such as MUC-1. Vaccines targeting HER2 are
also being gradually developed, including peptide-based
vaccines, HER2 protein-based vaccines, autologous and
allogeneic tumor cell vaccines, dendritic cell vaccines,
and so on [5].

In  summary, although we have active
immunotherapy, passive  immunotherapy, and
chemotherapy now, many challenges remain, and
especially, no HER2-specific vaccine has been
approved for HER2-positive breast cancer so far. Issues
such as the stability of therapeutic effects, the applicable
range for patients, and immune tolerance still remain at
present. This makes it necessary for us to make further
study and improvements on HER2 vaccines.

2 Biological and immunological
rationale

2.1 HER2 signaling and oncogene addiction

The HER2 downstream signaling pathways include the
PI3K/AKT, RAS-RAF-MEK-ERK (MAPK), and
Phospholipase Cy (PLCy) pathways. The PI3K/AKT
pathway can regulate cell survival, while the MAPK and
PLCy pathways can regulate cell proliferation [6].

Firstly, when HER2 forms a dimer with HER3,
HER3 binds to PI3K and activates it. Under the catalysis
of PI3K, PIP2 reacts to produce PIP3, which recruits
AKT and PDK1, causing AKT to be phosphorylated and
activated. The activation of AKT helps regulate other
genes, which ultimately promote tumor growth.

Secondly, dimers’ tyrosine residues become
phosphorylated. This phosphorylation recruits adaptor
proteins Grb2 and SOS, which activate the small
GTPase RAS. This activates the RAS-RAF-MEK-
ERK pathway. The ERK moves into the nucleus and
regulates transcription factors that control gene
expression related to cell proliferation and survival.

Thirdly, the Phospholipase C gamma pathway
generates two important second messengers: [P3
(inositol trisphosphate) and DAG (diacylglycerol). IP3
stimulates the release of Ca*" from intracellular ER
stores into the cytoplasm, activating Ca?'-dependent
signaling pathways like cell migration, vesicle
trafficking, and secretion processes. In the meantime,
DAG remains in the plasma membrane, where it
functions as a key activator of protein kinase C (PKC).
Through effects on the cytoskeleton and signaling
networks, PKC contributes to cell migration and tumor
cell motility, which are important processes in cancer
progression and metastasis.

The next question is, why does HER2 amplification
occur so frequently? The HER2 gene is located on
chromosome 17q12, which has segmental duplications
and DNA motifs prone to rearrangement. These
structures may generate DNA replication fork stalling or

double-strand breaks, and once a break occurs, it may
lead to DNA amplification through error repair [7]. The
Breakage—Fusion—Bridge (BFB) cycle has also been
observed in HER2 amplification cases. And due to the
physiological function of HER2, when some cells
happen to amplify this gene, they will accelerate
proliferation and live longer. So, from the perspective of
evolutionary selection, these cells will become
increasingly numerous, and as a result, cancer cells are
formed.

In conclusion, the logic of HER?2 signaling is simple.
Its genomic instability leads to 17ql2 ERBB2
amplification, and after HER2 overexpression, the three
main pathways are activated. All this gives rise to
oncogene addiction of HER2, and that is why inhibiting
HER2 decreases the tumor growth rate rapidly.

2.2 Formatting the text HER2 as a tumor-
associated antigen

Among HER2-positive breast cancer cases, there are
many ways to escape the immune system, including
downregulation of antigen presentation, upregulation of
immune checkpoints, an immunosuppressive tumor
microenvironment, loss or mutation of the HER2
antigen, and activation of survival signaling pathways.

As mentioned in the previous section, PI3K/AKT
pathway and MAPK pathway activate transcription
factors, which can combine with the promoter of PD-L1
gene, upregulating its expression. Some other
transcription factors are inhibited, including FOXO
family members, thereby inhibiting the expression of
oncogenic miRNAs. NF-kB, otherwise, is activated,
promoting the expression of miRNAs. These all lead to
the increase of PD-L1 protein. The presentation of PD-
L1 inhibits PD-1-positive T cells. This can reduce T-cell
toxicity and proliferation, thereby preventing HER2-
targeted immunotherapy from achieving the expected
outcome.

