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Abstract

Background Breast cancer (BC) is a highly prevalent solid cancer with a high-rise infiltration of immune cells, turning it into
a significant candidate for tumor-specific immunotherapies. Chimeric antigen receptor (CAR)-T cells are emerging as immu-
notherapeutic tools with genetically engineered receptors to efficiently recognize and attack tumor cells that express specific
target antigens. Technological advancements in CAR design have provided five generations of CAR-T cells applicable to a
wide range of cancer patients while boosting CAR-T cell therapy safety. However, CAR-T cell therapy is ineffective against
breast cancer because of the loss of specified antigens, the immunosuppressive nature of the tumor and CAR-T cell-induced
toxicities. Next-generation CAR-T cells actively pass through the tumor vascular barriers, persist for extended periods and
disrupt the tumor microenvironment (TME) to block immune escape.

Conclusion CAR-T cell therapy embodies advanced immunotherapy for BC, but further pre-clinical and clinical assessments
are recommended to achieve maximized efficiency and safety.
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1 Introduction

Breast cancer (BC) is the most common female malignancy
worldwide that even exceeds lung cancer as the leading
cause of cancer, with an estimated 2.3 million new cases
each year, accounting for 11.7% of all cancers. Around 25%
of newly diagnosed and 15% of cancer death cases in the
female population are attributed to BC [1]. BC is a complex
disease encompassing four subtypes: Luminal A (ER*/PR*/
HER2", grade 1/2), Luminal B (ER*/PR*/HER2" grade 3,
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ER*/PR*/HER2%), HER2 overexpressed (ER/PR/HER2t)
and triple-negative (TNBC, ER"/PR"/HER2™) BC [2]. Non-
specific therapies such as surgery, radiotherapy, endocrine
therapy, chemotherapy, and even herbal remedies do not
fulfill expectations of a better tumor prognosis, decreased
metastasis and/or beneficial overall and disease-free survival
rates [3]. Thus, precise tumor-targeting strategies with low
toxicity and adverse effects are urgently needed [4].

HER2* and TNBC subtypes of BC exhibit various muta-
tions, molecular heterogeneity and genetic instability. Also,
immune checkpoint overexpression and tumor-infiltrated
lymphocytes (TILs) enhance tumor immunogenicity. Life-
style-related factors such as obesity, diet, pregnancy, lacta-
tion and anti-cancer therapies also affect BC immune cell
infiltration and immunological responses [5]. Immunogenic
tumors may define responsive candidates to specific immu-
notherapy treatments. The common immunotherapeutic
strategies for targeting BC are shown in Fig. 1.

Adoptive cell therapy (ACT) strategies represent a step
forward in the design of efficient immunotherapeutics by
which immune cells get artificially manipulated to over-
come BC progression. Cytokine-induced killer (CIK) cells
are adopted from peripheral mononuclear cells, expanded
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Fig. 1 Immunotherapeutic strategies for targeting breast cancer. Mon-
oclonal antibodies target surface antigens and disrupt the following
signaling pathways relevant to cancer cell survival. Antibody—drug
conjugates are monoclonal antibodies combined with cytotoxic anti-
tumor agents to deliver tumor-specific drugs and reduce systemic tox-
icity. Tyrosine kinase inhibitors exhibit structural homology to ATP,
competing for binding to the intracellular domains of the HER family
to prevent tyrosine kinase phosphorylation (activation) and to block
downstream signaling cascades. Cancer vaccines, whether adminis-

in vitro and stimulated with IFN-y and IL-2 cytokines.
CIK cells acquire phenotypic and functional characteris-
tics of both natural killer (NK) and T cells. The combined
therapy of CIK cells and cetuximab remarkably impeded
the growth of patient- and cell line-derived TNBC xeno-
grafts and tumors [6]. In a clinical trial, T cells were col-
lected from peripheral blood activated with anti-CD3, grew
in IL-2, and armored with bispecific anti-CD3 and anti-
HER?2 antibodies. Armored activated T cells stimulated
anti-tumor responses and that IL-2 production was associ-
ated with stable disease in 59.1% of metastatic BC patients,
which enhanced the overall survival rate [7]. In the latter
case, isolated T cells were genetically modified by cloning
T-cell receptors (TCRs) or engineered CARs to obtain a spe-
cialized generation of anti-tumor T cells with more potent
effects than the former.

@ Springer

Cancer Vaccines Adoptive Cell Thera
P il Created in BioRender.com bio

tered as tumor-derived antigens or cell and virus-based, activate host
T cells and provoke immune responses against tumor cells. Immune
checkpoint inhibitors block ligand-receptor immunomodulatory inter-
actions between T cells and tumor cells to prevent cancer immune
escape. Adoptive cell therapy includes stimulating and activating
innate and adaptive immune cells against target antigens and geneti-
cally engineering immune cells to express specialized receptors to
overcome tumor progression

To evaluate the anti-tumor effect of TCR-engineered T
cells, TCRa- and B-chains were transduced into CD8* T
lymphocytes to allow placenta-specific 1 (PLAC1) recogni-
tion in BC cells. Upon co-culture with BC cells, PLAC1-
specific TCR T cells produced IFN-y and TNFa, indicative
of TCR activation and delayed tumor progression [8]. YO
TCRs derived from TILs residing in BC showed potent anti-
tumor activity, independent of additional costimulatory sig-
nals [9]. However, tumor cells may downregulate MHC mol-
ecules, resulting in abortive MHC-based immunotherapy.
Conversely, TCR-modified T cells may misrecognize tumor
antigen-activated host T cells as tumor cells, thereby acting
against and destroying them through an MHC-dependent
pathway. These obstacles stimulated researchers to manufac-
ture engineered CAR-T cell populations working in a non-
MHC-restricted manner.
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2 Evolution of general CAR constructs

The first successful clinical result of CAR-T cancer
therapy was released by the National Cancer Institute in
2010 when post-chemotherapy autologous CD19 CAR-T
cells were re-infused into a case of advanced follicular
lymphoma. This treatment was associated with long-
term depletion of CD19" lymphoma cells and repopula-
tion of the non-cancerous B lineage [10]. Due to CD19
expression on tumor cells originating from the B line-
age, CD19 CAR constructs were subsequently employed
to elicit anti-tumor responses in various B cell cancers,
ranging from B-acute lymphoblastic leukemias (B-ALL)
to B-lymphomas [11]. The main parts of a CAR con-
struct include an extracellular antigen-binding domain
and a hinge region, a transmembrane linker domain, and
an intracellular signaling domain. The antigen-binding
domain comprises a single-chain variable fragment (scFv)
from monoclonal antibodies that arrange as VH-linker-
VL or VL-linker-VH [12]. This fragment recognizes a
broad spectrum of protein, glycoprotein and glycolipid
membrane antigens on cancer cells and directly binds to
them. Thus, these antigens are not processed by antigen-
presenting cells (APCs) and are not exposed to T cells in
an MHC-dependent manner. The antigen-binding part and
other CAR elements are cloned into plasmids, separately
or together, and transfected into target T cells using retro-
viral or lentiviral vectors. By doing so, genetically engi-
neered T cells (CAR-T cells) acquire the unique potential
of antigen-specific recognition [13]. The hinge (stalk)
represents an extracellular moiety with variable length
obtained from CH2-CH3 (Fc) domains of the constant

