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Simple Summary: Breast cancer is one of the most common forms of cancer in women. Treatment
options include immunotherapy where elements of the immune system are used directly or in a
modified form. However, the surrounding ecosystem of a solid tumor forms a complex barrier of
supportive and protective cells that needs to be penetrated to allow immunotherapies to be effective.
A better understanding of the underlying mechanisms of the tumor microenvironment will help
improve immunotherapies. This review will summarize the latest research concerning the tumor
microenvironment of breast cancer and give implications for immunotherapy.

Abstract: Breast cancer is poorly immunogenic due to immunosuppressive mechanisms produced
in part by the tumor microenvironment (TME). The TME is a peritumoral area containing signifi-
cant quantities of (1) cancer-associated fibroblasts (CAF), (2) tumor-infiltrating lymphocytes (TIL)
and (3) tumor-associated macrophages (TAM). This combination protects the tumor from effective
immune responses. How these protective cell types are generated and how the changes in the
developing tumor relate to these subsets is only partially understood. Immunotherapies targeting
solid tumors have proven ineffective largely due to this protective TME barrier. Therefore, a better
understanding of the interplay between the tumor, the tumor microenvironment and immune cells
would both advance immunotherapeutic research and lead to more effective immunotherapies. This
review will summarize the current understanding of the microenvironment of breast cancer giving
implications for future immunotherapeutic strategies.

Keywords: immunotherapy; breast cancer; tumor microenvironment; cancer-associated fibroblasts;
tumor-infiltrating lymphocytes; tumor-associated macrophages

1. Introduction

Breast cancer is one of the most common cancers worldwide, with a global yearly
estimate of 2.3 million new cases and 685,000 yearly deaths, making breast cancer the fifth
leading cause of cancer mortality worldwide [1]. Breast cancers are commonly categorized
by their histopathological appearance (carcinoma in situ and invasive carcinoma) and
molecularly by the expression of estrogen receptors (ER), progesterone receptors (PR) and
human epidermal growth factor 2 (HER2) receptor. The molecular classification is further
subdivided into luminal A (ER+, PR+ and HER2-), Luminal B (ER+, PR+ and HER2+),
HER2-enriched (ER-, PR- and HER2) and basal-like (triple negative breast cancer ER-,
PR- and HER2-) [2]. Receptor-positive breast cancers can be targeted by their molecular
markers since they are dependent on these for growth. Common therapies targeting breast
cancer include neoadjuvant therapies such as hormone treatments, chemotherapy and
immunotherapy before more radical treatment regiments such as mastectomies are used [3].
Immunotherapy is a form of therapy that takes advantage of components of the immune
system such as antibodies and administers these as a treatment against cancer [4]. In breast
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cancer, current immunotherapies are focused on antibodies targeting molecular receptors
on the breast cancer cell surface or targeting the tumor-infiltrating immune cell subset in
the tumor microenvironment. The former treatment leads to receptor blockade inhibiting
proliferative pathways, such as HER2 [5]. The latter treatment makes the immune cells more
potent in finding and eliminating tumor cells or preventing the immune cells from being
inactivated by the tumor cells [3,4,6]. Moreover, a growing body of research is focusing
on the development of cellular immunotherapies involving genetically modified anti-
tumor targeting immune cells, giving them the ability to destroy and hone in on molecular
structures on cancer cells [7]. Cellular immunotherapy has shown spectacular success
against some forms of lymphoma. However, the success against solid tumors have been
more limited [7,8]. The tumor microenvironment (TME) of a solid tumor typically generates
an area of immunosuppression and inflammation around itself that promotes growth and
protects the growing mass. Instead of attacking the neoplasm, elements of the immune
system are coopted by the tumor [9]. In order to attack the tumor, immunotherapies must
penetrate this penumbral region without becoming inhibited, and at the same time not
show off-target activity distal to the tumor. The response to cancer therapy can be traced
back to the patient’s own tumor microenvironment (TME) and its components [10–12].
The TME is a complex part of a solid tumors’ formation and includes a multitude of
components and processes that aids and supports the tumor growth [9,12]. Due to its
complexity, the TME is often referred to as its own organ consisting of cancer-associated
fibroblasts (CAF), infiltrating immune cells such as tumor-infiltrating lymphocytes (TIL)
and tumor-associated macrophages (TAM) [9,13–15]. We have summarized the current
understanding of the breast cancer tumor microenvironment and its main constituents.

2. Breast Cancer Microenvironment

In this review we will focus on the best understood components of the breast can-
cer microenvironment, the CAF and the infiltrating immune cell subsets, TAM and TIL
(Figure 1).

2.1. Cancer-Associated Fibroblasts (CAF)

Fibroblasts are the principal component of connective tissue and are responsible for
the synthesis and modulation of extracellular matrix [13]. In the tumor stroma, a special
type of fibroblast generally referred to as cancer-associated fibroblasts (CAF) are found. It is
thought that CAF are key sources of proteolytic enzymes, growth factors and cytokines that
drive tumor progression through ECM (extra cellular matrix) remodeling, inflammatory
and proliferative signaling [9,13,16]. A clear definition of a general CAF population does
not exist due to both the heterogeneity of the different tissues where CAF are present as
well as the multiple cell types that can form CAF, including locally residing fibroblasts,
pericytes, adipocytes, endothelial cells or bone marrow derived mesenchymal cells [16]. The
current consensus among CAF researchers is that the majority of CAF probably originate
from activated local tissue-resident fibroblasts, but there are clear examples demonstrating
alternative origins [16].

CAF are distinguished by an elongated morphology and typical cell surface markers
that occur when these cell types encounter tumor tissue [9]. However, because of the
large heterogeneity seen in CAF, they are mostly defined by a combination of markers,
functionality, spatial location and morphology [16]. Principle CAF markers include alpha-
smooth muscle actin (α-SMA), fibroblast specific protein 1 and fibroblast activating protein
(FAP) [17]. Additional markers include, alpha/beta (PDGFR α/β) and passive markers,
such as an abundance of ECM components (collagen 1 and fibronectin) [9,13,17].
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Figure 1. Illustration of the immunosuppressive cell types in the breast tumor microenvironment
discussed in this review with a selection of the most common molecules and mechanisms of action
that promotes tumor growth. Abbreviations used for cell types and signaling molecules: CAF
(cancer-associated fibroblasts); CAF-S1 (cancer-associated fibroblasts—subtype 1); TAM (tumor-
associated macrophages); T-reg (regulatory T-cells); CSF-1 (colony-stimulating factor 1); CTLA4
(cytotoxic T-lymphocyte-associated); CXCL (C-X-C motif chemokine); HIF-1 (hypoxia-inducible
factor 1); IDO (Indoleamine 2,3-dioxygenase); IL (interleukin); JAM2 (junctional adhesion molecule 2);
MMP (matrix-metalloproteinase); OX40L (tumor necrosis factor ligand); (PD-L1/2 (programmed
death ligand 1/2); PDGF (platelet-derived growth factor); TGF (transforming growth factor); VEGF
(vascular endothelial growth factor).

Growth factors promoting CAF formation include tumor growth factor beta (TGF-
beta), Fibroblast growth factor-2 (FGF2) and PDGF [16,17]. Of special importance from
an immunological perspective is TGF-beta, as it inhibits CTL and NK cell activity [18,19].
However, the mentioned markers and growth factors are not exclusive to CAF and when
interpreting results linking to CAF, a holistic view of the tumor stroma is paramount.

Clinical evidence has linked fibroblast-induced high mammographic density to an
increased lifetime risk of developing malignancies, suggesting fibroblast involvement in
driving disease progression in breast cancers [20,21]; however, more evidence needs to be
gathered to confirm this hypothesis.

When characterizing the stroma of breast cancer patients, Priwantigrum et al. found
an abundance of the CAF marker α-SMA and high densities of collagen 1 located next to
tumor nests in the breast cancer tissue, indicating CAF involvement in tumor progression.
Interestingly, the results also showed an abundance of blood vessels in the stromal regions
of the tissue samples which implies that drugs administered need to pass a stromal barrier
when extravasating to reach the tumor cells, suggesting a tumor protective physical bar-
rier [22]. This is in line with findings from Kaukonen et al., where a clear difference was
found in the cell-derived matrix stiffness between CAF and normal fibroblasts [23]. A stiffer
ECM was produced by CAF and an increase in the proliferative rate of triple negative breast
cancer cells when grown on a stiffer ECM was observed [23]. Furthermore, it has been
shown that the stroma in aggressive breast cancer subtypes is stiffer with more linearized
collagen bundles, especially at the invasive front of aggressive subtypes (basal like and
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Her2+) compared to less aggressive subtypes (luminal A and B) [21,24]. This finding also
showed a larger concentration of TGF-beta and infiltrating M2-type macrophages in the
invasive front of these aggressive breast cancer subtypes [24]. A stiff ECM produced by
CAF could therefore not only serve as a protective physical barrier, but it could also play a
part in driving tumor progression and tumor malignancy [22,23].

Early experiments have revealed that culturing fibroblasts in tumor conditioned
media or with TGF-beta leads to an activated form of fibroblasts. Yu et al. showed that
isolated CAF from primary breast cancer tissue induce a more aggressive behavior in breast
cancer cell lines when co-cultured or treated with conditioned CAF media [25]. Similar
findings were made in a mammary 3D model with the focus on cell–cell interaction between
dermal fibroblasts, mammary fibroblasts and the breast cancer cell line MDA-MB-231. A
faster aggregation between fibroblasts and tumor cells was observed when fibroblasts
were pre-conditioned with tumor cell media prior to co-culture. Furthermore, a faster
aggregation was observed between human primary mammary fibroblasts and breast cancer
cells compared to dermal fibroblasts, indicating a form of tissue specificity [26]. It has
also been shown that the tumor secretosome and the capacity to convert mesenchymal
stromal cells to CAF differs between breast cell lines, and that this was linked to different
phases of tumor progression [27]. This is in line with the accumulating body of evidence
pointing towards CAF being a heterogeneous population of cells with overlapping markers
depending on tumor type, stage and origin. Further bolstering this claim is research
reported by Raz et al., showing that bone marrow mesenchymal stem cells (BM-MSC) are
a substantial source of CAF in breast carcinomas and that they are specifically recruited
to breast cancer tumors. By injecting a mouse model with traceable BM-MSC, they could
demonstrate that BM-MSCs in circulation only started to differentiate into CAF once they
reached the tumor tissue [28]. This indicates that bone marrow-derived CAF are recruited to
primary tumors and metastatic lesions and express different markers than locally residing
CAF, implicating CAF heterogeneity [28].

