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Abstract

Purpose of Review—The breast tumor microenvironment is immunosuppressive and is
increasingly recognized to play a significant role in tumorigenesis. A deeper understanding of
normal and aberrant interactions between malignant and immune cells has allowed researchers to
harness the immune system with novel immunotherapy strategies, many of which have shown
promise in breast cancer. This review discusses the application of immunotherapy to the treatment
of breast cancer.

Recent Findings—Both basic science and clinical trial data are rapidly developing in the use of
immunotherapy for breast cancer. The current clinical trial landscape includes therapeutic
vaccines, immune checkpoint blockade, antibodies, cytokines, and adoptive cell therapy.

Summary—Despite early failures, the application of immunotherapeutic strategies to the
treatment of breast cancer holds promise.
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Introduction

Cancer immunotherapy encompasses an array of strategies to harness a patient’s own
immune system to specifically attack and kill tumor cells. Pioneers such as surgeon William
Coley had long been intrigued by the idea of activating the immune system to attack cancer
cells by injecting tumors with combinations of pathogens and toxins more than 100 years
ago [1]. Clinicians and researchers have long held hope that the patients’ own immune
systems can be employed to eradicate cancer. Unlike other treatment strategies, cell-based
immunotherapy is a living drug, can adapt to stay ahead of evolving tumor cells and has the
benefit of remaining effective even when conventional cytotoxic or targeted drug therapy
fails. In addition to the direct attack on tumor cells, the immune system may elicit indirect
effects by attacking the tumor stroma and “resetting” the immune system to an anti-tumor
surveillance status that is protective against tumor outgrowth. Thus, cancer immunotherapy
holds promise in the treatment and prevention of cancer.

Over the past several decades, Rosenberg and colleagues have focused their work on the use
of patients” own tumor infiltrating lymphocytes as the ultimate targeted cancer therapy.
However, the early successes in treating solid tumors were sporadic [2]. As a result of these
mostly disappointing clinical results, the concept of immunotherapy as a novel cancer
treatment strategy is often met with skepticism. In fact, the important role of the immune
system in the pathogenesis of cancer, especially immune cells within the tumor stroma, was
only recently highlighted as a next-generation hallmark of cancer [3e].

Despite the disappointing results in the past several decades, several key developments
earned cancer immunotherapy the designation of breakthrough of the year among all fields
of science and engineering by Science in 2013 [4]. Several landmark studies based on
strategies against immune checkpoints and adoptive T cell therapy have propelled
immunotherapy to the forefront. The concept is straight-forward: by blocking immune
checkpoint receptors (ICR), which serve as natural inhibitors of cytotoxic T cells or by
infusion of chimeric antigen receptor (CAR) T cells induced anti-tumor immunity [5ee]. In
1996, Allison and colleagues described the effect of cytotoxic T-lymphocyte antigen
(CTLA-4), an immune checkpoint receptor on T lymphocytes [6]. By manipulating the
CTLA-4 receptor, they were able to demonstrate that CTLA-4 blockade restored immune
function. Due to many difficulties in replicating murine discoveries in humans, it was not
until 2010 that the results of the first phase 111 clinical trial demonstrated prolonged survival
in patients with metastatic melanoma treated with ipilimumab, an anti-CTLA-4 antibody [7].
Multiple checkpoint inhibitors were subsequently investigated and approved over the next
several years, including antibodies targeting programmed death (PD-1) receptor and its
ligand, PD-L1, which have become important targets of this burgeoning immune-oncologic
field [8].

Around the same time that the clinical effects of immune checkpoint blockade became
apparent, a cell-based immunotherapy known as sipuleucel-T, an autologous cellular
immunotherapy to treat metastatic prostate cancer, demonstrated a clinical benefit in patients
with metastatic prostate cancer [9]. This therapy involves the isolation of a patient’s
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dendritic cells via leukapheresis and loading these dendritic cells with peptides derived from
prostatic acid phosphatase (PAP), a prostate cancer-specific antigen, and further activating
these dendritic cells with granulocyte-macrophage colony-stimulating factor (GM-CSF).
These activated dendritic cells are then re-infused into the patient with the goal of
stimulating the patient’s immune cells to target prostate cancer cells that express PAP.
Sipuleucel-T gained FDA approval in 2010 for use in prostate cancer. Two clinical trials to
evaluate the effectiveness of sipuleucel-T demonstrated improved survival benefit while one
trial did not [9-11]. Even though sipuleucel-T is FDA approved, the use of sipuleucel-T has
never gained traction, due to a number of issues relating to logistics and unclear clinical
benefit.