Fig.2 Classical CAR-T cells.
First-generation CAR-T cells
express a single-chain variable
fragment (scFv) derived from

a monoclonal antibody to
recognize a tumor antigen, a
hinge domain, a transmembrane
domain and the signal trans-
duction domain. Second and
third-generation CARs contain
one and two extra costimulatory
domains to prompt full T cell
activation. Fourth-generation
CARs resemble second-gener-
ation CARs, carrying additive
costimulatory domains or
cytokine transgenes to elicit
robust anti-tumor responses

Antigen-binding domain
Hinge (Spacer)
Transmembrane domain

Costimulatory molecules

Signal transduction domain

. Cytokine transgene

region of immunoglobulins G (IgG) or spacer sequences
of CD4 or CDS8. The hinge region confers CAR flexibility
and proper location of scFv for efficient ligand binding
and links scFv to the transmembrane part. It provides a
practical function to CAR marked by upgraded cytokine
production, anti-tumor immune responses and cytotox-
icity [12, 14]. The transmembrane (TM) domain medi-
ates the connection of extra and intracellular parts and
transduces signals from CD3z, CD4, CD7, CDS, CD28,
FceRIy and H2-K®, each with different effects on the sur-
face expression of CARs [15]. The intracellular signaling
domains are the most prominent constituents reflecting
engineered T cell survival, proliferation and immunoreac-
tivity, making new terms for "four generations" of CAR-T
cells (Fig. 2). In first-generation CARs, the intracellular
domain is derived from the CD3z domain of TCR, com-
posed of three immunoreceptor tyrosine-based activation
motifs (ITAMs), with the potential to initiate adaptive
immune signal transduction independent of other CD3
domains. First-generation CAR-T cells targeted NKG2D
ligands in TNBC cells and induced tumor cytotoxicity
and IFN-y production. However, antigen-specific signals
were insufficient to direct T cell proliferation and acti-
vation [16]. Full activation of T cells requires two main
signs: antigen-binding and co-stimulation. Costimulatory
molecules expressed by T cells interact with counterparts
on the surface of APCs to elicit T cell immunity and to
prevent T cell anergy and immunotolerance. Therefore,
costimulatory endodomains from CD27, CD28 family
(CD28, inducible costimulator (ICOS, CD278)), 4-1BB
(CD134) and OX40 (CD137) were added to second-gener-
ation CARs to obtain long-lasting immune activities [17].
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Fig.3 Next-generation CAR-T cells. (A) Off-the-shelf universal
CAR-T cells are allogenic sources of T cells that undergo genetic
manipulation to prevent alloreactivity and GVHD. (B) Split, universal
and programmable (SUPRA) CARs harbor an intermediate extracel-
lular leucine zipper domain between the extracellular and transmem-
brane domains to add various antigen recognition domains for a broad
range of anti-tumor effects. (C) Anti-avp6 integrin CAR-T cells are
constructed by co-expressing avp6-binding CARs and a 4af} chimeric
cytokine receptor comprising an ectodomain of IL-4 receptor a, fused
to transmembrane and endodomain regions of IL-2/IL-15 receptor f.
(D) Anti-FITC CARs are manufactured by adding an intermediate
fluorescein-labeled bispecific adapter that links to tumor antigens and
anti-FITC CAR-T cells. (E) Tandem CAR-T cells harbor two indi-
vidual extracellular antigen recognition domains for simultaneously

CD28 co-stimulation yielded a higher rate of effector T
cell activation, regulatory T cell (Treg) suppression and
cytokine (IL-2, IFNy, and TNFa) secretion. At the same
time, 4-1BB supports short-term T cell toxicity and IFN-y
production, and long-term in vivo T cell persistence [18].
Third-generation CARs were manufactured by fusing
two costimulatory domains of CD28 with either 4-1BB
or OX40. Dual co-stimulation prolonged CAR-T cell
intratumor persistence and upgraded pro-inflammatory
and cytokine release [19, 20]. Fourth-generation CAR-T
cells own the most sophisticated structure, with additional
costimulatory domains or transgenes producing soluble
anti-tumor factors. Fourth-generation anti-folate recep-
tor alpha antigen (FRa) CAR-T cells containing CD28,
4-1BB and CD27 costimulatory domains showed effec-
tive cytolytic activity against BC cells and in vitro sphe-
roids [21]. A category of fourth-generation CAR-T cells
called T cells redirected for universal cytokine-mediated
killing (TRUCKSs) possesses a framework similar to that
of second-generation CARs accompanied by inducible
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detecting two antigens and eliciting specific responses. (F) Armored
CAR-T cells have an extra transgene for expressing cytokines,
chemokines and immune checkpoints targeting tumor immunosup-
pressive elements. (G) Conditional CAR-T cells use tumor niche
conditions to activate responses in a spatially controllable manner.
Oxygen-responsive CAR-T cells equipped with a hypoxia detection
domain get activated in response to a hypoxic tumor niche, followed
by inactivation upon removal of the hypoxic signal. (H) Switchable
CAR-T cells are constructed by incorporating FITC or grafting a pep-
tide neo-epitope (PNE) into the antigen-binding domain at specific
sites as switch molecules. (I) Self-destructing CAR-T cells manufac-
tured by co-transducing suicide genes and specific biomolecules gov-
ern their expression to provide controllable CAR-T cell destruction

transgenic cytokines such as IL-2, IL-7, IL-12, IL-15 and
IL-18, chemokines, or suicide genes to robust CAR-T cell
therapy safety and efficacy for solid tumors. The ration-
ale for designing fourth-generation CARs is that effective
T cell responses can be achieved by the co-existence of
three main signals of antigen recognition, co-stimulation
and cytokine production [22].