A detailed analysis of CAF in breast cancer by Costa et al. showed four distinct CAF
subsets (S1–S4) in the breast cancer stroma. Each subtype showed distinct properties and
accumulated either within tumors (S1 and S4) or juxtatumorally (S2 and S3). Interestingly,
CAF-S1 content was linked to an increased infiltration of T-reg cells and macrophages
while inversely correlating with CD8+ infiltration. Furthermore, it was demonstrated that
CAF-S1 enhance T-reg differentiation, activity and inhibition of effector T cell proliferation.
These findings show an immunosuppressive role of the CAF-S1 subtype which could not
be confirmed in the other fibroblast subtypes [29].

Development of CAF-specific therapy has been complicated by the expression of
many of the CAF markers on normal tissues. Suggested strategies being developed to
suppress CAF in the TME include controlling key CAF signaling molecules such as TGF-
beta in the tumor microenvironment, CAF depletion through cellular immunotherapies
or oncolytic viruses, ECM targeted therapies and reprograming CAF into tissue resident
fibroblasts [16,30]. Some studies have been able to specifically target CAF in the TME.
By creating an oncolytic adenovirus expressing a bispecific T cell engager targeting both
fibroblast activation protein and CD3e, it was possible to reverse CAF inhibition [31]. In an
alternative approach using a dual chimeric antigen receptor (CAR)-T treatment for multiple
myeloma targeting CAF and myeloma cells, it was possible to overcome CAF inhibition of
CAR activation [32].

Taken together, CAF are a multifaceted component of the TME and as the most
abundant cell type in the tumor stroma, they provide the tumor with proliferative support
and protection. To overcome the tumor stroma in solid tumor immunotherapy, a multitude
of factors needs to be considered and targeted, such as immunosuppressive signaling,
physical stroma barriers, the reciprocal signaling between CAF, tumor and supporter cells
and the re-modulation of the surrounding ECM driven by CAF.
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2.2. Tumor-Infiltrating Lymphocytes (TIL)

TIL are generally defined as tumor-infiltrating lymphocytes [33]. The density and
diversity of TIL in the breast cancer TME are closely related to prognosis and response to
immunotherapy [34,35]. In breast cancer, the most abundant lymphocyte subtypes that
are found are CD4+ and CD8+ T cells [36,37]. Thus, the literature and immunotherapy
strategies concerning TIL in breast cancer are mostly focused on T cell subtypes. Tumors
that have a high CD4+ and CD8+ T cell count are considered immunologically “hot” and
it has been demonstrated that these tumors respond well to immunotherapy. In contrast,
immunologically cold tumors with low T cell infiltrate respond poorly to different forms
of immunotherapy [15]. There is a clear association between the number of TIL and the
response to neoadjuvant therapy or to checkpoint inhibition [34,35]. In some subsets of
triple negative breast cancers, the TIL are an adverse prognostic factor, implying that the
makeup of the TIL is important for the development of the cancer and is linked to the
cancer type [38].

Breast cancer tumors with high amounts of T-regs (CD4+ FOXP3) have a poor progno-
sis as the T-regs exhaust the local T cell immune response [39,40]. However, this exhaustion
might be counteracted by immunotherapeutic strategies that aim to redirect the T cell
response with antibodies that bind cancer antigens to facilitate effector cell and cancer
cell interaction. Research from Egelston et al. showed that exhausted T cell populations
from breast cancer tumors could be redirected and reactivated by using bi-specific anti-
bodies, which specifically bind to two different antigens. In contrast, exhausted T cell
populations from melanoma patients did not show the same ability to reactivate after
exhaustion [41]. This has implications for immunotherapeutic breast cancer treatment
regiments in which local residing T cells could either be redirected to attack tumor cells
using bi-specific antibodies or could be utilized in a combination approach using adoptive
cellular immunotherapies. Combination therapy approaches in which an adoptive cellular
immunotherapy utilizing engineered immune effector cells in combination with antibodies
show a lot of promise in blood malignancy research, but there is a need for more clinical
trials in a solid tumor setting [42,43].

The role of B-cells and plasma cells in anti-tumor immunity is disputed but their
involvement in the TME of breast cancer have recently been established [44–47]. Recently, a
high intertumoral plasma cell density was associated with longer disease-free survival and
longer time to relapse in TNBC suggesting a humoral response in TNBC [45,47]. However,
the underlying causes of these findings is still in need of further investigation.

The development of single cell techniques has made it possible to analyze the complex
cancer ecosystem that exists between the immune cell landscape, the tumor cells and the
tumor microenvironment. Using single cell RNA-sequencing, Azizi et al. established that
there is a greater phenotypical diversity between immune cells found in the tumor tissue
compared to immune cells found in normal mammary tissue. By measuring the variance
of activated genes such as IFNα, IFNγ, TNFα and TGFβ present in the tumor tissue and
in normal mammary tissue, they defined a metric denoted “phenotypic volume”, which
was used to characterize the phenotypic expansion of immune cells in the tumor microen-
vironment. A significant increase in the “phenotypic volume” across all major immune cell
types, such as T-cells, NK cells and myeloid cells, within tumor tissue compared to normal
tissue, was demonstrated [48]. This suggests a great diversity in the immune landscape of
individual tumors, which most likely is associated with the variety of individual tumor
microenvironments, which can differ in inflammation, hypoxia and nutrient supply [49]. It
could also help explain the differences in response to different immunotherapy regiments
in breast cancers. Building further on the single cell approach, a single cell mass cytometry
study on 144 breast tumor samples showed that PD-1+ T cells and PD-L1+ TAM were
common to all breast cancer subtypes and linked increased PD-1 levels to higher T cell
exhaustion rates. By looking at T cell subsets in ER+ and ER- breast cancer subtypes, they
could determine that most of the analyzed ER- and some subsets of ER+ breast tumors had
a higher infiltration of T-regs and high PD-1 + CTLA4+ expressing T cell subsets, indicating
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that these tumor subtypes could respond well to neoadjuvant immunotherapy utilizing
checkpoint inhibitors [50]. This further exemplifies the power of single cell analysis ap-
proaches of patient samples, which can be used to determine what kind of therapy would
have the best therapeutic effect considering the patient’s own immune landscape.

Taken together, TIL activity in the TME helps determine the outcome of some im-
munotherapies and partly explains why some individuals respond better to immunother-
apy than others. Future immunotherapy approaches would gain a lot from looking at
individual TIL setup in the TME and by using a personalized medicine approach tailoring
the therapy to fit the patient. This would allow for manipulation of the dominant TIL subset
through either activating effector cells to fight the tumor or inhibiting immunoinhibitory
immune cells.

2.3. Tumor-Associated Macrophages (TAM)

Tumor-associated macrophages (TAM) are usually described as a macrophage subtype
in the TME that displays an M2-like phenotype. They stimulate tumor progression by pro-
moting tumor cell invasion, migration (MMPs), production of anti-inflammatory cytokines
(TGF-beta, IL-10) and angiogenic factors (VEGF, TNF-alpha, HIF-1) [14,51]. The infiltration
of TAM in the breast cancer stroma has been linked to more aggressive types of breast can-
cer (triple negative/basal like), cancer grade, tumor size and poor overall survival [20,52].
Therefore, TAM seem to play a defining role in the tumor microenvironment, and are thus a
promising target for cancer treatment, in particular in combination approaches to overcome
the solid tumor stroma.

Maturing macrophages respond effectively to cues in the environment in which they
are recruited to by maturing into diverse subtypes with distinct functions [48,53,54]. Due
to their plasticity, it has been suggested that the classical dichotomous characterization
of macrophages is too simple and does not reflect the complexity of the tumor microen-
vironment [54,55]. Data supporting this comes from single cell analysis data of TAM
characterized in breast cancer TME, where both M1 and M2 activated genes have been
shown to be frequently expressed in the same cell in the breast cancer TME [48]. Moreover,
it has been demonstrated that a subtype of pro-angiogenic TAM was coupled to poor
clinical outcomes across multiple cancer types. This pro-angiogenic subtype could also
be coupled to immunotherapy response in melanoma trials in which a better response to
checkpoint inhibition could be seen when a low fraction of the pro-angiogenic subtype
was present [54,56]. These findings overlap with findings from Wagner et al. in which
PD-L1- expressing TAM were found across all analyzed breast cancer subtypes, suggest-
ing that TAM have the ability to negatively influence the response to immunotherapy
by checkpoint inhibition [50]. Furthermore, it has been suggested that TAM can interact
with PD1 checkpoint inhibitors by Fcγ-receptor binding, leading to reduced interaction
of checkpoint inhibition on CD8+ T cells, which in turn leads to a diminished therapeutic
response of PD1 checkpoint inhibitors [57]. This further suggest immunoinhibitory and
tumor protective properties of TAM and might explain the low response to checkpoint
inhibition therapies in some patients. Moreover, when studying the TAM phenotype,
Benner et al. found that in vitro-generated TAM displayed a high PD-L1 expression and
an elevated gene expression of immunoinhibitory molecules, which was comparable to
in vivo TAM [58]. These findings further underline the immunosuppressive function of
TAM suggesting that combination therapies using PD-L1 checkpoint inhibitors might be a
key strategy in the attempt to overcome the tumor stroma. However, a thorough design of
the checkpoint antibodies needs to be considered to stop potential TAM interference by
Fcγ-receptor binding.

TAM have further been implicated in the tumor protective effects that can be seen
in standard breast cancer treatment regiments. Evidence points towards TAM influence
against anti-mitotic agents by supporting tumor cells through survival signaling promoting
anti-apoptotic responses. When depleting specific TAM subtypes, an increased Taxol-
induced apoptosis was observed in mouse model intervention trials. These results implicate
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TAM ability to mediate chemoresistance against cytotoxic agents in the TME [59]. Previous
research confirms this in which a chemotherapeutic resistance against Taxol, Doxorubicin
and Etoposide could be conferred to TAM involvement [60].