The infrastructure necessary to support the clinical use of sipuleucel-T, however, helped
create the foundation for another cell-based immunotherapy known as CAR T cell therapy,
which began to gain prominence after a landmark publication in 2011 [5]. CAR T cells are
redirected effector immune cells genetically modified to deliver tumoricidal functions upon
recognition of a target antigen. CAR T have demonstrated unprecedented effectiveness in the
treatment of hematologic malignancies [5, 12, 13].

Whether these immunotherapy breakthroughs can be added to the current treatment
repertoire for breast cancer is unclear. Barriers include the lack of a tumor-specific antigen
that is uniquely expressed in breast cancer. In addition, much remains to be learned about the
immuno-suppressive nature of the breast tumor microenvironment [14-17]. Generally,
immune infiltrates (especially tumor infiltrating lymphocytes) in breast tumors have been
associated with a good prognosis [18], but T-regulatory cells have also been shown to aid the
tumor in evading effective immune surveillance and killing by blunting the immune
response. Tumor infiltrates of predominately regulatory T cells are associated with a poorer
prognosis [19]. Several other mechanisms employed by solid tumors, including breast
cancer, to evade immune surveillance include downregulation of MHC class | molecules in
order to reduce cytotoxic CD8* T cell activation [20+], and upregulation of cell surface
molecules (such as PD-L1) that inhibit both helper and cytotoxic T cell function by binding
to the immune checkpoint receptor [21]. Recently, myeloid suppressor cells within solid
tumors, including breast cancers, have been shown to suppress cytotoxic CD8* T cell
functions [22, 23], and have prognostic value, as they are associated with worse clinical
outcomes [24, 25].

Despite the above-mentioned barriers, several immunotherapies are under development and
show promise in the treatment of aggressive breast cancer. Here we review several of these
immunotherapies, the challenges to their development and use, and their current clinical
applications. A curated list of immunotherapy trials for breast cancer can be found at the
following link: https://www.cancerresearch.org/scientists/science-of-immunotherapy/cancer-
types/breast-cancer.

Breast Cancer Vaccines

The fundamental concept behind vaccination is exposure to a specific antigen such that,
through active immunity, the immune system develops memory and is able to recognize and
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swiftly respond to the antigen during future exposures. The vaccination paradigm,
commonly used in the prevention of infectious diseases, has been applied to the development
of vaccines for the prevention and treatment of cancer [26]. Preventive vaccines can target a
virus known to be important in malignant transformation of human cells (e.g., human
papilloma virus and cervical cancer) or antigens expressed early in the process of
tumorigenesis. Therapeutic vaccines typically target known cancer antigens.

Intramuscular delivery of peptide antigens is the most basic technique of antigen exposure.
Antigen-presenting cells (APC) phagocytize antigen which is processed intra-cellularly into
peptide fragments (epitope) and then displayed (presented a) onto major histocompatibility
complex (MHC) class I or Il molecules, MHC-I1 or MHC-I. T cells that express T cell
receptors that recognize and bind to the MHC-epitope complex will be activated to carry out
their effector functions. There have been mixed results in the trials of peptide-based breast
cancer vaccines, which have targeted human epidermal growth factor receptor 2 (HER2)
[27e, 28] and mucin 1 (MUCL1) [29]. While peptide vaccines are customizable, easy and
relatively inexpensive to produce, injected peptides are readily degraded and have variable
immunogenicity [30]. Additionally, limitations on interaction with the chosen peptide and
the MHC haplotypes variants must be considered when designing a peptide vaccine [31].
Despite eliciting a measurable immune response, the impact on tumor growth has not been
substantial, so combination therapies and alternative methods of antigen delivery have been
developed [32].