3 Next-generation CAR-T cells:
improved fighters for universal cancer
immunotherapy

Upon introducing CAR-T cells as a breakthrough in can-
cer treatment, efforts have focused on designing universal
CARs applicable to many cancer patients (Fig. 3). Gen-
erating patient-derived CAR-T cells is advantageous for
preventing immune reactions such as graft-versus-host dis-
ease (GVHD). Still, it requires a large population of T cells
that might get lost in cancer patients who undergo severe
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radiotherapy and chemotherapy interventions. Moreover,
CAR-T cell production is time-consuming, a negative point
for patients with limited time to make therapeutic decisions.
Accordingly, to dispel the limitations of autologous sources,
"off-the-shelf" CAR-T cells from allogeneic donors have
been a development focus. Gene-modifying technologies
like zinc finger nucleases and CRISPR/Cas9 have been used
to target TCR and beta-2 microglobulin (B2M) and avert
HLA class I (HLA-I) and PD-1 expression in allogeneic
CAR-T cells, thus decreasing alloreactivity and GVHD com-
plications [23, 24]. The efficacy of anti-mesothelin CAR-T
cells with CRISPR-Cas9-mediated knockout of TCRaff and
PD-1 is currently being evaluated in patients with mesothe-
lin-expressing solid tumors (NCT03545815).

Split, universal and programmable (SUPRA) CAR sys-
tems are engineered by adding an intermediate extracellular
leucine zipper domain between the antigen recognition and
transmembrane domains. This manipulation has provided
CAR-T cells with multiple simultaneous features for target-
ing various antigens in a switchable specific mode with fine-
tuned control over CAR-T cell function against leukemia
and BC cells [25]. Several strategies are applied in CAR
design to strengthen the tumor infiltration, persistence and
anti-tumor responses of engineered T cells, as well as bet-
ter safety to minimize possible consequences. Incorporating
signaling elements upstream to pathways relevant to CAR-T
cell expansion and anti-tumor immunity ensures higher
success in CAR-T cell therapy. Anti-avp6 integrin CARs
have been designed by transducing a 4af§ chimeric cytokine
receptor comprising an ectodomain of IL-4 receptor a, fused
to transmembrane and endodomain regions of IL-2/IL-15
receptor B. Binding IL-4 to 4aff chimeric cytokine receptors
induces a potent and selective growth signal in 4ap + T cells,
associated with robust anti-tumor immunity in TNBC cells
and breast tumor xenografts [26].

Multiple antigen-targeting CAR-T cells potentiate
the targeting of patient-to-patient variations in tumor-
specific antigens and enhance the curative potential of
CAR-T cells for drug-resistance solid tumors [27]. An
extracellular biotin-binding immune receptor (BBIR),
comprising a dimeric avidin linker, enables the binding
of various biotinylated antigen-specific domains such as
full-length antibodies and scFV segments to assemble
universal CAR-T cells directed against lymphoma cells
[28]. In a similar effort, a bispecific adapter of fluores-
cein linked to a tumor-specific ligand has been designed
(anti-FITC CARs) to recognize multiple antigens and
form functional immunologic synapses between CAR-T
cells and BC cells, leading to CAR-T cell activation
and BC cell killing [29]. Tandem CARs (TanCARs)
harbor two individual extracellular antigen recognition
domains, connecting a Gly-Ser linker for simultaneous
binding to MUCI1 or ErbB2 antigens and making a more

robust cytolytic response and cytokine secretion against
BC cells [30]. The immunosuppressive nature of solid
tumors and its prominence in tumor resistance to CAR-T
cell therapy entails targeting relevant signaling cues such
as immune checkpoints to get better clinical outcomes.
Armored CAR-T cells targeting PD-L1 have been found
to block PD-1/PD-L1 signaling within the breast tumor
milieu and to show more extended cancer cell killing.
PD-L1 CAR-T cells stimulated PD-L1 expression on tar-
get BC cells with low PD-L1 expression, with a unique
self-amplifying effect on effector CAR-T cells [31].

Conditional CAR-T cells with spatially controllable
cytolytic activities respond to local conditions exclusive
to the tumor mass. An oxygen-responsive multichain CAR
construct has been engineered by adding oxygen-sensitive
subdomains of HIFla to the conventional CAR frame-
work (HIF-CAR), acting as an oxygen sensor responding
to oxygen variations. Hypoxia actively stimulated CAR
expression and later tumor-killing, followed by rapid CAR
down switching after removing the hypoxic signal [32].
Switchable CARs were constructed by incorporating FITC
or grafting a peptide neo-epitope (PNE) into the anti-Her2
antibody trastuzumab at specific sites as switch molecules.
These switch entities vary the distance and orientation
between the CAR and tumor antigens and, thus, optimize
immunological synapse activities [33].

Self-destructing CARs have been developed by co-
transducing suicide genes such as inducible caspase 9
(iC9), truncated EGFR (tEGFR or EGFRt) and herpes
simplex virus thymidine kinase (HSV-TK) into the CAR
structure. The expression of suicide genes responding to
specific biomolecules induces apoptosis in CAR-T cells
by programmed destruction of DNA and Fas-mediated
apoptotic signals to halt further anti-tumor immune
functions [34].

4 CAR- delivery strategies
4.1 Viral vectors

Viral vectors are popular in genetic engineering applica-
tions due to their inherent potential to load genetic ele-
ments and easy integration within the host genome [35].
Retroviruses, gammaretroviruses and lentiviruses are com-
mon CAR vectors, among which the last one is noticed
most. Lentivirus (LV) vectors are cost—benefit gene deliv-
ery vehicles with simple manufacturing procedures and
reduced risk of malignant transformation and random
integration. Moreover, LV vectors are well arranged to
transduce many dividing and non-dividing, slowly grow-
ing, and difficult-transducable cells such as hematopoietic
progenitors and lymphoid cells [36].
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LV vectors developed from the first to the third gen-
eration, lacking unnecessary viral components, and the
remaining main elements were broken into parts, each
carried by different plasmids. Delivery of viral com-
ponents in separate plasmids permits LV vector self-
inactivation and improved biosafety [35]. The cloning
of EGFR-targeted CARs into the LV vector pPCDH-CMV
yielded approximately 30% transfection efficiency and
a 40-fold increased CAR expression. EGFR-targeted
CAR-T cells showed strong cytotoxic effects against
TNBC cells in vitro and in an in vivo xenograft mouse
model associated with the expansion of naive-associated
CAR-T cells [37]. The clinical feasibility, safety and effi-
cacy of lentiviral-transduced anti-mesothelin CAR-T cell
therapies have been investigated in some solid tumors
[38]. Integrative viral vectors are advantageous for pro-
longing CAR transgene expression. Yet, they are some-
what expensive, limit the size of transduced DNA and
may integrate transgenes at cancer-related sites, causing
insertional mutagenesis. Therefore, several non-viral
vectors and delivery vehicles have been investigated as
proper alternatives.