Moreover, a high TAM infiltration in breast cancer tissue was positively correlated
to tamoxifen resistance and higher EGFR expression in breast cancer tumors [61]. Later
research established a reciprocal relationship between endocrine-resistant breast tumor
cells and TAM linking endocrine resistance in tumor cells to CCL2 secretion promoted by
TAM [62]. Furthermore, the tumor cells stimulated macrophages into an M2 phenotype,
which in turn increased TAM CCL2 secretion promoting monocytes and macrophage
accumulation in the TME creating a malignant positive feedback loop and endocrine
resistance [61,62]. This reciprocal relationship underlines the effects of TAM in the breast
stroma and its tumor-infiltrating properties, which can lead to therapy resistance.

Taken together, TAM appear to play a distinct tumor protective role in the tumor
microenvironment, in which their ability to respond effectively to their environment seems
to drive ECM modulation and tumor-protecting processes, thus driving malignancy and
tumor progression. Therapies in which the local TAM population can be depleted or
inhibited in the tumor microenvironment is thus a promising strategy in order to overcome
the tumor stroma in future cancer treatment modalities.

3. Implications for Immunotherapy of Breast Cancer

Throughout this review, we have highlighted the most common components of the
TME playing a defining role in the microenvironment of breast cancer that have implications
for immunotherapy, and briefly discussed some strategies that can be used to overcome the
microenvironment of a solid tumor. In this part of the review, we would like to summarize
and discuss some immunotherapeutic approaches that are being worked on that might
be of use for future breast cancer treatment modalities that can overcome the TME in
breast cancer.

3.1. Antibodies

The only immunotherapy currently in use in breast cancer treatment are based on anti-
bodies that target proliferation pathways such as HER2 in breast cancers or immunomod-
ulators such as checkpoint inhibitors (CPI) that target TIL in the breast cancer TME. [3].
Recently, the antibody Sacituzumab targeting the TROP-2 pathway in triple-negative breast
cancer was approved expanding the targeted antibody treatment options beyond HER2
dependent breast cancers [63,64]. Checkpoint inhibitors act on either the PD1/PD-L1 axis or
CTLA-4 on T cells which reduces the interaction between cancer cells and immune effector
cells, preventing the tumor cells from immune escape [65]. They are commonly adminis-
tered with other forms of therapies such as radiotherapy or chemotherapy. CPIs acting
on PD1 are pembrolizumab and nivolumab, whereas PD-L1 inhibitors are atezolizumab,
durvalamab and avelumab [66]. CTLA-4 inhibitors used are ipilimumab and tremeli-
mumab [66]. The effectiveness and viability of CPIs in breast cancer treatment have been
extensively reviewed elsewhere and will not be focused on here [65–68]. Nevertheless,
CPIs are a powerful tool that can be used in future combination therapies that could have
synergistic effects when combined with cellular immunotherapies. This could help to
overcome the tumor microenvironment by making the cellular therapy response more
durable and persistent.

There are immunotherapeutic strategies being worked on that target the TME specif-
ically, but none of these have been used to target the tumor microenvironment of breast
cancer in a clinical setting. However, there are immunotherapies targeting key components
of the TME that are being worked on. Cancer therapy approaches targeting CAF for exam-
ple have been promising in pre-clinical testing, but these have been hard to translate into
the clinic [69]. Current immunotherapeutic approaches targeting CAF directly or indirectly
are blocking antibodies targeting CAF actions or pathways, such as Simtuzumab targeting
the enzyme LOXL2 [70] and Pamrevlumab targeting the connective tissue growth factor
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CTGF [71,72]. Additionally, combination therapies involving small inhibitor molecules and
blocking antibodies such as Galunisertib with Durvalumab targeting TGF-beta signaling in
the TME [73] or RO687428 + Atezolizumab directly targeting the CAF marker FAP are also
being worked on [74].

The tumor protective effects of TAM in the TME could be counteracted by strate-
gies involving blocking antibodies in order to deplete or inactivate TAM in the TME.
Immunotherapy approaches targeting TAM are for example targeting CSF-1R with the
blocking antibody Emactuzumab that leads to TAM depletion in the TME by affecting
proliferative signaling in the TAM population [75]. Recently, Binnewies et al. described that
the surface molecule TREM2 was being enriched in the TAM population of PD1-resistant
tumors. Through targeting of TREM2 with an anti-TREM2 monoclonal antibody, they
could show a depletion of TAM in the TME and an increase in anti-tumor activity [76]. This
shows that new antibody designs targeting TAM could lead to less TAM activity in the
TME and more effective immunotherapies in the treatment of solid tumors.

3.2. Nanoparticles

An emerging approach targeting TME components are nanoparticles which can be
used as a combination approach together with immunotherapies. Nanoparticles as a
drug delivery system can be more easily absorbed and penetrate the TME better than
traditional forms of drug delivery and show prolonged retention times [77]. Due to their
smaller size and absorbability, the tumor protective effects of TAM and CAF could be
surpassed. The viability of nanoparticles in a breast cancer setting has been demonstrated by
Ramesh et al., in which they managed to repolarize M2 macrophages into M1 macrophages
by using supramolecular nanoparticles containing inhibitors targeting CSF1R and MAPK
pathways of macrophages [78]. This strategy would allow for targeted depletion of TME
components such as TAM and CAF, which diminishes the tumor protective effects of
the TME, allowing for immunotherapies to be more effective. Recently, Yang et al. have
extensively reviewed the application of nanoparticles in cancer immunotherapy and have
highlighted the main strategies being worked on in the nanoparticle field that would
disrupt main TME functions [77].

3.3. Cellular Immunotherapy

Cellular immunotherapy has gained traction during the last decade with a large po-
tential to expand solid tumor treatment options. The interest in the field is largely due
to the progress that has been made in synthetic biology and the success of autologous
CAR T-cell therapy against hematological malignancies [79]. However, this is a develop-
ing field, and there are still a few challenges and bottlenecks to overcome. One of these
challenges is the translation into a solid tumor setting [7,80]. In order to improve next
generation cell therapies, strategies being worked on include increasing their viability by
exploring different cell sources such as iPSC, finding better molecular targets, improving
gene modifications and increasing efficiency through stimulating molecules and combi-
nation therapy approaches [80–83]. An example of a strategy that could overcome the
TME is to combine two different targeted cell therapies, in which one specifically targets
TME components depleting the TME and the other targeting the tumor cells to increase
anti-tumor efficiency. The viability of such a strategy against solid tumors was recently
demonstrated by Rodriguez-Garcia et al. in which they managed to specifically deplete
TAM by the sequential administration of TAM targeting T-cells followed by cancer targeting
T-cells, which lead to tumor regression and extended survival in mouse models [84]. Even
though cellular immunotherapy shows good functionality in pre-clinical breast cancer
models [85–87], they have to date not been proven a monotherapy solution to treating
breast cancer. In current breast cancer clinical trials, they are and most probably will be
reliable upon combination approaches in order to overcome the TME and have a lasting
therapeutic response such as the ones that have been seen in hematological malignancies.
To demonstrate this, we searched for recent active trials involving cellular immunotherapy
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utilizing immune effector cells targeting breast cancer focusing on recently added studies
in early phases (Table 1). We identified 17 ongoing trials, and 10 out of 17 include some
form of combination approach using either chemotherapy or checkpoint inhibitors. Two
of these trials are testing CPIs with cellular therapy, whereas four are testing CPIs and
chemotherapy combined with cellular therapy and four are testing chemotherapy and cel-
lular therapy. Nevertheless, all the combination approaches broadly weaken the TME either
through the influence of cell dividing processes through chemotherapy or immunomodu-
lation using CPIs. This is done either before or at the same time as the cellular therapy is
administered [88–96]. However, chemotherapy and CPIs are administered systematically,
which widens the side effect profile. Combining cellular therapies with therapies targeting
the TME components specifically, such as the antibodies mentioned above, might lead to
a better response. Thus far, there is a lack of specific targeting of TME components but
considering the growing understanding of the TME influence in cancer treatment and
the ongoing research in the field, this is bound to change in the future. The best cellular
immunotherapeutic strategy and form of administration for breast cancers that will lead to
a durable response is yet to be determined.

Table 1. Summary of recent active clinical trials using cellular immunotherapy against breast cancer
as a monotherapy or in combination approaches with checkpoint inhibitors or chemotherapy. Clini-
caltrials.gov, accessed March 2022, search terms used were “cellular immunotherapy” and” breast
cancer”, with the search criteria focusing on recently added studies in early phases using cellular
immunotherapy against breast cancer excluding vaccination approaches.

Study Title NCT Interventions Cell Target Phase

HER2-CAR T Cells in Treating
Patients With Recurrent Brain or

Leptomeningeal Metastases

NCT03696030
[97]

Biological: Chimeric Antigen
Receptor T-Cell Therapy HER2 Phase 1;

Recruiting

Autologous huMNC2-CAR44 T
Cells for Breast Cancer Targeting

Cleaved Form of MUC1
(MUC1*)

NCT04020575
[98]

Biological: huMNC2-CAR44
CAR T cells

Biological: huMNC2-CAR44
CAR T cells @ RP2D

MUC1 Phase 1;
Recruiting

EpCAM CAR-T for Treatment of
Nasopharyngeal Carcinoma and

Breast Cancer

NCT02915445
[99]

Biological: CAR-T cells
recognizing EpCAM EpCAM Phase 1;

Recruiting

Genetically Engineered Cells
(MAGE-A1-specific T Cell

Receptor-transduced
Autologous T-cells) and

Atezolizumab for the Treatment
of Metastatic Triple Negative

Breast Cancer, Urothelial Cancer,
or Non-small Cell Lung Cancer

NCT04639245
[88]

Biological: MAGE-A1-specific T
Cell Receptor-transduced

Autologous T-cells
Biological: PD1 Inhibitor

Drug: Atezolizumab
Drug: Fludarabine

Drug: Cyclophosphamide

MAGE-A1 Phase 1/2;
Recruiting

T-Cell Therapy for Advanced
Breast Cancer

NCT02792114
[100]

Biological: Mesothelin-targeted
T cells

Drug: Cyclophosphamide
Drug: AP1903

Mesothelin
Phase 1;

Active, not
recruiting

BATs in Patients With Breast
Cancer and Leptomeningeal

Metastases

NCT03661424
[101] Drug: HER2 BATs n.a Phase 1;

Recruiting
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Table 1. Cont.