One strategy to overcome the limited immunogenicity of specific peptide vaccines in
established malignancies is to immunize patients with whole tumor cells derived from their
own breast tumor or from breast cancer cell lines [33]. Once tumor cells are killed and
phagocytized, their entire library of antigens, including antigens that have not yet been
identified, can be presented to naive T cells. The benefit of developing multiple tumor
antigen targets simultaneously is that it decreases the likelihood of tumor evasion by down-
regulating expression of one specific antigen [34]. Anti-tumor effects of whole-cell vaccines
in animal models have been further improved with concurrent chemotherapy [33],
highlighting the benefits of vaccination in combination therapies. Use of an autologous,
tumor-derived cell line vaccine for breast cancer revealed that while not all patients mounted
an anti-tumor immune response, those that did had increased survival [35]. Additional work
with whole tumor cell lines has shown that modification of cell surface antigens can improve
immunogenicity [36].

Another approach to antigen delivery is to transfect cells with bacterial DNA plasmids
encoding the antigen of interest, or so-called DNA vaccines [37]. Both intradermal and
intramuscular transfection methods have been utilized, which employ techniques to direct
DNA plasmids into keratinocytes and Langerhans cells, by needle-free injections or
electroporations [38]. Encoded antigen is subsequently translated from the intracellular
plasmids and ultimately presented by dendritic cells to T cells to drive a tumor-specific
immune response. The plasmid can be engineered to code for the antigen itself or a more
complex single chain heterotrimer complex to include antigen along with MHC-1 and B2-
microglobulin molecules, allowing presentation of a specific peptide without reliance on
intracellular processing [39]. Clinical trials of DNA vaccines against HER2 [40] and
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mammaglobin [41], a secretory protein overexpressed in many breast cancers, have shown
promise in stimulating immune responses against these tumor antigens. One issue seen in
clinical trials of DNA vaccines, however, is the development of immune tolerance, or the
failure to mount an immune response to the vaccine antigen due to immunoregulation. Novel
DNA constructs that encode for peptides that have higher T cell binding efficiency and
checkpoint blockade may help overcome these issues [38, 42].

Finally, many researchers have utilized techniques to manipulate patients’ own dendritic
cells ex vivo such that they present tumor antigens of interest, and subsequently administer
to patients as a dendritic cell vaccine [43]. This strategy has been particularly attractive
because dendritic cells are living vaccines as they are professional antigen-presenting cells
which have the ability to activate both CD4* and CD8* T cell immune functions. Strategies
to optimize priming of dendritic cells with tumor-specific antigens or to genetically
engineered epitope expression by transduction using viral vectors are underway [44¢].
Specifically, for breast cancer, HER2 has been one of the most studied antigens targeted by
dendritic cell vaccines. Compelling data in clinical trials utilizing a HER2 dendritic cell
vaccine have shown promise in early breast cancer, inducing tumor-specific T cell responses
in vaccinated patients with HER2* breast cancer and eliminating breast cancer cells that
express the antigen [45-48].

Immune Checkpoint Blockade

One reason why tumor-primed T cells have not been as effective as initially hoped may be
due to the suppression of T cell responses as a result of ligation of their cell surface immune
checkpoint receptors (ICRs) with their cognate ligand expressed by other leukocytes and
tumor cells. Also known as co-inhibitory receptors, ICRs play important roles in inhibitory
pathways that, in a healthy host, are necessary to maintain self-tolerance and protect against
the development of autoimmunity [49]. In cancer, ligation of ICR with its ligand can blunt
the tumor-primed T cells’ response allowing the tumor to escape immune surveillance and
elimination. In fact, the inflammatory cytokines produced within the local tumor
microenvironment induce unrelenting expression of PD-1, thereby facilitating immune
evasion [50]. Table 1 outlines the many ICRs and their ligands known to be important in
human cancers.