4.2 Transposon vectors

Transposons are mobile elements of genetic material that
can move through the genome thanks to the cut-and-paste
features of transposase. Transposon-based systems present
safer and more cost-effective non-viral headways of CAR
transduction, which may translate into large-scale settings.
The Sleeping Beauty (SB) transposon is a fascinating CAR
gene transduction system, and clinical observations have
illustrated post-infusion CAR-T cell proliferation and sat-
isfactory quality control outcomes [39]. SB11 and SB100X
are advanced versions of the primary SB system with more
effective transposition rates. SB systems exhibit superior
integration profiles accompanied by minimized epigenetic
mutations in the host genome, but they hold low rates of
gene transfer and nearly random integration profiles [40].
SB-generated CAR-T cells specific for anti-human endog-
enous retrovirus-K (HERV-K) envelope (env) protein sig-
nificantly decreased BC cell growth and increased IFNy,
TNF-a and Granzyme B release in vitro. Anti-HERV-K
CAR-T cells repressed tumor growth, burden and metas-
tasis in BC xenograft mouse models, mechanistically con-
trolled by p53, MDM?2 and ERK signaling regulation [41].

PiggyBac (PB) transposons possess an integration
profile resembling LV vectors but non-random by insert-
ing transgenes at TTAA sequences. In addition, PB trans-
posons carry more significant segments of transgenes
(=200 kb) than SB and TOL2 counterparts, turning them
into favorable candidates to deliver multiple cargos [40]. PB
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transposon-based gene transduction has been found to avoid
the pre-activation of T cells and to preserve their memory
phenotype without early T cell exhaustion. PB-transduced
anti-HER2 CAR-T cells have shown potent and sustained
cytolytic activity against invasive BC cells with low HER-2
expression and HER2 monoclonal antibody-based therapy
resistance [42]. Despite various advantages in applying
transposon-based systems, constructing transposon vectors
is relatively sophisticated and time-consuming and neces-
sities co-transfection with two or more plasmids and other
purification processes.

4.3 Minicircle DNA vectors

Due to the obstacles mentioned above with transposon
systems to generate CARs, non-viral and non-integra-
tive alternatives such as minicircle DNA (mcDNA) have
been proposed. mcDNA vectors are double-stranded,
circular, supercoiled DNA molecules derived from
bacterial plasmid DNA. Comparatively, mcDNA vec-
tors lack some antibiotic resistance and immunogenic
sequences, and the bacterial backbone lacks sequences
that silence transgene transcription. Short sequence
mcDNA vectors enhance the time and level of gene
expression. Also, because of its non-integrating nature,
mcDNA reduces the possibility of insertional mutagen-
esis [43]. Many CARs engineered against BC cells have
been successfully transfected into T lymphocytes by
DNA vector platforms based on scaffold/matrix attach-
ment region (S/MAR) motifs. In xenograft mouse
models, CAR-T cells showed long-term persistence
and function in cytokine release, tumor infiltration and
anti-tumor immunity [44]. Non-bacterial mcDNA rep-
resents a next-generation, rapidly established system
without the risk of bacterial contamination. However,
non-integrative CAR transgene manifests shorter main-
tenance of CAR-T cells in vitro and in vivo, requiring
multiple rounds of infusion [45].

4.4 Nanoparticle delivery systems

Nanoparticles (NPs) link nanotechnology with other medi-
cal and biological fields of science, imparting stable nano-
scale techniques to deliver a varied spectrum of cargos,
including CAR-T cells [46]. Lipid NPs (LNPs) are easily
internalized in target cells via membrane-mediated endo-
cytosis and harbor an ionizable core that remains stable at
physiological pH while getting charged under acidic situa-
tions, like in endosomes. Both mechanisms allow LNPs to
escape endosomal degradation and are suitable for deliver-
ing fast-degrading elements such as RNA. Furthermore,
the easy change in LNP composition beneficially improves
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cellular uptake and delivery efficacy [47]. LNPs have been
demonstrated to successfully deliver anti-CD19-CAR
mRNA into primary human T cells with minimal toxicity
compared to electroporation [48].

The delivery of PB-transfected EGFRvVIII CARs with
reduction-sensitive polymer nanomicelles permits cellular
uptake beyond endocytic pathways and gives site-specific
DNA release. The packaging system provides efficient
transfection (30%), continuous CAR expression, and T cell
memory formation [49]. In vitro transcribed mRNA (IVT-
mRNA) generates temporary CAR expression to avoid
severe therapeutic side effects arising from CAR overexpres-
sion. Due to time-limited expression, structural instability
and rapid degradation, IVT- mRNA CAR-T cells unveil poor
tumor infiltration [50].

5 Antigen targets

Selecting appropriate tumor-determined antigens is criti-
cal to bringing about desired clinical outcomes on CAR-T
cell therapy with minimum adverse side effects. Immu-
notherapy-targeted antigens classify into various types:
1) tumor-specific antigens (TSAs) that are exclusively
expressed in tumor cells, 2) tumor-associated antigens
(TAAs)/tumor-selective antigens that overexpress in
tumor cells, and are also narrowly distributed in nor-
mal cells, 3) oncofetal antigens that are expressed dur-
ing embryogenesis but not in adult tissues, and may be
detected in adult tumor cells [51].

Hepatocyte growth factor receptor, or c- mesen-
chymal-epithelial transition factor (c-Met), is a surface
protein tyrosine kinase that primarily functions dur-
ing embryonic organ development and differentiation
[52]. It also acts as a protooncogene to control cancer
cell motility, propagation and invasion, linked with a
reduced survival rate of 47% in invasive ductal breast
carcinoma [53]. In a clinical trial conducted in meta-
static BC cases, intratumor injection of mRNA-trans-
fected anti-c-Met CAR-T cells yielded inflammatory
responses within tumors, loss of c-Met expression and
tumor necrosis [54].

Human epidermal growth factor receptor 1 (HER1)/
EGFR belongs to the HER family of receptor tyrosine
kinases with various ligands, each governing signaling
cascades such as ERK1/2-MAPK, PKC, PI3K/Akt and
Jak/STAT, regulating cell survival and proliferation [55].
Abnormal HER1 expression in several epithelial cancers
indicates a poor prognosis, therapy resistance, enhanced
tumor inflammation and a weak immune response due to
its down-regulatory effect on MHC-1 and its stimulation of
PD-L1 expression [56].