Study Title NCT Interventions Cell Target Phase

RAPA-201 Therapy of
Solid Tumors

NCT05144698
[90]

Biological: RAPA-201
Rapamycin Resistant T Cells

Drug: Chemotherapy Prior to
RAPA-201 Therapy

n.a Phase 2;
Recruiting

CAR-T Intraperitoneal Infusions
for CEA-Expressing

Adenocarcinoma Peritoneal
Metastases or Malignant

Ascites (IPC)

NCT03682744
[102] Biological: anti-CEA CAR-T cells CEA

Phase 1;
Active, not
recruiting

Her2-BATS and Pembrolizumab
in Metastatic Breast Cancer

NCT03272334
[91]

Drug: HER2 BATs with
Pembrolizumab HER2 Phase 1/2;

Recruiting

Malignant Pleural Disease
Treated With Autologous T Cells
Genetically Engineered to Target

the Cancer-Cell Surface
Antigen Mesothelin

NCT02414269
[89]

Genetic: iCasp9M28z T cell
infusions

Drug: Cyclophosphamide
Drug: Pembrolizumab

Mesothelin
Phase 1/2;
Active, not
recruiting

A Study to Investigate LYL797 in
Adults With Solid Tumors

NCT05274451
[103] Biological: LYL797 ROR1 Phase 1;

Not yet recruiting

C7R-GD2.CART Cells for
Patients With Relapsed or

Refractory Neuroblastoma and
Other GD2 Positive
Cancers (GAIL-N)

NCT03635632
[92]

Genetic: C7R-GD2.CART cells
Drug: Cyclophosphamide

Drug: Fludarabine
GD2 Phase 1;

Recruiting

A Study of Gene Edited
Autologous Neoantigen

Targeted TCR T Cells With or
Without Anti-PD-1 in Patients

With Solid Tumors

NCT03970382
[93]

Biological: NeoTCR-P1 adoptive
cell therapy

Biological: Nivolumab
Biological: IL-2

neoepitope
(neoE)

Phase 1;
Active, not
recruiting

FT500 as Monotherapy and in
Combination With Immune

Checkpoint Inhibitors in Subjects
With Advanced Solid Tumors

NCT03841110
[94]

Drug: FT500
Drug: Nivolumab

Drug: Pembrolizumab
Drug: Atezolizumab

Drug: Cyclophosphamide
Drug: Fludarabine

Drug: IL-2

n.a Phase 1;
Recruiting

Immunotherapy Combined With
Capecitabine Versus

Capecitabine Monotherapy in
Advanced Breast Cancer

NCT02491697
[104]

Biological: DC-CIK
Immunotherapy

Drug: Capecitabine
Monotherapy and Combination

n.a
Phase 2;

Active, not
recruiting

A Study of DC-CIK
Immunotherapy in the

Treatment of Solid Tumors

NCT04476641
[95] Other: CELL n.a Phase 2;

Recruiting

Immunotherapy Using
Tumor-infiltrating Lymphocytes

for Patients With
Metastatic Cancer

NCT01174121
[96]

Biological: Young TIL
Drug: Aldesleukin

Drug: Cyclophosphamide
Drug: Fludarabine

Drug: Pembrolizumab

n.a Phase 2;
Recruiting
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4. Concluding Remarks

Overcoming the microenvironment in solid tumor immunotherapy is not a trivial
task due to the multifactorial processes and components of the TME that both protects
the tumor and drives its progression. As yet, there are no “magic bullet” solutions to this
problem and a holistic approach against major components of the TME needs to be taken
into account.

A promising addition to cancer research is the more widespread use of single-cell
sequencing, transcriptomic analyses and NGS approaches characterizing the different
responses to immunotherapy. This will allow for a more personalized therapy approach
allowing the optimal treatment modalities to be combined to fit each individual patient
and thus improve the response of immunotherapies.

In future immunotherapy modalities, we believe that combination approaches utilizing
cell therapy, CPI and nanoparticles might become one of the more viable immunotherapy
strategies targeting breast cancer and the tumor microenvironment. This combination
approach would deplete or reprogram the components of the TME by using nanoparticles
and target cancer cells with the homing effects of immunotherapies. Using the strengths of
both therapy strategies combined would potentially increase effectivity and the persistence
of immunotherapies.

Author Contributions: A.S.F., M.J.R. and G.P. have contributed equally and substantially to this
review. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA A Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

2. Fahad Ullah, M. Breast Cancer: Current Perspectives on the Disease Status. In Breast Cancer Metastasis and Drug Resistance:
Challenges and Progress; Advances in Experimental Medicine and Biology; Ahmad, A., Ed.; Springer International Publishing:
Cham, Switzerland, 2019; pp. 51–64. ISBN 978-3-030-20301-6.

3. Loibl, S.; Poortmans, P.; Morrow, M.; Denkert, C.; Curigliano, G. Breast Cancer. Lancet 2021, 397, 1750–1769. [CrossRef]
4. Emens, L.A. Breast Cancer Immunotherapy: Facts and Hopes. Clin. Cancer Res. 2018, 24, 511–520. [CrossRef] [PubMed]
5. Pernas, S.; Tolaney, S.M. HER2-Positive Breast Cancer: New Therapeutic Frontiers and Overcoming Resistance. Ther. Adv. Med.

Oncol. 2019, 11, 1758835919833519. [CrossRef]
6. Wein, L.; Luen, S.J.; Savas, P.; Salgado, R.; Loi, S. Checkpoint Blockade in the Treatment of Breast Cancer: Current Status and

Future Directions. Br. J. Cancer 2018, 119, 4–11. [CrossRef] [PubMed]
7. Morotti, M.; Albukhari, A.; Alsaadi, A.; Artibani, M.; Brenton, J.D.; Curbishley, S.M.; Dong, T.; Dustin, M.L.; Hu, Z.; McGranahan,

N.; et al. Promises and Challenges of Adoptive T-Cell Therapies for Solid Tumours. Br. J. Cancer 2021, 124, 1759–1776. [CrossRef]
8. Marofi, F.; Motavalli, R.; Safonov, V.A.; Thangavelu, L.; Yumashev, A.V.; Alexander, M.; Shomali, N.; Chartrand, M.S.; Pathak, Y.;

Jarahian, M.; et al. CAR T Cells in Solid Tumors: Challenges and Opportunities. Stem Cell Res. Ther. 2021, 12, 81. [CrossRef]
9. Hanahan, D.; Coussens, L.M. Accessories to the Crime: Functions of Cells Recruited to the Tumor Microenvironment. Cancer Cell

2012, 21, 309–322. [CrossRef]
10. Beck, A.H.; Sangoi, A.R.; Leung, S.; Marinelli, R.J.; Nielsen, T.O.; van de Vijver, M.J.; West, R.B.; van de Rijn, M.; Koller, D.

Systematic Analysis of Breast Cancer Morphology Uncovers Stromal Features Associated with Survival. Sci. Transl. Med. 2011,
3, 108ra113. [CrossRef]

11. Petitprez, F.; Meylan, M.; de Reyniès, A.; Sautès-Fridman, C.; Fridman, W.H. The Tumor Microenvironment in the Response to
Immune Checkpoint Blockade Therapies. Front. Immunol. 2020, 11, 784. [CrossRef]

12. Hirata, E.; Sahai, E. Tumor Microenvironment and Differential Responses to Therapy. Cold Spring Harb. Perspect. Med. 2017,
7, a026781. [CrossRef] [PubMed]

13. Kalluri, R. The Biology and Function of Fibroblasts in Cancer. Nat. Rev. Cancer 2016, 16, 582–598. [CrossRef] [PubMed]
14. Lewis, C.E.; Pollard, J.W. Distinct Role of Macrophages in Different Tumor Microenvironments. Cancer Res. 2006, 66, 605–612.

[CrossRef]
15. Duan, Q.; Zhang, H.; Zheng, J.; Zhang, L. Turning Cold into Hot: Firing up the Tumor Microenvironment. Trends Cancer 2020,

6, 605–618. [CrossRef] [PubMed]

http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1016/S0140-6736(20)32381-3
http://doi.org/10.1158/1078-0432.CCR-16-3001
http://www.ncbi.nlm.nih.gov/pubmed/28801472
http://doi.org/10.1177/1758835919833519
http://doi.org/10.1038/s41416-018-0126-6
http://www.ncbi.nlm.nih.gov/pubmed/29808015
http://doi.org/10.1038/s41416-021-01353-6
http://doi.org/10.1186/s13287-020-02128-1
http://doi.org/10.1016/j.ccr.2012.02.022
http://doi.org/10.1126/scitranslmed.3002564
http://doi.org/10.3389/fimmu.2020.00784
http://doi.org/10.1101/cshperspect.a026781
http://www.ncbi.nlm.nih.gov/pubmed/28213438
http://doi.org/10.1038/nrc.2016.73
http://www.ncbi.nlm.nih.gov/pubmed/27550820
http://doi.org/10.1158/0008-5472.CAN-05-4005
http://doi.org/10.1016/j.trecan.2020.02.022
http://www.ncbi.nlm.nih.gov/pubmed/32610070


Cancers 2022, 14, 3178 12 of 15

16. Sahai, E.; Astsaturov, I.; Cukierman, E.; DeNardo, D.G.; Egeblad, M.; Evans, R.M.; Fearon, D.; Greten, F.R.; Hingorani, S.R.;
Hunter, T.; et al. A Framework for Advancing Our Understanding of Cancer-Associated Fibroblasts. Nat. Rev. Cancer 2020,
20, 174–186. [CrossRef] [PubMed]

17. Han, C.; Liu, T.; Yin, R. Biomarkers for Cancer-Associated Fibroblasts. Biomark. Res. 2020, 8, 64. [CrossRef]
18. Viel, S.; Marçais, A.; Guimaraes, F.S.-F.; Loftus, R.; Rabilloud, J.; Grau, M.; Degouve, S.; Djebali, S.; Sanlaville, A.; Charrier, E.; et al.

TGF-β Inhibits the Activation and Functions of NK Cells by Repressing the MTOR Pathway. Sci. Signal. 2016, 9, ra19. [CrossRef]
19. Thomas, D.A.; Massagué, J. TGF-β Directly Targets Cytotoxic T Cell Functions during Tumor Evasion of Immune Surveillance.