The interruption of ICR/ligand interaction within the tumor microenvironment has become
an important immunotherapeutic strategy. Blocking the inhibitory pathways has been shown
to restore functional immune responses to tumor-associated antigens [51]. Monoclonal
antibodies against ICRs and their ligands have shown promise in clinical trial for many
cancer types. Trials have demonstrated modest responses in breast cancer patients to PD-1
and PD-L1 blockade as monotherapy or in combination with conventional chemotherapy
[52-56]. Interestingly, the expression of PD-1/PD-L1 is more prevalent in TNBC,
underscoring the modality’s potential efficacy in treating this unfavorable subtype. PD-1
blockade in heavily pre-treated ER-positive and in triple-negative patients resulted in an
overall response rate of > 14%, with long-lived responses and limited toxicity [52].
Comparable responses were observed upon blockade of PD-L1 [57].
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To improve effectiveness, several approaches have been proposed and tested in preclinical
models. For instance, combining class lla histone deacetylase (HDAC) inhibition with T cell
checkpoint blockade enhances the durability of tumor reduction by modulating macrophage
phenotypes [58]. In addition, anti-angiogenic therapies appear to boost anti-tumor immunity,
enhancing the effectiveness of PD-1 checkpoint blockade [59].

In breast cancer, PD-1 and its ligand, PD-L1, have been the most widely studied. The
presence of both markers has been identified on tumor cells and tumor infiltrating
lymphocytes, especially in triple-negative breast cancers. However, the clinical and
prognostic predictive values of the PD-1 axis have been mixed [60-63]. The presence of
other ICRs like TIGIT and LAG-3 noted in breast cancer (Table 1) may also play important
roles in shaping the immune-tumor interface in breast cancer. In our preliminary studies
using flow cytometry, CD4 expression of TIGIT and co-expression with TIM3 in the breast
tumor microenvironment is prevalent and varies based on breast cancer subtype
(unpublished data). These findings highlight differences in the tumor microenvironment
between breast cancer subtypes and the need to evaluate individual immunotherapeutic
strategies tailored for each breast subtype.

Immune checkpoint blockade is therefore a promising immunotherapeutic strategy that can
synergize with conventional therapies in breast cancer [64]. Clinical trials, including those in
the neoadjuvant setting, are still in progress and should clarify the effectiveness of
checkpoint blockade in various breast cancer subtypes. Full characterization of the
predominant ICRs in the breast tumor microenvironment and any differences between breast
cancer subtypes will dictate which ICR/ligand axis will be the most effective target and may
also serve as prognostic markers and biomarkers of immune activity.

Oncolytic Viruses

The development of oncolytic viruses as cancer therapies is a product of two disciplines,
virology and immunology, specifically, and the identification of tumor-associated antigens.
Viruses can be engineered to preferentially enter tumor cells by altering their target receptor
to a known cell surface antigen or capitalizing on defective interferon pathways in tumor
cells [65]. Alterations in viral nucleic acid and protein metabolism can be employed to
harness the intrinsically higher expression of key enzymes in proliferating tumor cells
compared to normal cells [66]. Once administered to the patient, viruses infect tumor cells,
which are killed or lysed by intracellular replication of the virus, or through viral antigen
processing onto MHC-1, activating virus-specific T cell clones to destroy tumor cells. Tumor
cell lysis, much like a whole tumor cell vaccine, contributes to the overall anti-tumor
immune response by releasing tumor-associated antigens, which are then processed by
antigen-presenting cells — a phenomenon known as epitope spreading.

While there is currently no clinical trial to evaluate the effectiveness of oncolytic virus in
breast cancer, preclinical models have rapidly advanced toward that goal. Some groups are
focused on isolating the most potent virus (in terms of replication and progeny), while
maintaining tumor specificity [67]. Other researchers are arming the viral vectors with
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neutralizing soluble proteins, which interact with immunosuppressive molecules in the
tumor microenvironment and increase tumor cell killing by immune cells [68].