Anti-tumor activity of anti-HER1-CAR-T cells was
found to be coupled with cell lysis, tumor shrinkage and
higher levels of IFN-v, IL-2 and IL-4 in both TNBC cells
and cell line-derived and xenograft breast tumor mod-
els [57]. However, Xia et al. reported that approximately
30% of TNBC xenograft tumors resisted third-generation
anti-EGFR CAR-T cell regimens. Transcriptomic analysis
of resistant tumors revealed the activation of a large set
of immune suppression-associated genes, possibly acti-
vated by CAR-T cell-released IFNy. CAR-T cell-mediated
upregulation of immunosuppressive genes was sensi-
tive to THZ1, a CDK?7 inhibitor, which inhibited tumor
immune resistance [58].

Human epidermal growth factor receptor 2 (HER2)
is a member of the HER family showing overexpression
in breast, pancreatic, colon and lung cancers and has
been found to be related to cancer progression, metasta-
sis, recurrence and reduced patient survival [59]. HER2
serves as a potent target for solid tumor immunotherapy.
However, CAR-T cell functionality assessments remain
restricted to pre-clinical reports in BC. CAR-T cells are
powered to penetrate HER2* breast tumor spheroids and
extracellular matrix to reach cancer cells located out of
access to monoclonal antibodies. CAR-T cells whose
antigen-binding domains are derived from trastuzumab
stimulate active cell lysis, tumor regression, and IL-2 and
IFN-y production in trastuzumab-resistant BC xenografts
[60, 61].

Mesothelin (meso) is a 40 kDa glycosyl-phosphatidyl
inositol (GPI)-linked glycoprotein expressed to a limited
extent in mesothelial cells, pleura, pericardium, tunica
vaginalis, ovaries, fallopian tube and rete testis. Abnor-
mal meso overexpression has been observed in mesothe-
lioma, pancreatic and ovarian cancer and TNBC [62].
Negligible expression in healthy tissues and immuno-
genicity make meso promising for BC monoclonal anti-
body, antibody—drug conjugate, vaccine and CAR-T cell
therapies [63, 64]. Meso mediates cancer cell viability,
propagation, migration, invasion and therapy resistance
via activating Wnt/NF-kB/PI3K/Akt signaling pathways
[65].

Anti-meso CAR-T cells infiltrated into TNBC xenograft
models and released IL-6, IL-12 and IFN-y, producing
repressed tumor masses and liver metastases [66]. CARs
designed against different epitopes of meso and those tar-
geting proximal region epitopes evoked a vigorous immune
response characterized by higher levels of cell killing,
CD107a, IL-2, TNF-a and IFN-y production in vitro and
tumor shrinkage in vivo [67].

Epithelial cell adhesion molecule (EpCAM, CD326)
is a 40 kDa transmembrane glycoprotein found in normal
epithelial cells and to be overexpressed in breast, prostate,
pancreatic and liver cancers, mediating cell adhesion,
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proliferation, invasion, as well as a poor prognosis and
therapy resistance [68, 69]. Pre-treatment with catumax-
omab followed by adding activated T cells abolished
chemoresistant EpCAM™ TNBC cells via the upregula-
tion of the T cell activating receptor NKG2D [70]. Anti-
EpCAM CAR-NK and CAR-T cells have shown increased
cytotoxicity and cytokine release (IFN-y, perforin and
granzyme B) against colorectal and ovarian cancer cells,
respectively [71, 72]. Anti-EpCAM CAR-T cells have
been found to diminish tumor burden and improve host
survival in a breast tumor model. However, accumulation
of CAR-T cells in the lung and cytokine release may have
dose-dependent fatal consequences [73].

L1 cell adhesion molecule (L1ICAM, CD171) is a
200-220 kDa transmembrane glycoprotein consisting
of six extracellular Ig-like domains and five fibronec-
tin III repeats bound to transmembrane and cytoplasmic
compartments [74]. It is typically expressed in the nerv-
ous system and developing neurons, hematopoietic and
endothelial cells, renal epithelium, intestinal crypts, as
well as in relevant malignancies [75]. Clinicopathologi-
cal observations revealed associations of L1ICAM expres-
sion with high breast tumor stage, advanced grade, lymph
node and vasculature-dependent lung metastases and
recurrences [76, 77].

Mucinl glycoprotein (MUCI1) is a transmembrane
glycoprotein expressed by most epithelial cells in low
amounts but exists remarkably on the surface of epithe-
lial tumors including BC. MUCI1 bears an extracellular
domain containing a variable number of tandem repeats
(VNTR of 20 amino acids) with different glycosylation
patterns in normal and cancerous tissues. Due to varied
glycosylation, protein residues of tumor MUCI are not
entirely covered by glycans, thus exposed to immune
cells. This expression pattern turns MUCI into a tumor
neoantigen for immunotherapy and vaccine design [78].
Anti-MUC1 CAR-T cells have shown strong TNBC cell
killing in an antigen dose-dependent manner to produce
higher IL-2, IFN-y, TNF-a and Granzyme B and to repress
tumor growth in an orthotopic in vivo model. However,
remaining MUC]1-expressing tumor cells were evident
in long-term follow-up, necessitating further CAR-T cell
injections for complete tumor elimination [79].

Carcinoembryonic antigen (CEA) is a 180 kDa
GPI-linked membrane glycoprotein expressed during
embryonic development and in adult gastrointestinal
epithelial cells and has been found to overexpress in
gastrointestinal, colorectal, pancreatic, non-small cell
lung, and breast cancers [51]. High expression by tumor
cells and immunogenicity without autoimmune reac-
tions make CEA a suitable tumor antigen for pre-clinical
investigations and clinical trials [80, 81]. Co-treatment
of second-generation anti-CEA-CAR-T cells with IL-2
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has provided a timely dose-dependent cytotoxic immune
response, an enhanced IFN-y secretion, a retarded tumor
growth and a significantly diminished tumor infiltration
of FoxP3*Treg cells in murine models of breast and
colon cancer [82].

Fibroblast activation protein (FAP) is a transmem-
brane serine protease generally expressed during embry-
onic development and pathologically overexpressed
during wound healing, fibrosis formation and cancer
by stromal fibroblasts of damaged tissues or the tumor
matrix. Most epithelial malignancies, including breast,
pancreatic, lung and brain cancers, are rich in FAP-reac-
tive fibroblasts, rendering them suitable for immune-
targeting coupled with tumor growth suppression and
enhanced chemotherapy efficacy [83]. Targeting FAP
has been found to destroy the tumor-supportive niche
in BC allografts by activating T cells, thereby inducing
apoptosis in cancer-associated fibroblasts and reducing
type I collagen and CD31 expression [84].