Cancer Cell 2005, 8, 369–380. [CrossRef]
20. Sharma, M.; Turaga, R.C.; Yuan, Y.; Satyanarayana, G.; Mishra, F.; Bian, Z.; Liu, W.; Sun, L.; Yang, J.; Liu, Z.-R. Simultaneously

Targeting Cancer-Associated Fibroblasts and Angiogenic Vessel as a Treatment for TNBC. J. Exp. Med. 2021, 218, e20200712.
[CrossRef]

21. Northey, J.J.; Barrett, A.S.; Acerbi, I.; Hayward, M.-K.; Talamantes, S.; Dean, I.S.; Mouw, J.K.; Ponik, S.M.; Lakins, J.N.; Huang,
P.-J.; et al. Stiff Stroma Increases Breast Cancer Risk by Inducing the Oncogene ZNF217. J. Clin. Investig. 2020, 130, 5721–5737.
[CrossRef]

22. Priwitaningrum, D.L.; Blondé, J.-B.G.; Sridhar, A.; van Baarlen, J.; Hennink, W.E.; Storm, G.; Le Gac, S.; Prakash, J. Tumor Stroma-
Containing 3D Spheroid Arrays: A Tool to Study Nanoparticle Penetration. J. Control. Release 2016, 244, 257–268. [CrossRef]
[PubMed]

23. Kaukonen, R.; Mai, A.; Georgiadou, M.; Saari, M.; De Franceschi, N.; Betz, T.; Sihto, H.; Ventelä, S.; Elo, L.; Jokitalo, E.; et al.
Normal Stroma Suppresses Cancer Cell Proliferation via Mechanosensitive Regulation of JMJD1a-Mediated Transcription. Nat.
Commun. 2016, 7, 12237. [CrossRef] [PubMed]

24. Acerbi, I.; Cassereau, L.; Dean, I.; Shi, Q.; Au, A.; Park, C.; Chen, Y.Y.; Liphardt, J.; Hwang, E.S.; Weaver, V.M. Human Breast
Cancer Invasion and Aggression Correlates with ECM Stiffening and Immune Cell Infiltration. Integr. Biol. 2015, 7, 1120–1134.
[CrossRef] [PubMed]

25. Yu, Y.; Xiao, C.-H.; Tan, L.-D.; Wang, Q.-S.; Li, X.-Q.; Feng, Y.-M. Cancer-Associated Fibroblasts Induce Epithelial–Mesenchymal
Transition of Breast Cancer Cells through Paracrine TGF- β Signalling. Br. J. Cancer 2014, 110, 724–732. [CrossRef] [PubMed]

26. Wessels, D.J.; Pradhan, N.; Park, Y.-N.; Klepitsch, M.A.; Lusche, D.F.; Daniels, K.J.; Conway, K.D.; Voss, E.R.; Hegde, S.V.; Conway,
T.P.; et al. Reciprocal Signaling and Direct Physical Interactions between Fibroblasts and Breast Cancer Cells in a 3D Environment.
PLoS ONE 2019, 14, e0218854. [CrossRef]

27. Blache, U.; Horton, E.R.; Xia, T.; Schoof, E.M.; Blicher, L.H.; Schönenberger, A.; Snedeker, J.G.; Martin, I.; Erler, J.T.; Ehrbar, M.
Mesenchymal Stromal Cell Activation by Breast Cancer Secretomes in Bioengineered 3D Microenvironments. Life Sci. Alliance
2019, 2, e201900304. [CrossRef]

28. Raz, Y.; Cohen, N.; Shani, O.; Bell, R.E.; Novitskiy, S.V.; Abramovitz, L.; Levy, C.; Milyavsky, M.; Leider-Trejo, L.; Moses, H.L.;
et al. Bone Marrow–Derived Fibroblasts Are a Functionally Distinct Stromal Cell Population in Breast Cancer. J. Exp. Med. 2018,
215, 3075–3093. [CrossRef]

29. Costa, A.; Kieffer, Y.; Scholer-Dahirel, A.; Pelon, F.; Bourachot, B.; Cardon, M.; Sirven, P.; Magagna, I.; Fuhrmann, L.; Bernard, C.;
et al. Fibroblast Heterogeneity and Immunosuppressive Environment in Human Breast Cancer. Cancer Cell 2018, 33, 463–479.e10.
[CrossRef]

30. Liu, T.; Han, C.; Wang, S.; Fang, P.; Ma, Z.; Xu, L.; Yin, R. Cancer-Associated Fibroblasts: An Emerging Target of Anti-Cancer
Immunotherapy. J. Hematol. Oncol. 2019, 12, 86. [CrossRef]

31. Freedman, J.D.; Duffy, M.R.; Lei-Rossmann, J.; Muntzer, A.; Scott, E.M.; Hagel, J.; Campo, L.; Bryant, R.J.; Verrill, C.; Lambert, A.;
et al. An Oncolytic Virus Expressing a T-Cell Engager Simultaneously Targets Cancer and Immunosuppressive Stromal Cells.
Cancer Res. 2018, 78, 6852–6865. [CrossRef]

32. Sakemura, R.; Hefazi, M.; Siegler, E.L.; Cox, M.J.; Larson, D.P.; Hansen, M.J.; Manriquez Roman, C.; Schick, K.J.; Can, I.; Tapper,
E.E.; et al. Targeting Cancer-Associated Fibroblasts in the Bone Marrow Prevents Resistance to CART-Cell Therapy in Multiple
Myeloma. Blood 2022. [CrossRef] [PubMed]

33. El Bairi, K.; Haynes, H.R.; Blackley, E.; Fineberg, S.; Shear, J.; Turner, S.; de Freitas, J.R.; Sur, D.; Amendola, L.C.; Gharib, M.; et al.
The Tale of TILs in Breast Cancer: A Report from The International Immuno-Oncology Biomarker Working Group. NPJ Breast
Cancer 2021, 7, 150. [CrossRef] [PubMed]

34. Loi, S.; Drubay, D.; Adams, S.; Pruneri, G.; Francis, P.A.; Lacroix-Triki, M.; Joensuu, H.; Dieci, M.V.; Badve, S.; Demaria, S.; et al.
Tumor-Infiltrating Lymphocytes and Prognosis: A Pooled Individual Patient Analysis of Early-Stage Triple-Negative Breast
Cancers. J. Clin. Oncol. 2019, 37, 559–569. [CrossRef]

35. Cottu, P.; D’Hondt, V.; Dureau, S.; Lerebours, F.; Desmoulins, I.; Heudel, P.-E.; Duhoux, F.; Levy, C.; Mouret-Reynier, M.-A.;
Dalenc, F.; et al. Letrozole and Palbociclib versus 3rd Generation Chemotherapy as Neoadjuvant Treatment of Minal Breast
Cancer. Results of the UNICANCER-EoPAL Study. Ann. Oncol. 2017, 28, v605. [CrossRef]

36. Ruffell, B.; Au, A.; Rugo, H.S.; Esserman, L.J.; Hwang, E.S.; Coussens, L.M. Leukocyte Composition of Human Breast Cancer.
Proc. Natl. Acad. Sci. USA 2012, 109, 2796–2801. [CrossRef]

37. Buisseret, L.; Garaud, S.; de Wind, A.; Van den Eynden, G.; Boisson, A.; Solinas, C.; Gu-Trantien, C.; Naveaux, C.; Lodewyckx,
J.-N.; Duvillier, H.; et al. Tumor-Infiltrating Lymphocyte Composition, Organization and PD-1/ PD-L1 Expression Are Linked in
Breast Cancer. OncoImmunology 2017, 6, e1257452. [CrossRef]

http://doi.org/10.1038/s41568-019-0238-1
http://www.ncbi.nlm.nih.gov/pubmed/31980749
http://doi.org/10.1186/s40364-020-00245-w
http://doi.org/10.1126/scisignal.aad1884
http://doi.org/10.1016/j.ccr.2005.10.012
http://doi.org/10.1084/jem.20200712
http://doi.org/10.1172/JCI129249
http://doi.org/10.1016/j.jconrel.2016.09.004
http://www.ncbi.nlm.nih.gov/pubmed/27616660
http://doi.org/10.1038/ncomms12237
http://www.ncbi.nlm.nih.gov/pubmed/27488962
http://doi.org/10.1039/c5ib00040h
http://www.ncbi.nlm.nih.gov/pubmed/25959051
http://doi.org/10.1038/bjc.2013.768
http://www.ncbi.nlm.nih.gov/pubmed/24335925
http://doi.org/10.1371/journal.pone.0218854
http://doi.org/10.26508/lsa.201900304
http://doi.org/10.1084/jem.20180818
http://doi.org/10.1016/j.ccell.2018.01.011
http://doi.org/10.1186/s13045-019-0770-1
http://doi.org/10.1158/0008-5472.CAN-18-1750
http://doi.org/10.1182/blood.2021012811
http://www.ncbi.nlm.nih.gov/pubmed/35090171
http://doi.org/10.1038/s41523-021-00346-1
http://www.ncbi.nlm.nih.gov/pubmed/34853355
http://doi.org/10.1200/JCO.18.01010
http://doi.org/10.1093/annonc/mdx440
http://doi.org/10.1073/pnas.1104303108
http://doi.org/10.1080/2162402X.2016.1257452


Cancers 2022, 14, 3178 13 of 15

38. Denkert, C.; von Minckwitz, G.; Darb-Esfahani, S.; Lederer, B.; Heppner, B.I.; Weber, K.E.; Budczies, J.; Huober, J.; Klauschen, F.;
Furlanetto, J.; et al. Tumour-Infiltrating Lymphocytes and Prognosis in Different Subtypes of Breast Cancer: A Pooled Analysis of
3771 Patients Treated with Neoadjuvant Therapy. Lancet Oncol. 2018, 19, 40–50. [CrossRef]

39. Shou, J.; Zhang, Z.; Lai, Y.; Chen, Z.; Huang, J. Worse Outcome in Breast Cancer with Higher Tumor-Infiltrating FOXP3+ Tregs: A
Systematic Review and Meta-Analysis. BMC Cancer 2016, 16, 687. [CrossRef]