The Immunosuppressive tumor microenvironment
also protects HER2-positive tumors. The increase of
Immune-suppressing cells, including Regulatory T cells
(Tregs), Myeloid-derived suppressor cells (MDSCs),
and Tumor-associated macrophages (TAMs), means the
increase of Immune suppressive factors (such as TGF-p
and IL-10), and these factors can inhibit the function of
T cells [8].

Although HER2 has long been recognized as a
tumor-associated antigen in breast cancer, several
innovative strategies may improve its effectiveness as
an immunotherapy target. This way, HER2-directed
vaccines could be extended to HER2-low tumors, which
represent a large and previously under-targeted patient
population.

As a self-antigen, the immunogenicity of HER2 is
relatively weak. Ubiquitin fusion could help with the
generation of a large number of short peptide fragments,
and the peptide segment is presented to the cell surface
via MHC class I. This enhances the cytotoxic T-cell
response and the antitumor immune effect. Another
strategy is the development of multi-epitope HER2
vaccines that incorporate both CD8* cytotoxic T-cell
epitopes and CD4* helper epitopes to enhance immune
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activation and generate more durable antitumor
immunity.

There are many other HER2 vaccines and strategies
to incorporate them with other medications, and a
detailed discussion of these strategies follows below.

2.3 Passive and active immunotherapy

Passive immunotherapy refers to the administration of
pre-formed immune components, such as monoclonal
antibodies, to directly target tumor cells without
initiating a de novo adaptive immune response.

Trastuzumab act by inhibiting the PI3K/AKT and
MAPK signaling pathway while inducing Antibody-
Dependent Cellular Cytotoxicity (ADCC). On one hand,
when this IgG1 monoclonal antibody specifically binds
to the extracellular domain IV of HER2, it stops
heterodimer formation. On the other hand, its Fc
segment (the constant region) is exposed outward and
later recognized by Fcy receptor Illa (CD16) expressed
on natural killer cells. Crosslinking of CD16 results in
NK cell activation. That triggers the NK cells to kill the
HER2-positive cancer cell directly by releasing
cytotoxic granules containing perforin and granzymes.
This mechanism has been demonstrated as a key
contributor to the therapeutic efficacy of trastuzumab in
HER2-positive breast cancer.

Other HER2-targeted agents, including pertuzumab
and some antibody—drug conjugates, also retain Fc-
mediated immune effector functions, although their
therapeutic profiles differ in terms of signaling blockade,
receptor dimerization inhibition, or cytotoxic payload
delivery.

The advantage of passive immunotherapy lies in its
immediate effect. However, its inherent defect of
lacking immune memory means that a single treatment
is unlikely to provide long-lasting clinical benefits. On
the contrary, the long-term protection provided by active
immunotherapy depends on the successful activation
and clonal expansion of endogenous lymphocytes.
Among the diverse strategies falling under this umbrella,
therapeutic cancer vaccines represent the mainstream.

The vaccine delivers HER2 antigen to dendritic cells,
which then present the antigen via MHC class I to CD8"
T cells, with co-stimulation provided by CD80/CD86—
CD28 interaction. These cytotoxic T lymphocytes target
HER2-positive tumor cells and destroy them through
perforin or granzyme-mediated apoptosis, Fas/FasL
signaling, and IFN-y secretion. Subsequently, IFN-
ypromotes the upregulation of MHC I class molecules
on tumor cells, leading to an increased visibility by
CD8* T cells. This makes a virtuous circle [9].
Meanwhile, CD4+ T cells differentiate into Thl cells
through MHC class II molecules produces pro-
inflammatory cytokines. The separation is the crucial
bottleneck as to whether a vaccine can prompt powerful
antitumor cell immunity or not. This represents a
continuum of immune response from T cell expansion
to enhancement of effector functions. The helper
function of CD4" T cells is reflected in the development
of plasma cells that secrete antibodies. They also
promote the formation of memory CD8'T cells and
memory B cells, providing long-term immune

protection. In this way, CD4" T cells amplify and
maintain the anti-tumor effect of CD8" T cells.

In conclusion, passive immunotherapy, such as
trastuzumab  targeting HER2, has significantly
improved clinical outcomes in HER2-positive breast
cancer. The effectiveness of these methods is restrained
by acquired resistance and an absence of immunological
memory, which means they must be given continuously.
There is also restricted effectiveness of immune
checkpoint inhibitors that block PD-1/PD-L1 in HER2-
positive tumors due to insufficient pre-activated T cell
responses.