Receptor tyrosine kinase orphan receptor 1 (ROR1)
is a Wnt receptor expressed during embryogenesis and
in hematological and solid malignancies, including BC.
ROR1 mediates crucial signaling pathways of cAMP-
response-element-binding protein (CREB) and Wnt to
advance EMT, tumor growth and aggression [85]. Several
extracellular epitopes make ROR-1 a candidate for immu-
notherapeutic strategies based on mono- and polyclonal
antibodies, TKIs, miRNAs, siRNAs and CAR-T cells
[86]. ROR-1-CAR-T cells can spike into 3D tumor models
of non-small cell lung cancer and TNBC in vitro, migrate
through the tumor matrix, and propagate and actively
eliminate high percentages of cancer cells [87]. EpCAM-
synthetic Notch receptor CARs enable engineered T cells
to specifically quarry ROR1* tumor cells but not those
co-localized with non-malignant counterparts [88].

6 Challenges
6.1 Biomarker identification

Challenges in advance of CAR-T cell therapy for solid
tumors such as BC negatively influence its treatment
efficacy and unfavorable clinical consequences. CAR-T
cells recognize surface antigens independent from MHC
pathways, but they fail to identify intracellular tumor
antigens presented through the MHC-dependent route.
Moreover, most antigens that CAR-T cells target are not
exclusive to tumor cells and express in various normal
tissues to a lesser extent. Thus, if the antigen of interest
is not tumor-specific, the occurrence of severe clinical
consequences, which may ultimately lead to death, may
be inevitable [89].
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One strategy to impart precise T cell-mediated tumor
recognition is generating dual receptor CARs that work
based on the co-existence of two antigens in tumor cells.
For example, a synthetic notch (synNotch) receptor
designed for a primary antigen may be embedded into
the CAR, activating CAR-T cells against a second anti-
gen [90]. Han et al. developed tumor-specific anti-EGFR
CAR-T cells comprising a masking peptide blocking the
CAR antigen-binding site and a protease-sensitive linker.
Exposure to proteases within the TME cleaved the linker
domain and separated the masking peptide, activating
CAR-T cells against BC cells [91].

6.2 Vasculature barrier, CAR-T cell trafficking
and infiltration

CAR-T cells follow the same route as host T cells to reach
the tumor. A successful anti-cancer immunity depends on the
extravasation of cytotoxic T cell populations to the tumor site and
subsequent passing through the vasculature barrier of the malig-
nant mass (Fig. 4). Pericytes and endothelial cells (ECs) represent
first-line physical barriers to infiltrating immune cells, and their
unique features enhance tumor invasion and immunomodulation.
Tumor ECs are distinguished from typical equivalents by non-
uniform and fenestrated membranes, chromosomal instability,
gene mutations, and higher glycolytic and proliferative activities
[92]. The tumor vasculature consists of multiple layers of ECs
laid irregularly on an interrupted basement membrane. Incon-
stant smooth muscles and pericytes surrounding ECs enable
higher fluid flow into the tumor, forming a physical barrier to
the penetration of anti-cancer drugs [93]. Leukocytes exclusively
attach to inflammation-activated ECs in a multistep process
mediated by selectins, integrin ligands and adhesion molecules.
Tumor ECs remain unresponsive to activating signals (TNFo
and IFNy), thereby downregulating the expression of chemoat-
tractants (CCL2, CCL18, CXCL10 and CXCL11) and adhesion
molecules ICAM1, VCAMI and E-selectin), thus preventing
immune cell chemotaxis, attachment and trafficking into TME
[94]. In contrast, P-selectin expression in BC cells boosted the
infiltration of regulatory T cells secreting high levels of IL-4 and
IL-10 [95]. ECs express both co-stimulatory and co-inhibitory
molecules such that their balance can determine T cell infiltra-
tion and intratumoral function. ECs from solid tumors like BC
subjected to TME cytokines such as VEGFA, IL10 and prosta-
glandin E2 (PGE2) outperform infiltrating Treg cells more than
cytotoxic ones in a Fas ligand (FasL)-dependent mode. FasL.
arbitrates an immune tolerance by inducing selective apoptosis
in CD8™ effector T cells with a lower c-FLIP expression [96].

6.3 CAR-T cell exhaustion

The remaining cytotoxic T cells that overcome the vas-
culature barrier and infiltrate into the tumor encounter a

complex physico/chemical environment that dictates that
they lose function. T cell exhaustion or dysfunction occurs
following long-term exposure to tumor antigens, inflam-
mation, hypoxia and nutrient deprivation. This process
can be identified by the upregulation of T cells' inhibitory
receptors such as CTLA-4, PD-1, T cell immunoglobulin
and mucin domain 3 (Tim-3). Exhausted T lymphocytes
meet depleted cytolytic function, memory formation, short-
ened cytokines (IL-2, TNF-a, IFN-y, and granzyme B) and
undergo apoptosis [97]. CAR-T cell exhaustion has increas-
ingly been studied to reach appropriate solutions. Trogocy-
tosis followed by CAR-T cell fratricide and tonic signaling
caused by the antigen-independent activity of CARs have
been proposed as mechanisms that exhaust CAR-T cells in
hematological malignancies and some solid tumors [98,
99]. In the case of solid cancers including BC, however,
interactions among CAR-T cells and immunosuppressive
elements within the TME have been noted (Fig. 5).

7 Immunosuppressive TME

The TME is a complex niche consisting of cell types,
matrix and soluble factors that support tumor progres-
sion, metastasis and immune system escape that may
influence T cell dysfunction and CAR-T cell therapy
inefficacy (Fig. 6). Complex interactions among TME
components involving resident and infiltrating cell pop-
ulations, cytokines and chemokines produced by cells,
matrix components (epitope masking), vascular barriers,
inflammatory state, oxygen and nutrient tension contrib-
ute to an immunosuppressive milieu restricting CAR-T
cell trafficking, infiltration, persistence and effector func-
tion [100]. The main components of the TME controlling
immunosuppressive responses and CAR-T cell interac-
tions will be discussed in more detail below (Fig. 7).