40. Plitas, G.; Konopacki, C.; Wu, K.; Bos, P.; Morrow, M.; Putintseva, E.V.; Chudakov, D.M.; Rudensky, A.Y. Regulatory T Cells
Exhibit Distinct Features in Human Breast Cancer. Immunity 2016, 45, 1122–1134. [CrossRef]

41. Egelston, C.A.; Avalos, C.; Tu, T.Y.; Simons, D.L.; Jimenez, G.; Jung, J.Y.; Melstrom, L.; Margolin, K.; Yim, J.H.; Kruper, L.; et al.
Human Breast Tumor-Infiltrating CD8+ T Cells Retain Polyfunctionality despite PD-1 Expression. Nat. Commun. 2018, 9, 4297.
[CrossRef]

42. Myers, J.A.; Miller, J.S. Exploring the NK Cell Platform for Cancer Immunotherapy. Nat. Rev. Clin. Oncol. 2021, 18, 85–100.
[CrossRef] [PubMed]

43. Arvindam, U.S.; van Hauten, P.M.M.; Schirm, D.; Schaap, N.; Hobo, W.; Blazar, B.R.; Vallera, D.A.; Dolstra, H.; Felices, M.; Miller,
J.S. A Trispecific Killer Engager Molecule against CLEC12A Effectively Induces NK-Cell Mediated Killing of AML Cells. Leukemia
2020, 35, 1586–1596. [CrossRef] [PubMed]

44. Shen, M.; Wang, J.; Ren, X. New Insights into Tumor-Infiltrating B Lymphocytes in Breast Cancer: Clinical Impacts and Regulatory
Mechanisms. Front. Immunol. 2018, 9, 470. [CrossRef] [PubMed]

45. Hu, Q.; Hong, Y.; Qi, P.; Lu, G.; Mai, X.; Xu, S.; He, X.; Guo, Y.; Gao, L.; Jing, Z.; et al. Atlas of Breast Cancer Infiltrated
B-Lymphocytes Revealed by Paired Single-Cell RNA-Sequencing and Antigen Receptor Profiling. Nat. Commun. 2021, 12, 2186.
[CrossRef] [PubMed]

46. Yeong, J.; Lim, J.C.T.; Lee, B.; Li, H.; Chia, N.; Ong, C.C.H.; Lye, W.K.; Putti, T.C.; Dent, R.; Lim, E.; et al. High Densities of
Tumor-Associated Plasma Cells Predict Improved Prognosis in Triple Negative Breast Cancer. Front. Immunol. 2018, 9, 1209.
[CrossRef]

47. Sakaguchi, A.; Horimoto, Y.; Onagi, H.; Ikarashi, D.; Nakayama, T.; Nakatsura, T.; Shimizu, H.; Kojima, K.; Yao, T.;
Matsumoto, T.; et al. Plasma Cell Infiltration and Treatment Effect in Breast Cancer Patients Treated with Neoadjuvant
Chemotherapy. Breast Cancer Res. 2021, 23, 99. [CrossRef]

48. Azizi, E.; Carr, A.J.; Plitas, G.; Cornish, A.E.; Konopacki, C.; Prabhakaran, S.; Nainys, J.; Wu, K.; Kiseliovas, V.; Setty, M.; et al.
Single-Cell Map of Diverse Immune Phenotypes in the Breast Tumor Microenvironment. Cell 2018, 174, 1293–1308.e36. [CrossRef]

49. Yuan, Y. Spatial Heterogeneity in the Tumor Microenvironment. Cold Spring Harb. Perspect. Med. 2016, 6, a026583. [CrossRef]
50. Wagner, J.; Rapsomaniki, M.A.; Chevrier, S.; Anzeneder, T.; Langwieder, C.; Dykgers, A.; Rees, M.; Ramaswamy, A.; Muenst, S.;

Soysal, S.D.; et al. A Single-Cell Atlas of the Tumor and Immune Ecosystem of Human Breast Cancer. Cell 2019, 177, 1330–1345.e18.
[CrossRef]

51. Solinas, G.; Germano, G.; Mantovani, A.; Allavena, P. Tumor-Associated Macrophages (TAM) as Major Players of the Cancer-
Related Inflammation. J. Leukoc. Biol. 2009, 86, 1065–1073. [CrossRef]

52. Medrek, C.; Pontén, F.; Jirström, K.; Leandersson, K. The Presence of Tumor Associated Macrophages in Tumor Stroma as a
Prognostic Marker for Breast Cancer Patients. BMC Cancer 2012, 12, 306. [CrossRef]

53. Yang, J.; Zhang, L.; Yu, C.; Yang, X.-F.; Wang, H. Monocyte and Macrophage Differentiation: Circulation Inflammatory Monocyte
as Biomarker for Inflammatory Diseases. Biomark. Res. 2014, 2, 1. [CrossRef] [PubMed]

54. Zhang, L.; Li, Z.; Skrzypczynska, K.M.; Fang, Q.; Zhang, W.; O’Brien, S.A.; He, Y.; Wang, L.; Zhang, Q.; Kim, A.; et al. Single-Cell
Analyses Inform Mechanisms of Myeloid-Targeted Therapies in Colon Cancer. Cell 2020, 181, 442–459.e29. [CrossRef] [PubMed]

55. Quail, D.; Joyce, J. Microenvironmental Regulation of Tumor Progression and Metastasis. Nat. Med. 2013, 19, 1423–1437.
[CrossRef] [PubMed]

56. Cheng, S.; Li, Z.; Gao, R.; Xing, B.; Gao, Y.; Yang, Y.; Qin, S.; Zhang, L.; Ouyang, H.; Du, P.; et al. A Pan-Cancer Single-Cell
Transcriptional Atlas of Tumor-infiltratingiltrating Myeloid Cells. Cell 2021, 184, 792–809.e23. [CrossRef]

57. Arlauckas, S.P.; Garris, C.S.; Kohler, R.H.; Kitaoka, M.; Cuccarese, M.F.; Yang, K.S.; Miller, M.A.; Carlson, J.C.; Freeman, G.J.;
Anthony, R.M.; et al. In Vivo Imaging Reveals a Tumor-Associated Macrophage Mediated Resistance Pathway in Anti-PD-1
Therapy. Sci. Transl. Med. 2017, 9, eaal3604. [CrossRef]

58. Benner, B.; Scarberry, L.; Suarez-Kelly, L.P.; Duggan, M.C.; Campbell, A.R.; Smith, E.; Lapurga, G.; Jiang, K.; Butchar, J.P.;
Tridandapani, S.; et al. Generation of Monocyte-Derived Tumor-Associated Macrophages Using Tumor-Conditioned Media
Provides a Novel Method to Study Tumor-Associated Macrophages in Vitro. J. ImmunoTherapy Cancer 2019, 7, 140. [CrossRef]

59. Olson, O.C.; Kim, H.; Quail, D.F.; Foley, E.A.; Joyce, J.A. Tumor-Associated Macrophages Suppress the Cytotoxic Activity of
Antimitotic Agents. Cell Rep. 2017, 19, 101–113. [CrossRef]

60. Shree, T.; Olson, O.C.; Elie, B.T.; Kester, J.C.; Garfall, A.L.; Simpson, K.; Bell-McGuinn, K.M.; Zabor, E.C.; Brogi, E.; Joyce, J.A.
Macrophages and Cathepsin Proteases Blunt Chemotherapeutic Response in Breast Cancer. Genes Dev. 2011, 25, 2465–2479.
[CrossRef]

61. Xuan, Q.; Wang, J.; Nanding, A.; Wang, Z.; Liu, H.; Lian, X.; Zhang, Q. Tumor-Associated Macrophages Are Correlated with
Tamoxifen Resistance in the Postmenopausal Breast Cancer Patients. Pathol. Oncol. Res. 2014, 20, 619–624. [CrossRef]

http://doi.org/10.1016/S1470-2045(17)30904-X
http://doi.org/10.1186/s12885-016-2732-0
http://doi.org/10.1016/j.immuni.2016.10.032
http://doi.org/10.1038/s41467-018-06653-9
http://doi.org/10.1038/s41571-020-0426-7
http://www.ncbi.nlm.nih.gov/pubmed/32934330
http://doi.org/10.1038/s41375-020-01065-5
http://www.ncbi.nlm.nih.gov/pubmed/33097838
http://doi.org/10.3389/fimmu.2018.00470
http://www.ncbi.nlm.nih.gov/pubmed/29568299
http://doi.org/10.1038/s41467-021-22300-2
http://www.ncbi.nlm.nih.gov/pubmed/33846305
http://doi.org/10.3389/fimmu.2018.01209
http://doi.org/10.1186/s13058-021-01477-w
http://doi.org/10.1016/j.cell.2018.05.060
http://doi.org/10.1101/cshperspect.a026583
http://doi.org/10.1016/j.cell.2019.03.005
http://doi.org/10.1189/jlb.0609385
http://doi.org/10.1186/1471-2407-12-306
http://doi.org/10.1186/2050-7771-2-1
http://www.ncbi.nlm.nih.gov/pubmed/24398220
http://doi.org/10.1016/j.cell.2020.03.048
http://www.ncbi.nlm.nih.gov/pubmed/32302573
http://doi.org/10.1038/nm.3394
http://www.ncbi.nlm.nih.gov/pubmed/24202395
http://doi.org/10.1016/j.cell.2021.01.010
http://doi.org/10.1126/scitranslmed.aal3604
http://doi.org/10.1186/s40425-019-0622-0
http://doi.org/10.1016/j.celrep.2017.03.038
http://doi.org/10.1101/gad.180331.111
http://doi.org/10.1007/s12253-013-9740-z


Cancers 2022, 14, 3178 14 of 15

62. Li, D.; Ji, H.; Niu, X.; Yin, L.; Wang, Y.; Gu, Y.; Wang, J.; Zhou, X.; Zhang, H.; Zhang, Q. Tumor-associated Macrophages Secrete
CC-chemokine Ligand 2 and Induce Tamoxifen Resistance by Activating PI3K/Akt/MTOR in Breast Cancer. Cancer Sci. 2020,
111, 47–58. [CrossRef] [PubMed]

63. Bardia, A.; Hurvitz, S.A.; Tolaney, S.M.; Loirat, D.; Punie, K.; Oliveira, M.; Brufsky, A.; Sardesai, S.D.; Kalinsky, K.; Zelnak, A.B.;
et al. Sacituzumab Govitecan in Metastatic Triple-Negative Breast Cancer. N. Engl. J. Med. 2021, 384, 1529–1541. [CrossRef]
[PubMed]

64. EMA First-in-Class Medicine to Treat Aggressive Form of Breast Cancer. Available online: https://www.ema.europa.eu/en/
news/first-class-medicine-treat-aggressive-form-breast-cancer (accessed on 24 May 2022).