Adoptive Chimeric Antigen Receptor T cell (CAR T) Therapy

As noted above, chimeric antigen receptors (CARS) are synthetic molecules that redirect T
cells to mediate anti-tumor effects. However, in comparison to the robust activities in
hematopoietic malignancies, the effectiveness of CAR T in the treatment of solid tumors
remains modest. Barriers include on-target/off-tumor effects due to the presence of tumor-
associated antigens in normal tissues. Preclinical development of novel CARSs targeting
abnormal O-glycosylation of MUCL1 and aberrant expression of avp6 integrin have
demonstrated promise for surmounting the barrier of normal tissue toxicities and should
move toward the clinic [69, 70]. In addition, the tumor microenvironment of solid tumors is
immunosuppressive, which may limit the potency of CAR T [6]. Therefore, the treatment of
solid tumors using CAR T cells has been largely unsuccessful to date.

In preclinical studies, we found that the cell surface molecule c-Met was frequently
expressed in breast cancer. We utilized a CAR that was specific for c-Met and demonstrated
that the CAR T cells had potent anti-tumor activity in immune-incompetent mice with tumor
xeno-grafts. Therefore, we conducted a phase 0 clinical trial (NCT01837602) to evaluate the
safety and feasibility of treating metastatic breast cancer with intratumoral (IT)
administration of RNA-transfected c-Met CAR T cells. RNA transfection was used to ensure
safety by limiting on-target/off-tumor effects through transient expression of the CAR
molecule. Patients with metastatic breast cancer presenting with accessible cutaneous or
lymph node metastases received a single 1T injection at one of two dose levels: 3 x 107 and
3 x 108 cells. Low-level CAR T mRNA was detectable in peripheral blood and in the
injected tumor tissues shortly after IT injection in two and four patients, respectively. RNA
CAR T c-Met injections were well tolerated in all patients, as none of the patients had
cytokine release syndrome or an adverse event more severe than grade 1 related to the study
drug. Tumors treated with IT RNA CAR T c-Met were excised and analyzed using
immunohistochemistry. Examination of resected tumor revealed extensive tumor necrosis at
the injection site, including abundant cellular debris with loss of c-Met immunoreactivity,
surrounded by macrophages at the leading edge of necrotic zone (manuscript in preparation).
We conclude that IT injections of RNA CAR T c-Met are well tolerated and that they evoke
an inflammatory response within tumors.

The identification of other potential antigen targets will be important in the continued
application of CAR T cell therapy to breast cancer with special attention given to CAR T
cell strategies to tailor specificity and effectiveness against various breast cancer subtypes.
The search for novel tumor antigens specific to breast cancer is crucial in the efforts to
minimize on-target/off-tumor effects of CAR T therapy.

Antibody-Based Therapy

Trastuzumab, a monoclonal antibody against HER2/neu (HER?2), is the most well-known
antibody-based immunotherapy for breast cancer. Originally approved for metastatic HER2
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positive breast cancer in 1998, this targeted therapy has become the mainstay of treatment
regimens for all HER2-positive breast cancers [71-73]. Upon binding to HER2, trastuzumab
induces antibody-dependent cellular cytotoxicity (ADCC) of tumor cells. Pertuzumab,
another anti-HER?2 antibody that was approved in 2013, works to prevent dimerization of
HER2 and HER3 membrane receptor proteins and subsequent downstream signaling
pathways. In combination with trastuzumab, pertuzumab has been shown to be synergistic
when given in the neoadjuvant and, possibly, adjuvant chemotherapy settings [74, 75].

In addition to the immune checkpoint receptors described above, several other antibodies are
currently being studied for the treatment of breast cancer (https://www.cancerresearch.org/
scientists/science-of-immunotherapy/cancer-types/breast-cancer). Margetuximab, another
anti-HER2 antibody, binds to the same epitope as trastuzumab but has been engineered with
an Fc domain that promotes more potent ADCC activity. Margetuximab is under
investigation in two clinical trials for metastatic and refractory HER2-positive cancer. In the
first of these trials, reductions in tumor size were observed in 78% of response-evaluable
breast cancer patients and ex vivo analysis of patient PBMCs confirmed enhanced ADCC
activity of margetuximab compared to trastuzumab [76]. Other antibody-based therapies that
target novel antigens including the cell surface molecule glycoprotein non-metastatic b
(GPNMB) on triple-negative breast cancer cells and endoglin, a marker on endothelial cells
essential for angiogenesis, are currently being investigated.