Active immunotherapy proposes to address these
shortcomings by creating antigen-specific immune
responses and providing immune memory. This is why
combining active with passive approaches is particularly
promising. This research shows that it is necessary to
initiate and maintain anti-tumor immunity. The next
section will discuss this, particularly the HER2 vaccine
platform.

3 HER2 vaccine platform

3.1 Captions/numbering

DNA and mRNA vaccines are considered potentially
valuable tools for cancer immunotherapy, as they can
code for tumor antigens and stimulate strong immune
responses. Especially, mRNA vaccines have attracted
much interest due to their better safety profile and
greater  expression and personalized vaccine
development potential.

3.1.1 DNA vaccine

DNA vaccines rely on the delivery of plasmids coding
for specific tumor associated antigens, which are then
processed and presented by APCs to drive the specific
immune response directed against the corresponding
antigens.

DNA-based vaccines work by carrying plasmids
encoding tumor-associated antigens. Once inside host
cells, the antigens get made. Then antigen-presenting
cells (APCs) show these antigens to the immune system.
The HER2 DNA vaccine has changed over time, from
simple antigen delivery systems to complicated
platforms incorporating optimized antigen design,
molecular adjuvants, and other immune-modulating
components. Key innovations include fusion with
immunostimulatory proteins such as Hsp70 and GP96,
which help antigen presentation (especially for CD8+ T
cells) and activate the immune response. The
incorporation of chemokines like CCL19 and CCL21
guides the immune cells to the location of the tumor or
the site where the vaccine acts.

In addition, multi-antigen constructs could cover
more tumor cells and prevent the tumor from escaping,
while adding poly-Th epitopes to the vaccine construct
could activate CD4" T cells. Importantly, early clinical
trials  confirmed the safety and long-term
immunogenicity of these HER2 DNA vaccines [5].
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3.1.2 mRNA vaccines

The working mechanism of RNA vaccines is largely
similar to that of DNA vaccines. DNA vaccines must
enter the nucleus and go through transcription before
antigen expression can begin. In contrast, RNA vaccines
work directly in the cytoplasm, allowing for faster and
more efficient protein production. Compared to DNA
vaccines, RNA vaccines offer higher immunogenicity
and avoid the risk of genomic integration. In comparison,
mRNA is more efficient, safer and more suitable for
individualization, making it the mainstream in research.
However, they are less stable and more prone to
degradation.

3.1.3 Self-replicating RNA(SrRNA)Vaccines

SrRNA vaccines avoid the disadvantage of ecasy
degradation. SrRNA vaccines, adding a replicase
derived from the alphavirus type A virus to the regular
mRNA, can self-amplify after entering cells. This
enables the continuous high expression of the antigen
protein. A review confirms that HER2-encoding self-
replicating RNA vaccines have entered clinical
evaluation due to the fact that they could induce immune
responses, including T cell and antibody responses [10].
Importantly, increased perforin expression in CD8* T
cells has been observed and is associated with improved
clinical outcomes.

3.1.4 mRNA-based Cellular Inmunotherapy (CAR-
T/TCR)

MRNA platforms activate the immune system to
specifically recognize and attack cancer cells. Among its
delivery modalities, using mRNA-engineered T cells
stands as an innovative advancement in adoptive
cellular Immunotherapy. MRNA intracellular delivery
enables rapid, transient, and non-integrative expression
of therapeutic receptors. In such cases, mRNA-based
platforms may be applied to engineer immune cells,
such as T cells, to target alternative tumor-associated
antigens (e.g., HER2, MAGE-A3, NY-ESO-1,
mesothelin, and MUCI1) [11]. The receptor is then
introduced into T cells via mRNA, thereby conferring
upon them the ability to recognize the antigen.
Subsequently, these T cells are re-administered to the
patient to eliminate tumor cells. It works especially for
TNBC (Triple-Negative Breast Cancer), which refers to
a type of breast cancer that lacks the expression of ER,
PR and HER2 simultaneously. Since anti-HER2
targeted drugs would not work in these patients, the
vaccine is the most promising treatment strategy.