7.1 Cellular components
7.1.1 Cancer cells

Cancer cells are central residents that orchestrate tumor
metabolism and its biological behavior. They express
higher immune checkpoint PD-L1 molecules, co-inhib-
itory elements such as TIGIT ligands (CD112, CD155)
and B7-class molecules. BC cells and the TGF-f con-
tent of tumor stroma impair NK cell function by down-
regulating NK-activating receptors (NKp30, NKG2D,
DNAM-1 and CD16). On the contrary, they upregulate
the expression of inhibitory receptors (such as NKG2A)
to intensify self-tolerance and escape from NK cell-
induced toxicity [101]. Overexpression of receptor
activator of nuclear factor-kB (RANK) in BC cells has
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Fig.4 Vasculature barrier,
CAR-T cell trafficking and
infiltration. Tumor blood vessels
exhibit an abnormal archi-
tecture of multiple irregular
layers of endothelial cells laid
on an interrupted basement
membrane. The breast tumor
vasculature prevents cytotoxic
T cell infiltration and instigates
apoptosis while facilitating Treg
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been found to restrain the infiltration of cytotoxic T
cells while increasing the recruitment of immunosup-
pressive immune cells [102]. TNBC cells express high
levels of Annexin-Al acting through both endogenous
and exogenous paracrine pathways to prompt M2 mac-
rophage phenotype and inflammation induction [103].
BC cells stimulate lysosome-associated membrane
protein type 2A (LAMP2a) overexpression in tumor-
associated macrophages. LAMP2a activates down-
stream peroxiredoxin 1, CREB-regulated transcription
coactivator 1 and immune-responsive gene 1 protein
to sustain immunosuppressive characteristics of breast
tumors [104]. Tumor cell-released autophagosomes
(TRAPs) impel an immunomodulatory phenotype in
CD4™ T cells and polarize CD163" TAMs by initiating
the TLR4-mediated MyD88/p38/STAT3 pathway [105].
Breast tumor-initiating cells exhibit high aldehyde dehy-
drogenase 1A1 (ALDH1A1) activity, reducing intratu-
mor pH. Acidic conditions activate the NFxB pathway
and raise granulocyte—macrophage colony-stimulating
factor (GM-CSF) production, leading to the expan-
sion of myeloid-derived suppressor cells (MDSCs) and
immunosuppression [106]. Lysine acetyltransferase 6A
(KAT6A) overexpression in metastatic TNBC has been
linked to the acetylation and activation of SMAD3, a
pathway that mediates IL-6, IL-22 and TNFa expres-
sion and MDSC recruitment [107]. The application of a
positron emission tomography (PET) technology to track
the infiltration of CAR-T cells into TNBC models uncov-
ered a different retention pattern inversely correlated
with the expression of immunomodulatory molecules.
Immune checkpoint elements hamper CAR-T cells from
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Fig.5 The tumor microenvironment (TME). The TME represents a
complex collection of resident and infiltrating cells on a supportive
solid matrix exposed to various soluble and physicochemical factors

infiltrating the breast tumor. Thus, they exclusively kill
cancer cells at the tumor borders, but not the bulk [108].

7.1.2 Tumor-associated macrophages (TAMs)

TAMs predominantly exhibit M2 phenotypes derived from
resident intratumor macrophages or infiltrated circulating
monocytes induced by IL-4, IL-10 and IL-13 released from
type 2 T helper (Th2) cells. Transcriptional analyses showed
that TAM transcriptomes in BCs are distinct from TAMs
found in other types of cancers or their monocytic precursors.
Sialic acid-binding Ig-like lectin 1 (SIGLEC1) and CCLS8
upregulated in BC-TAMs, mediating cancer-TAM crosstalk
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Fig.6 Cellular components of the TME. (A) Cancer cells overexpress
(shown in blue) immunomodulatory molecules, which block CAR-T
cell infiltration. BC cells downregulate NK cell-activating molecules
(shown in red), and tumor cell-released autophagosomes (TRAPs)
stimulate regulatory phenotypes in tumor-associated macrophages
and cytotoxic T cells. KAT6A and ALDHI1A1 overexpression result
in the recruitment and expansion of MDSCs. (B) Tumor-associated
macrophages (TAMs) secrete matrix metalloproteinase (MMP) and
chitinase-3-like-1 (Chi3L1), which upregulate (shown in blue color)
signaling pathways affecting BC survival and metastasis and produce
chemokines to recruit Treg cells. They release immunosuppressive
molecules, suppress NK and cytotoxic T cells, and bring them to argi-

and monocyte recruitment [109]. Interaction of SIGLEC10
with CD24 molecules on BC cells triggers an immune evasion
signal through which BC cells can not undergo macrophage-
mediated phagocytosis [110]. Macrophage cyclooxygenase-2
(COX-2) induces IL-10 and indoleamine 2,3-dioxygenase
(IDO) to inhibit CD8* cytotoxic T cell growth and interferony
(IFN-y) production. TAMs catabolize arginine sources by
arginase-1 activity and bring CD8" T cells into an arginine-
deprived state, making them metabolically and functionally
disabled. The release of IL-10, TGF-f, PGE2 and prostanoids
from TAMs restrains the effector function of cytotoxic T and
NK cells and enhances Treg recruitment [111]. TAMs secrete
CCL-18, thereby attracting circulating naive CD4* T cells
via CCL-18-PITPNM3 receptor interaction which, in turn,
induces regulatory phenotypes [112].

7.1.3 Myeloid-derived suppressor cells (MDSCs)

MDSCs derive from monocytic (Mo-MDSCs) and polymor-
phonuclear granulocytic (PMN-MDSCs) precursors arising

E Mesenchymal stem cells
' r
CCL-16 Physical interaction IL-4 cCL-5
IL-10 Semaphorin
l l TGF-§
l Clg
* .0
/"\?1\ IL-10 2 l

Created in BioRender.com bio

nine-starving conditions (red). (C) Myeloid-derived suppressor cells
(MDSCs) enhance the recruitment of large populations of MDSCs
and Treg cells and induce nutrient deficiency (shown in red color),
inhibition, regulatory phenotype switching and apoptosis in cytotoxic
T cells. (D) Cancer-associated fibroblasts (CAFs) accelerate MDSC,
TAM and Treg cell recruitment while inhibiting cytotoxic T cell
infiltration. Also, CAFs express immune checkpoint molecules and
induce a regulatory phenotype in T cells. (E) Mesenchymal stem cells
(MSCs) interact with cytotoxic T cells, inhibit their proliferation, and
drive them into immunoregulatory phenotypes and IL-10 production.
They secret various immunomodulatory molecules to polarize TAMs
into the M2 phenotype

from the abundance of immunosuppressors granulocyte-col-
ony stimulating factor (G-CSF), GM-CSF and IL-6 in BC
stroma [113]. Highly frequent CD14* HLA PR~ MDSCs
have been found to suppress autologous T cell proliferation
in breast tumors via ROS-dependent mechanisms [114].
MDSCs possess less significant functions than TAMs for
nutrient-starving and inhibiting effector T cells, Treg devel-
opment and immunosuppression. They reside in less per-
fused and highly hypoxic regions in breast tumors and play a
more prominent role in generating metastatic and angiogenic
niches [115]. Tumor-infiltrating MDSCs secrete chemokines
(CCL3, CCL4 and CCLY5) to attract infiltrating Treg cells,
repress T cell proliferation and the Thl phenotype, and
intensify T cell apoptosis through STAT3 activation [116].