Strategies that Target Regulatory T Cells in Breast Cancer

In addition to endogenous suppressive mechanisms, such as ICRs, which have been shown
to hamper the effectiveness of cytotoxic T cells, other cell-mediated suppressive
mechanisms have been demonstrated to play significant roles in dampening anti-tumor
immune effector responses. While the legion of lymphocytes that function to suppress
immune function has broadened, including, most prominently, natural killer T cells [77], and
gamma-delta T cells [78, 79], the study of suppressive lymphocytes in the context of cancer
has been historically dominated by regulatory T cells (Tregs). Such focus on this suppressive
lymphocyte subset is due to the accumulation of these cells in the solid tumor mass, which
have been shown to correlate with a poor clinical outcome for patients with breast cancer
[80, 81]. Tregs can be broadly characterized phenotypically as strongly expressing the high
affinity IL-2 receptor a subunit, commonly referred to as CD25, along with the transcription
factor FoxP3. These regulatory lymphocytes employ several mechanisms by which they may
suppress tumor-reactive T cells, including the secretion of TGF-b and IL-10, the metabolism
of ATP to adenosine, as well as the depletion of IL-2 from the local environment [82, 83].

As such, there exists a strong rationale to target these regulatory cells in breast cancer to
rescue potential endogenous anti-tumor immune function as well as to support and promote
the effectiveness of applied immunotherapies. Studies in animals have demonstrated the
ability Treg depletion to synergize with immunotherapy in a murine model of mesothelioma
[84]. Importantly, studies investigating the utility of targeting Tregs in cancer patients
identified a novel mechanism by which the administration of FDA-approved daclizumab, a
monoclonal antibody which specifically targets CD25, selectively reprogrammed Tregs to
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produce IFN-gamma by driving the downregulation of FoxP3; this resulted in robust T cell
responses against vaccine antigens without autoimmunity [85, 86].

Strategies that Target Immunosuppressive Macrophages or Myeloid Cells in

Breast Cancer

Tumor-associated macrophages (TAMS) represent a large cellular component of murine and
human breast cancer tumors [87, 88¢], and acquire distinct phenotypes in response to signals
present within the tumor microenvironment [89]. Within breast cancer, TAMs have been
found to play an immunosuppressive role through release of cytokines and growth factors
such as IL-10, IL-6, TGF-B, and EGF, which promotes tumor progression and metastasis
[90, 91]. Immature myeloid cells, referred to as myeloid-derived suppressor cells (MDSCs),
are also present in the tumor microenvironment, and have their own immunosuppressive
capacity (including on CD8* T cells) and cytokine expression profile [22, 87]. MDSCs are
phenotypically distinct from TAMs due to their increased relative expression of F4/80 [92];
however, MDSCs have been shown to contribute to TAM accumulation and maintenance in
a mouse mammary model and can further differentiate into TAMs [87, 93]. Both
macrophage and MDSC infiltration have been associated with poorer outcomes in breast
cancer and have been found to modulate responses to chemotherapy [93, 94].

Therapies targeting myeloid cells have primarily been aimed at inhibiting localization of
immunosuppressive myeloid cells at tumor sites. However, since immunosuppressive
myeloid cells are recruited to the tumor microenvironment by an array of chemokines,
production of effective anti-macrophage immunotherapies has been difficult. In a mouse
model of breast cancer, administration of a macrophage colony-stimulating factor (CSF-1)
receptor antagonist in combination with paclitaxel-based chemotherapy enhanced the
efficacy of paclitaxel, inhibited metastasis, and increased cytotoxic CD8* T cell infiltration
in tumors [94]. Currently, one trial of CSF-1R inhibitors in breast cancer is ongoing
(NCT0104239). In one murine breast cancer model, anti-chemokine ligand 2 (CCL2)
antibodies were shown to reduce tumor growth but upon withdrawal of the anti-CCL2
treatment a rebound effect was observed [88¢]. Several phase I and Il clinical trials have
tested anti-CCL2 antibodies but found limited effect and none have been performed
specifically in breast cancer. Additionally, several vaccines are under development aimed at
modulating T regulatory cells and MDSCs (NCT02780401 and NCT02157051). Taken
together, targeting immunosuppressive myeloid cells represents a promising immunotherapy
approach for breast cancer treatment.