3.1.5 Personalized mRNA vaccines

Finally, a personalized HER2 mRNA vaccine is
presented. Since it is easy for DNA mutations to occur
when tumor cells constantly reproduce, the protein
sequence changes, resulting in the production of neo-
peptide, which is viewed as neoantigen. Neoantigens act
as tumor-specific targets that are recognized as non-self

by the immune system, thereby eliciting strong and
precise anti-tumor immune responses, while HER2 can
be regarded as a basic antigen.

These vaccines enable rapid and flexible encoding of
tumor-associated antigens such as HER2 as well as
patient-specific neoantigens. While HER2-targeted
vaccines have shown limited efficacy due to immune
tolerance, the integration of neoantigens into mRNA
vaccine design significantly enhances immunogenicity
and therapeutic potential.

3.2 Dendritic cell vaccines

Dendritic Cell Vaccines are usually designed for
personalized treatment, by isolating peripheral blood
mononuclear cells from the patient's peripheral blood
and using cytokines to drive their differentiation into
immature dendritic cells. Then, cells are loaded with
HER2 antigens, such as peptides, proteins, or nucleic
acids, and then re-infused into the patient to elicit tumor-
specific immune responses to patients to stimulate
tumor-specific immunity. Permanent expression of anti-
HER2 chimeric receptors seems to pose a risk of
cardiotoxicity due to low-level HER2 expression on
cardiomyocytes, but it is actually safe when making
multiple, well-controlled infusions. This is because of
the transient nature of mRNA-mediated receptor
expression. The short half-life of the introduced mRNA
allows for on-target tumor killing without irreversible
on-target/off-tumor toxicity.

3.2.1 Improvement approach

The integration of lipid nanoparticle (LNP)-formulated
mRNA and optimized electroporation techniques has
significantly = improved antigen stability and
translational efficiency, bringing DC vaccine platforms
closer to the broader success of mRNA-based
therapeutics.

3.2.2 Clinic trial

A pilot clinical study evaluated HER2-targeted DC
vaccines in combination with neoadjuvant therapy in
patients with early-stage HER2-positive, estrogen
receptor (ER)-negative breast cancer. It focused on
patients with early-stage HER2-positive, estrogen
receptor (ER)-negative breast cancer. Neoadjuvant
therapy is defined as systemic treatment administered
before surgery, whereas clinical guidelines such as those
from the NCCN provide specific recommendations on
therapeutic =~ regimens, including chemotherapy
combined with HER2-targeted agents. The study
demonstrated an acceptable safety profile and an
enhanced HER2-specific T-cell response was detected.
Some patients achieved or approached pCR
(pathological complete response). Although the sample
size is relatively small, this experiment for DC vaccines
points the way forward [12].
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3.3 Peptide-based vaccines

Peptide-based vaccines were one of the first ideas
researchers tested and the most mature one. The peptide-
based vaccines consist mainly of short sequences of
amino acids, tumor-associated antigens, which are
capable of inducing T-cell immunity. The peptides that
are used in HER2 vaccines are found in different regions
of the HER2 molecule, such as E75 (extracellular
domain), AE37 (intracellular domain), and GP2
(transmembrane domain). Even modified peptides, like
[i-Key/HER2 hybrids, further stimulate MHC class II
presentation and induce Th1 immune reactions.

HER?2 peptide vaccines have shown good safety side
effects. Nevertheless, they have a poor clinical efficacy,
especially with large phase III trials. No or minimal
noticeable changes in recurrence rates. This observation
brings forward some of the inherent limitations of
peptide-based vaccines, such as rapid proteolytic
degradation. Delivery systems based on nanoparticles
have been produced in order to increase the stability of
peptides and the circulation time. This difference in
large phase III trials can be attributed to other reasons.
As an illustration, the vaccine can mainly stimulate
CD8+T-cells but has inadequate CD4+ T-cell assistance,
since peptides can not be directly complexed with MHC
I molecules. CD4+T-cells play an important role in
maintaining effective cytotoxic responses. Also, there
has not been an improvement in the immunosuppressive
tumor microenvironment. In this experiment, the
heterogeneity or low levels of HER2 in the selected
groups of patients decreased the immune recognition.

Above all the limitations mentioned, recent
strategies have shifted toward combination therapies.