65. Emens, L.A. Breast Cancer Immunobiology Driving Immunotherapy: Vaccines and Immune Checkpoint Blockade. Expert Rev.
Anticancer. Ther. 2012, 12, 1597–1611. [CrossRef] [PubMed]

66. Kwa, M.J.; Adams, S. Checkpoint Inhibitors in Triple-Negative Breast Cancer (TNBC): Where to Go from Here. Cancer 2018,
124, 2086–2103. [CrossRef]

67. Polk, A.; Svane, I.-M.; Andersson, M.; Nielsen, D. Checkpoint Inhibitors in Breast Cancer–Current Status. Cancer Treat. Rev. 2018,
63, 122–134. [CrossRef]

68. Villacampa, G.; Tolosa, P.; Salvador, F.; Sánchez-Bayona, R.; Villanueva, L.; Dienstmann, R.; Ciruelos, E.; Pascual, T. Addition of
Immune Checkpoint Inhibitors to Chemotherapy versus Chemotherapy Alone in First-Line Metastatic Triple-Negative Breast
Cancer: A Systematic Review and Meta-Analysis. Cancer Treat. Rev. 2022, 104, 102352. [CrossRef]

69. Hanley, C.J.; Thomas, G.J. Targeting Cancer Associated Fibroblasts to Enhance Immunotherapy: Emerging Strategies and Future
Perspectives. Oncotarget 2021, 12, 1427–1433. [CrossRef]

70. Benson, A.B.; Thai, Z.; Hawkins, M.J.; Werner, D.; Dong, H.; Lee, C.; Bendell, J.C. A Phase II Randomized, Double-Blinded,
Placebo-Controlled Study to Evaluate the Efficacy and Safety of Simtuzumab (GS-6624) Combined with Gemcitabine as First-Line
Treatment for Metastatic Pancreatic Adenocarcinoma. JCO 2013, 31, TPS4149–TPS4149. [CrossRef]

71. Picozzi, V.; Alseidi, A.; Winter, J.; Pishvaian, M.; Mody, K.; Glaspy, J.; Larson, T.; Matrana, M.; Carney, M.; Porter, S.; et al.
Gemcitabine/Nab-Paclitaxel with Pamrevlumab: A Novel Drug Combination and Trial Design for the Treatment of Locally
Advanced Pancreatic Cancer. ESMO Open 2020, 5, e000668. [CrossRef]

72. Picozzi, V.J.; Duliege, A.-M.; Collisson, E.A.; Maitra, A.; Hidalgo, M.; Hendifar, A.E.; Beatty, G.L.; Doss, S.; Matrisian, L.M.; Herena,
P.S.; et al. Precision Promise (PrP): An Adaptive, Multi-Arm Registration Trial in Metastatic Pancreatic Ductal Adenocarcinoma
(PDAC). JCO 2022, 40, TPS4188–TPS4188. [CrossRef]

73. Melisi, D.; Oh, D.-Y.; Hollebecque, A.; Calvo, E.; Varghese, A.; Borazanci, E.; Macarulla, T.; Merz, V.; Zecchetto, C.; Zhao, Y.;
et al. Safety and Activity of the TGFβ Receptor I Kinase Inhibitor Galunisertib plus the Anti-PD-L1 Antibody Durvalumab in
Metastatic Pancreatic Cancer. J. ImmunoTherapy Cancer 2021, 9, e002068. [CrossRef] [PubMed]

74. Italiano, A.; Verlingue, L.; Prenen, H.; Guerra, E.M.; Tosi, D.; Perets, R.; Lugowska, I.; Moiseenko, V.; Gumus, M.; Arslan, C.; et al.
Clinical Activity and Safety of Simlukafusp Alfa, an Engineered Interleukin-2 Variant Targeted to Fibroblast Activation Protein-α,
Combined with Atezolizumab in Patients with Recurrent or Metastatic Cervical Cancer. JCO 2021, 39, 5510–5510. [CrossRef]

75. Cassier, P.A.; Italiano, A.; Gomez-Roca, C.; Le Tourneau, C.; Toulmonde, M.; D’Angelo, S.P.; Weber, K.; Loirat, D.; Jacob, W.; Jegg,
A.-M.; et al. Long-Term Clinical Activity, Safety and Patient-Reported Quality of Life for Emactuzumab-Treated Patients with
Diffuse-Type Tenosynovial Giant-Cell Tumour. Eur. J. Cancer 2020, 141, 162–170. [CrossRef] [PubMed]

76. Binnewies, M.; Pollack, J.L.; Rudolph, J.; Dash, S.; Abushawish, M.; Lee, T.; Jahchan, N.S.; Canaday, P.; Lu, E.; Norng, M.; et al.
Targeting TREM2 on Tumor-Associated Macrophages Enhances Immunotherapy. Cell Rep. 2021, 37, 109844. [CrossRef] [PubMed]

77. Yang, M.; Li, J.; Gu, P.; Fan, X. The Application of Nanoparticles in Cancer Immunotherapy: Targeting Tumor Microenvironment.
Bioact. Mater. 2021, 6, 1973–1987. [CrossRef] [PubMed]

78. Ramesh, A.; Brouillard, A.; Kumar, S.; Nandi, D.; Kulkarni, A. Dual Inhibition of CSF1R and MAPK Pathways Using Supramolec-
ular Nanoparticles Enhances Macrophage Immunotherapy. Biomaterials 2020, 227, 119559. [CrossRef] [PubMed]

79. June, C.H.; Sadelain, M. Chimeric Antigen Receptor Therapy. N. Engl. J. Med. 2018, 379, 64–73. [CrossRef]
80. Daher, M.; Rezvani, K. Next Generation Natural Killer Cells for Cancer Immunotherapy: The Promise of Genetic Engineering.

Curr. Opin. Immunol. 2018, 51, 146–153. [CrossRef]
81. Iriguchi, S.; Yasui, Y.; Kawai, Y.; Arima, S.; Kunitomo, M.; Sato, T.; Ueda, T.; Minagawa, A.; Mishima, Y.; Yanagawa, N.; et al.

A Clinically Applicable and Scalable Method to Regenerate T-Cells from IPSCs for off-the-Shelf T-Cell Immunotherapy. Nat.
Commun. 2021, 12, 430. [CrossRef]

82. Holder, P.G.; Lim, S.A.; Huang, C.S.; Sharma, P.; Dagdas, Y.S.; Bulutoglu, B.; Sockolosky, J.T. Engineering Interferons and
Interleukins for Cancer Immunotherapy. Adv. Drug Deliv. Rev. 2022, 182, 114112. [CrossRef]

83. Cichocki, F.; Bjordahl, R.; Gaidarova, S.; Mahmood, S.; Abujarour, R.; Wang, H.; Tuininga, K.; Felices, M.; Davis, Z.B.; Bendzick,
L.; et al. IPSC-Derived NK Cells Maintain High Cytotoxicity and Enhance in Vivo Tumor Control in Concert with T Cells and
Anti–PD-1 Therapy. Sci. Transl. Med. 2020, 12, eaaz5618. [CrossRef] [PubMed]

84. Rodriguez-Garcia, A.; Lynn, R.C.; Poussin, M.; Eiva, M.A.; Shaw, L.C.; O’Connor, R.S.; Minutolo, N.G.; Casado-Medrano, V.;
Lopez, G.; Matsuyama, T.; et al. CAR-T Cell-Mediated Depletion of Immunosuppressive Tumor-Associated Macrophages
Promotes Endogenous Antitumor Immunity and Augments Adoptive Immunotherapy. Nat. Commun. 2021, 12, 877. [CrossRef]
[PubMed]

http://doi.org/10.1111/cas.14230
http://www.ncbi.nlm.nih.gov/pubmed/31710162
http://doi.org/10.1056/NEJMoa2028485
http://www.ncbi.nlm.nih.gov/pubmed/33882206
https://www.ema.europa.eu/en/news/first-class-medicine-treat-aggressive-form-breast-cancer
https://www.ema.europa.eu/en/news/first-class-medicine-treat-aggressive-form-breast-cancer
http://doi.org/10.1586/era.12.147
http://www.ncbi.nlm.nih.gov/pubmed/23253225
http://doi.org/10.1002/cncr.31272
http://doi.org/10.1016/j.ctrv.2017.12.008
http://doi.org/10.1016/j.ctrv.2022.102352
http://doi.org/10.18632/oncotarget.27936
http://doi.org/10.1200/jco.2013.31.15_suppl.tps4149
http://doi.org/10.1136/esmoopen-2019-000668
http://doi.org/10.1200/JCO.2022.40.16_suppl.TPS4188
http://doi.org/10.1136/jitc-2020-002068
http://www.ncbi.nlm.nih.gov/pubmed/33688022
http://doi.org/10.1200/JCO.2021.39.15_suppl.5510
http://doi.org/10.1016/j.ejca.2020.09.038
http://www.ncbi.nlm.nih.gov/pubmed/33161240
http://doi.org/10.1016/j.celrep.2021.109844
http://www.ncbi.nlm.nih.gov/pubmed/34686340
http://doi.org/10.1016/j.bioactmat.2020.12.010
http://www.ncbi.nlm.nih.gov/pubmed/33426371
http://doi.org/10.1016/j.biomaterials.2019.119559
http://www.ncbi.nlm.nih.gov/pubmed/31670078
http://doi.org/10.1056/NEJMra1706169
http://doi.org/10.1016/j.coi.2018.03.013
http://doi.org/10.1038/s41467-020-20658-3
http://doi.org/10.1016/j.addr.2022.114112
http://doi.org/10.1126/scitranslmed.aaz5618
http://www.ncbi.nlm.nih.gov/pubmed/33148626
http://doi.org/10.1038/s41467-021-20893-2
http://www.ncbi.nlm.nih.gov/pubmed/33563975