Current Clinical Trial Landscape

In addition to the evaluations of novel immunotherapies in breast cancer described above,
there is a broad array of ongoing breast cancer immunotherapy clinical trials. A search for
trials of immunotherapies on BreastCancerTrials.org and the Cancer Research Institute
(cancerresearch.org) yielded 80 clinical trials that are currently enrolling breast cancer
patients with disease statuses ranging from remission to failure of traditional therapies. Half
of the trials (n7 = 42) are testing drugs related to immune checkpoint blockade, and almost all
of these trials are focused on suppression of the PD-1/PD-L1 axis. The immune checkpoint
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inhibitors are being tested in combination with one or multiple conventional therapies,
including radiation therapy.

The next most prevalent immunotherapy strategy currently being tested in the treatment of
breast cancer is vaccine-based therapy. Of the 17 vaccine trials, 6 are evaluating the use of
peptide vaccines, 4 are evaluating cell-based vaccines (including dendritic cells), and 4 are
testing DNA vaccines. The HER2 antigen is the most common target of these therapies, and
several trials are testing vaccination as a prevention strategy against cancer recurrence.

Other therapies represent a minority of the current breast cancer immunotherapy clinical
trial landscape. Several CAR T cell trials are currently enrolling, including trials targeting
CEA, HER2, mesothelin, MUC1, NKG2D ligands, ROR1, CD70, and CD133. Other trials
are utilizing cytokines and other small molecules to engage the immune system.

Conclusion

Immunotherapy for breast cancer has lagged behind the field of oncology in tumors such as
melanoma and lung cancer. However, the emergence of immune oncology has offered a new
toolbox to researchers and clinicians in breast cancer treatment, especially for breast cancer
subtypes that lack targeted therapy such as triple-negative breast cancer. In addition to
continuing efforts to identify novel breast cancer-associated antigens, there is still much to
learn about how to most effectively modulate the immune response before, during and after
the administration of these novel immunotherapies to optimize safety and efficacy. Trials of
combination therapies featuring novel immunotherapy and conventional therapy, and even
combinations of immunotherapeutic strategies (such as immune checkpoint blockade
synergy with CAR T) are needed, as these may improve outcome, while mitigating adverse
effects. Future strategies will include the development of therapeutic strategies to address the
immunosuppressive tumor microenvironment to enhance the safety and efficacy of
immunotherapy.
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Immune checkpoint receptors important in human cancers
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Immune checkpoint receptor

Ligand(s) Reported in
breast cancer

FDA-approved immune checkpoint
inhibitors

B- and T-lymphocyte attenuator (BTLA)

Cytotoxic T-lymphocyte—associated antigen-4

(CTLA-4)

Killer immunoglobulin receptor (KIR)
Lymphocyte activation gene-3 (LAG3)
Programmed death-1 (PD-1)

T cell immunoglobulin and ITM domain
(TIGIT)

T cell immunoglobulin-3 (TIM3)

Herpes virus entry
mediator (HVEM)

CD80, CD86 Yes
HLA-C

MHC-II, LSECtin Yes
PD-L1, PD-L2 Yes

CD155, CD112

GAL-9, HMGB-1, Yes
Ceacam-1, PtdSer

Ipilimumab (melanoma)

Pembrolizumab (melanoma, non-small
cell lung cancer (NSCLC), head and neck
cancer)

Nivolumab (melanoma, NSCLC, renal
cancer, Hodgkin’s lymphoma, head and
neck cancer)

Atezolizumab (bladder cancer, NSCLC)
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