3.4 Multi-epitope vaccines design

Unlike whole-protein or single-peptide vaccines, HER2
multi-epitope vaccines are designed to incorporate
multiple immunodominant epitopes derived from
different regions of the HER2 protein. They aim to
activate both CD8*cytotoxic and CD4" helper T cells.
Integrating multiple epitopes can broaden population
coverage by incorporating a diverse repertoire of both
MHC class I and class 1I epitopes to overcome HLA
restriction. This kind of vaccine also raises the
evolutionary barrier to immune escape caused by
antigen loss or mutation. These vaccines can be
developed using different platforms, including peptide
constructs, DNA plasmids, and mRNA systems. They
are often combined with adjuvants or nanoparticle-
based delivery systems to enhance immune responses.
A recent study proposed an in silico strategy for
designing multi-epitope vaccines using
immunoinformatics and computational biology tools.
First, based on machine learning, binding affinity
prediction models were applied to identify peptides.
These peptides derived from HER2 can be recognized
by HLA molecules, including cytotoxic T lymphocyte
(CTL) and helper T lymphocyte (HTL) epitopes. These
selected epitopes were then assembled into a single
chimeric sequence using specific linker peptides, which
can ensure proper antigen processing and presentation.

For example, AAY is for MHC class I epitopes and
GPGPG is for MHC class II epitopes. Additional
functional elements were incorporated to boost
immunogenicity and delivery efficiency, such as the
PADRE sequence, which was used to enhance CD4" T-
cell responses and the TAT peptide was used to facilitate
cellular uptake. The designed construct was further
evaluated using ProtParam to assess physicochemical
properties, including molecular weight, theoretical
isoelectric point (pl), stability index, and hydropathicity.
These could predict its suitability for expression.

To determine the spatial conformation, three-
dimensional structure prediction was performed by
homology modeling or Al-based approaches. Then,
molecular docking analysis was conducted to evaluate
interactions with immune receptors. Molecular
dynamics (MD) simulations were also used to check if
the vaccine receptor complex stays stable under
physiological conditions.

Finally, in silico immune simulation tools like C-
ImmSim were used to predict responses, including T-
cell activation, antibody production, and cytokine
release.

It should be noted that all results are based on
computational predictions, so experimental and clinical
validation will be further required due to the complexity
of the human immune system [13].

Overall, the HER2 multi-epitope vaccine is a highly
flexible and precise immunotherapy method. Especially
in the context of the rapid development of Al,
integrating bioinformatics, it holds significant promise
for future development.

4 Combination strategies of HER2-
targeted vaccines

Despite the proven capability of different HER2-
targeted vaccine platforms in inducing antigen-specific
immune responses, there is limited clinical efficacy of
these platforms as monotherapies. In order to make
therapies more effective, the combination strategies
have been targeted, which have already demonstrated its
clinical efficacy.

4.1 Combination with immune checkpoint
inhibitors

HER?2 signaling has a dual role in tumor immunity in the
promotion of immune evasion and immune activation.
Although HER?2 is a tumor-associated antigen that can
stimulate T-cell responses, it elicits immunosuppressive
responses, including the expression of PD-L1 and
attracting inhibitory immune cells. These characteristics
give a good justification for the use of HER2-targeted
vaccines in combination with immune checkpoint
inhibitors to improve antitumor immunity. Specifically,
anti-PD-1/PD-L1 agents block the interaction between
programmed death-1 (PD-1) on T cells and its ligand
PD-L1 on tumor or myeloid cells. This can prevent the
delivery of inhibitory signals, which would hurt the T
cell receptor pathway as well as cut down on cytokine
production. Anti-CTLA 4 antibodies act mainly during
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the priming phase, happening in lymphoid organs. There,
the antibodies stop CTLA-4 from binding to CD80 and
CD86, making it easier for T cells to be activated and
multiply. This strategy is supported by evidence in other
tumor types; in melanoma, there is evidence of
improved efficacy of personalized neoantigen vaccines
in combination with PD-1 blockade [14]. Nonetheless,
studies that advocate this strategy in breast cancer with
HER2-positive tumors are insufficient.

4.2 Combination with anti-HER2 targeted
therapy

HER?2 vaccines combined with monoclonal antibodies
like trastuzumab show greater immunogenicity. The
major mechanism for this is ADCC, where trastuzumab
causes lysis of tumor cells and concomitantly, releases
antigens. These antigens are then opportunistically
captured by dendritic cells for MHC class I presentation,
leading to an increase in cross- presentation and
activation of cytotoxic T cells. HER2 vaccines give the
necessary priming to the T cells, and trastuzumab not
only improves the T cell response but also increases the
available antigens. Clinical studies further support this
synergy, showing improved immune activation and
reduced recurrence rates in patients receiving
combination therapy compared to monotherapy [5].