Cancers 2022, 14, 3178 15 of 15

85. Hu, W.; Zi, Z.; Jin, Y.; Li, G.; Shao, K.; Cai, Q.; Ma, X.; Wei, F. CRISPR/Cas9-Mediated PD-1 Disruption Enhances Human
Mesothelin-Targeted CAR T Cell Effector Functions. Cancer Immunol. Immunother. 2019, 68, 365–377. [CrossRef] [PubMed]

86. Byrd, T.T.; Fousek, K.; Pignata, A.; Szot, C.; Samaha, H.; Seaman, S.; Dobrolecki, L.; Salsman, V.S.; Oo, H.Z.; Bielamowicz, K.; et al.
TEM8/ANTXR1-Specific CAR T Cells as a Targeted Therapy for Triple-Negative Breast Cancer. Cancer Res. 2018, 78, 489–500.
[CrossRef]

87. Wallstabe, L.; Göttlich, C.; Nelke, L.C.; Kühnemundt, J.; Schwarz, T.; Nerreter, T.; Einsele, H.; Walles, H.; Dandekar, G.; Nietzer,
S.L.; et al. ROR1-CAR T Cells Are Effective against Lung and Breast Cancer in Advanced Microphysiologic 3D Tumor Models.
JCI Insight 2019, 4, e126345. [CrossRef]

88. Schweizer, M.T.; Gooley, T.; Lee, S.; Gwin, W.R.; Dherin, M.; Hickner, M.; Casserd, J.; McAfee, M.; Schmitt, T.; Yeung, C.C.;
et al. Attamage-A1: Phase I/II Study of Autologous CD8+ and CD4+ Transgenic t Cells Expressing High Affinity MAGE-A1-
Specific T-Cell Receptor (TCR) Combined with Anti-PD(L)1 in Patients with Metastatic MAGE-A1 Expressing Cancer. JCO 2022,
40, TPS592–TPS592. [CrossRef]

89. Adusumilli, P.S.; Zauderer, M.G.; Rivière, I.; Solomon, S.B.; Rusch, V.W.; O’Cearbhaill, R.E.; Zhu, A.; Cheema, W.; Chintala, N.K.;
Halton, E.; et al. A Phase I Trial of Regional Mesothelin-Targeted CAR T-Cell Therapy in Patients with Malignant Pleural Disease,
in Combination with the Anti-PD-1 Agent Pembrolizumab. Cancer Discov. 2021, 11, 2748–2763. [CrossRef]

90. Rapa Therapeutics LLC. Phase II Trial of Autologous Rapamycin-Resistant Th1/Tc1 (RAPA-201) Cell Therapy of PD-(L)1 Resistant
Solid Tumors-Full Text View-ClinicalTrials.Gov. Available online: https://clinicaltrials.gov/ct2/show/NCT05144698 (accessed
on 11 April 2022).

91. Lum, L.G.; Al-Kadhimi, Z.; Deol, A.; Kondadasula, V.; Schalk, D.; Tomashewski, E.; Steele, P.; Fields, K.; Giroux, M.; Liu, Q.; et al.
Phase II Clinical Trial Using Anti-CD3 × Anti-HER2 Bispecific Antibody Armed Activated T Cells (HER2 BATs) Consolidation
Therapy for HER2 Negative (0-2+) Metastatic Breast Cancer. J. ImmunoTherapy Cancer 2021, 9, e002194. [CrossRef]

92. Omer, B. Phase I Study of Autologous T Lymphocytes Expressing GD2-Specific Chimeric Antigen and Constitutively Ac-
tive IL-7 Receptors for the Treatment of Patients With Relapsed or Refractory Neuroblastoma and Other GD2 Positive Solid
Cancers(GAIL-N)- Full Text View-ClinicalTrials.Gov. Available online: https://clinicaltrials.gov/ct2/show/NCT03635632
(accessed on 11 April 2022).

93. Chmielowski, B.; Ejadi, S.; Funke, R.; Stallings-Schmitt, T.; Denker, M.; Frohlich, M.W.; Franzusoff, A.J.; Abedi, M.; Cristea, M.C. A
Phase Ia/Ib, Open-Label First-in-Human Study of the Safety, Tolerability, and Feasibility of Gene-Edited Autologous NeoTCR-T
Cells (NeoTCR-P1) Administered to Patients with Locally Advanced or Metastatic Solid Tumors. JCO 2020, 38, TPS3151–TPS3151.
[CrossRef]

94. Hong, D.; Patel, S.; Patel, M.; Musni, K.; Anderson, M.; Cooley, S.; Valamehr, B.; Chu, W. 380 Preliminary Results of an Ongoing
Phase I Trial of FT500, a First-in-Class, off-the-Shelf, Induced Pluripotent Stem Cell (IPSC) Derived Natural Killer (NK) Cell
Therapy in Advanced Solid Tumors. J. ImmunoTherapy Cancer 2020, 8. [CrossRef]

95. Xia, J. A Study of DC-CIK Immunotherapy in the Treatment of Solid Tumors-Full Text View-ClinicalTrials.Gov. Available online:
https://clinicaltrials.gov/ct2/show/NCT04476641 (accessed on 11 April 2022).

96. Zacharakis, N.; Huq, L.M.; Seitter, S.J.; Kim, S.P.; Gartner, J.J.; Sindiri, S.; Hill, V.K.; Li, Y.F.; Paria, B.C.; Ray, S.; et al. Breast Cancers
Are Immunogenic: Immunologic Analyses and a Phase II Pilot Clinical Trial Using Mutation-Reactive Autologous Lymphocytes.
J. Clin. Oncol. 2022, 40, 1741–1754. [CrossRef] [PubMed]

97. HER2-CAR T Cells in Treating Patients With Recurrent Brain or Leptomeningeal Metastases-Full Text View-ClinicalTrials.Gov.
Available online: https://clinicaltrials.gov/ct2/show/NCT03696030 (accessed on 11 April 2022).

98. Autologous HuMNC2-CAR44 T Cells for Breast Cancer Targeting Cleaved Form of MUC1 (MUC1*)-Full Text View-
ClinicalTrials.Gov. Available online: https://clinicaltrials.gov/ct2/show/NCT04020575 (accessed on 11 April 2022).

99. Wang, W. T Cells Armed with Chimeric Antigen Receptor Recognizing EpCAM for Patients with Nasopharyngeal Carcinoma and
Breast Cancer -Full Text View-ClinicalTrials.Gov. Available online: https://clinicaltrials.gov/ct2/show/NCT02915445 (accessed
on 11 April 2022).

100. Memorial Sloan Kettering Cancer Center. A Phase I Clinical Trial to Evaluate the Safety and Tolerability of Mesothelin-Specific
Chimeric Antigen Receptor-Positive T Cells in Patients With Metastatic Mesothelin-Expressing Breast Cancer-Full Text View-
ClinicalTrials.Gov. Available online: https://clinicaltrials.gov/ct2/show/NCT02792114 (accessed on 11 April 2022).

101. MD, C.E.F. A Phase I Study of Anti-CD3 x Anti-Her2/Neu (Her2Bi) Armed Activated T Cells (ATC) in Patients with Breast
Cancer Leptomeningeal Metastases-Full Text View-ClinicalTrials.Gov. Available online: https://clinicaltrials.gov/ct2/show/
NCT03661424 (accessed on 11 April 2022).

102. CAR-T Intraperitoneal Infusions for CEA-Expressing Adenocarcinoma Peritoneal Metastases or Malignant Ascites (IPC)-Full
Text View-ClinicalTrials.Gov. Available online: https://clinicaltrials.gov/ct2/show/NCT03682744 (accessed on 11 April 2022).

103. Lyell Immunopharma, Inc. A Phase 1 Study to Assess. The Safety and Efficacy of LYL797, ROR1-Targeting CAR T Cells,
in Adults With Relapsed and/or Refractory Solid-Tumor Malignancies-Full Text View-ClinicalTrials.Gov. Available online:
https://clinicaltrials.gov/ct2/show/NCT05274451 (accessed on 11 April 2022).

104. The First People’s Hospital of Changzhou. Randomized Controlled Trial Comparing Dendritic Cells Co-Cultured with Cytokine-
Induced Killer Cells Immunotherapy Combined with Capecitabine Versus Capecitabine Monotherapy in Advanced Breast
Cancer-Full Text View-ClinicalTrials.Gov. Available online: https://clinicaltrials.gov/ct2/show/NCT02491697 (accessed on
11 April 2022).

http://doi.org/10.1007/s00262-018-2281-2
http://www.ncbi.nlm.nih.gov/pubmed/30523370
http://doi.org/10.1158/0008-5472.CAN-16-1911
http://doi.org/10.1172/jci.insight.126345
http://doi.org/10.1200/JCO.2022.40.6_suppl.TPS592
http://doi.org/10.1158/2159-8290.CD-21-0407
https://clinicaltrials.gov/ct2/show/NCT05144698
http://doi.org/10.1136/jitc-2020-002194
https://clinicaltrials.gov/ct2/show/NCT03635632
http://doi.org/10.1200/JCO.2020.38.15_suppl.TPS3151
http://doi.org/10.1136/jitc-2020-SITC2020.0380
https://clinicaltrials.gov/ct2/show/NCT04476641
http://doi.org/10.1200/JCO.21.02170
http://www.ncbi.nlm.nih.gov/pubmed/35104158
https://clinicaltrials.gov/ct2/show/NCT03696030
https://clinicaltrials.gov/ct2/show/NCT04020575
https://clinicaltrials.gov/ct2/show/NCT02915445
https://clinicaltrials.gov/ct2/show/NCT02792114
https://clinicaltrials.gov/ct2/show/NCT03661424
https://clinicaltrials.gov/ct2/show/NCT03661424
https://clinicaltrials.gov/ct2/show/NCT03682744
https://clinicaltrials.gov/ct2/show/NCT05274451
https://clinicaltrials.gov/ct2/show/NCT02491697

	Introduction 
	Breast Cancer Microenvironment 
	Cancer-Associated Fibroblasts (CAF) 
	Tumor-Infiltrating Lymphocytes (TIL) 
	Tumor-Associated Macrophages (TAM) 

	Implications for Immunotherapy of Breast Cancer 
	Antibodies 
	Nanoparticles 
	Cellular Immunotherapy 

	Concluding Remarks 
	References