4.3 Combination with chemotherapy and
radiotherapy

The immunomodulatory effect has been identified with
chemotherapy and radiotherapy. They are also capable
of causing immunogenic cell death (ICD), which
facilitates dendritic cell activation and consequent T-cell
priming. Radiotherapy has been demonstrated to
improve the presentation of antigens and specifically
remodel the tumor microenvironment. Systemic
antitumor responses may also be a consequence of these
effects. Though the direct clinical evidence in support of
the combination is still scarce, by increasing the
availability of antigens and the amplification of immune
activation, chemotherapy and radiotherapy can support
this immune response.

4.4 Combination with a molecular adjuvant

Cytokine-based adjuvants are frequently used together
with HER2-targeted vaccines, including GM-CSF, to
increase immunogenicity. GM-CSF facilitates the
recruitment, differentiation, and maturation of dendritic
cells and enhances antigen absorption and presentation
through major histocompatibility complex (MHC)
molecules. This increases the antigen presentation,
resulting in the increased activation of both CD8+
cytotoxic T lymphocytes and CD4+ helper T cells.

A phase II trial of AE37 vaccine combined with GM-
CSF has already shown low toxicity and increased
CD4+ T cell response. There was also a trend of reduced
recurrence in some of the patients, showing especially
potential benefit in patients with TNBC [15].
Distinctively, DC-based HER2 vaccines bypass the

need for exogenous cytokine adjuvants by directly
utilizing activated antigen-presenting cells.

5 Challenges and future perspectives

Although there are quite impressive technological
advances, there are still several challenges that are
present on the present phase of the development of
HER?2 vaccines. Despite the increase in immunogenicity
due to better delivery systems and more efficient designs,
the strength and stability of antitumor immune
responses cannot be high enough to elicit a consistent
clinical response.

Single-antigen targeting approaches are of limited
use in tumor heterogeneity and changing HER2
expression, specifically in HER2-low disease. Moreover,
although there is ongoing active research on
combination therapy with immune checkpoint inhibitors,
their synergy mechanisms, the best timing, and patient
selection approaches are not completely clear.

Absence of predictive biomarkers and scale of
clinical trials continues to hinder the translation of
HER2 DNA vaccines for clinical use.

Future directions of HER2 DNA vaccines are to
overcome current limitations by way of rational design
and combination approaches. Optimized plasmid
constructs, better delivery systems and molecular
adjuvants to improve the immunogenicity is another
area of effort. At the same time, multi-antigen-based and
neoantigen-based approaches could broaden ACEs by
addressing tumor heterogeneity. The HER2-low disease
likewise highlights the importance of further
implementing more flexible and individualized vaccine
designs.

Artificial intelligence (Al) is proving to be a potent
tool in the development of HER2-targeted therapies and
vaccine development. Predicting patient responses and
allowing accurate stratification using Al-prompted
models will have the potential to enhance the clinical
efficacy of HER2 DNA vaccines. Moreover, machine
learning classifiers can be used to examine
comprehensive genomic and clinical information to
uncover resistance mechanisms and inform combination
strategies. Al can even be used to extend the therapeutic
to prophylactic use by optimizing the selection of
antigens, and identifying people at high risk.
Nevertheless, the challenge of creating prophylactic
HER2 vaccines is still difficult because of immune
tolerance and safety concerns related to acting on self-
antigens.

6 Conclusion

In conclusion, this article summarizes the mechanisms
underlying HER2-positive breast cancer and the reasons
why HER2-positive breast cancer is hard to control and
difficult to cure. It also analyzes the existing passive and
active Immunotherapy for HER2-positive breast cancer,
putting emphasis on various vaccine platforms. Overall,
with the development of the field, studies and clinical
data both show that combination strategies are the way
forward for HER2-targeted vaccines. These include
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mixing passive and active immunity, using different
vaccines  together, improving delivery, and
personalizing the vaccine design, later a push to reach
the market. All of these ideas still need more testing in
the lab. As Al keeps improving, we will likely find new
ways to make vaccines that are both accurate and
effective.
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