7.1.4 Cancer-associated fibroblasts (CAFs)
CAFs inhabit the tumor stroma and regulate cancer cell

proliferation, invasion, inflammation, angiogenesis,
immune resistance and ECM remodeling. Paracrine factors
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Fig.7 ECM components of the TME. (A) Desmoplastic collagen cre-
ates a physical barrier hampering CAR-T cell infiltration and avail-
ability to cancer cells. Collagen interaction with immune cells leads
to T cell dysfunction, regulatory phenotyping and M2 macrophage
polarization. (B) Binding CXCL-2 to the fibronectin III domain of
tenascin C (TNC) forms a robust adhesive substrate trapping T cells
into the matrix. (C) Thrombospondin-1 (TSP1) is an H2S antagonist
and T cell inhibitor that restricts endogenous H2S via downregulat-
ing cystathionine B-synthase (CBS) and cystathionine y-lyase (CTH).

like exosomal miR-9 and osteopontin produced by BC cells
may transform normal fibroblasts into pro-inflammatory
CAFs [117, 118]. Also, epigenetic mediators such as his-
tone deacetylase 6 controlled by the prostaglandin E2/
cyclooxygenase-2 /STAT3 axis overexpressed in CAFs,
has been found to maintain BC immunosuppressive niches
[119]. CAFs release high Chi3L1 contents that activate
MAPK and PI3K pathways in BC cells, accompanied by
high levels of pro-inflammatory and metastatic factors.
Chi3L1 instigates angiogenesis, macrophage recruitment
and M2 polarization while suppressing T cell infiltration
[120]. Four CAF subsets (CAFS1-S4) have been detected
in BC, especially TNBC showing a higher number of CAF-
S1 and CAF-S4 subsets. The CAF-S1 population induces
immune suppression by amplifying CXCL-12-dependent
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TSP1-CD47 interaction blocks the MEK/ERK and PKA pathways,
which prevents T cell activity by inducing a regulatory phenotype and
apoptosis. (D) Secreted protein acidic and rich in cysteine (SPARC)
overexpression in breast tumors is associated with collagen deposi-
tion, cytokine production, MDSC recruitment and Treg cell pheno-
typing. (E) Versican overexpression correlates with TAM accumu-
lation, CCL2 and TGF-P1 production. Versican-TLR2 interactions
induce DCs to secrete IL-6 and IL-10 cytokines that restrict immune
cell functions

recruitment of Treg cells and upregulation of PD-1 and
CTLAA4 protein levels, supporting their persistence through
the upregulation of JAM2, PD-L2 and OX40L, and direct-
ing the differentiation and survival of CD25%g"FOXp3Hieh
T lymphocytes [121, 122]. IL6/STAT3 upregulation in
CAFs results in adenosine overproduction, inducing CD73"
vd Treg cells to positively affect IL-6 levels in CAFs via the
adenosine/A2BR/p38MAPK pathway [123]. CAFs secrete
CXCL16 and develop infiltrated primary monocytes into
S100A9* myeloid-derived suppressor cells [124].

7.1.5 Mesenchymal stem cells (MSCs)

MSCs are characterized by multipotent fibroblast-like
cells in adult tissues such as skin, adipose tissue and bone
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marrow [125]. Although naive classic MSCs (MSC1)
repress cancer cell growth, invasion and angiogenesis,
those that inhabit the TME (MSC2) excrete CXCR4, CCL2,
CCL5, IDO and adhesion molecules (ICAM-1, VCAM-1) to
promote tumorigenesis and recruit immunosuppressor cells
[126]. Physical interactions of adhesion molecules with
LFA-11, VLA-4 and HLA-G1 instigate CTLA-4 expres-
sion, T cell proliferation inhibition, the Treg phenotype and
IL-10 production [127]. Tumor-educated MSCs that secrete
various immunomodulatory molecules (CCL5, TGF-f, Clq
and semaphorins) induce PD-1 overexpression and the M2
macrophage phenotyping in immature MDSCs and differ-
entiated macrophages. IL-4, IL-10 and TGF-p1 secretomes
from BC adipose tissues have been found to increase the
quantity of Treg cells within the ME [128-130].

7.2 Extracellular matrix (ECM) components
7.2.1 Collagen

Collagen is the most frequent component of the ECM,
mainly synthesized by CAFs and TAMs in which type
I (in stroma) and IV (in basement membrane) are more
abundant and provide structural support and tissue polar-
ization. Physical tension, inflammation and carcinogenic
factors such as TGF-f induce collagen overproduction
resulting in a severe pathological condition known as
"desmoplasia." Desmoplastic tissue is characterized by
a linear re-arrangement of collagen fibers that influence
BC prognosis, invasion and metastasis [131]. ECM con-
stituents like tenascin C and versican intensify the tumor
stroma's desmoplastic status by recruiting inflammatory
cells and producing MMP and TGF-p. The highly dense
and parallel organization of collagen networks around
tumor clusters reduce the influx of cytotoxic T cells into
the tumor, their motility and physical access to cancer
cells. High-density collagen matrices have diminished
the proliferation of cytotoxic T cells and CIP2A expres-
sion involved in cytolytic behavior. Furthermore, col-
lagen densities have been found to induce Treg cells
by overexpressing CD101, SMAD4, FOXO1, PML and
FOXMI [132]. Collagen-dense breast tumors exhibit a
higher cyclooxygenase-2 content, which is correlated
with IL-2, IL-4 and IL-17A overexpression and mac-
rophage and neutrophil recruitment [133]. Although the
exact mechanism is not well understood, it is believed
that the higher stiffness and collagen-binding receptors
available may stimulate M2 macrophage polarization and
YAP/TAZ mechanotransduction pathways [134]. Colla-
gen type IV has been shown to stimulate the production
of CCL-2, CXCL-3, CXCL-10 and TGF-$ in BC cells,
intensifying immunosuppressive functions and driving T
cell dysfunction [135].

7.2.2 Tenascin-C (TNC)

TNC is a 180-300 kDa ECM glycoprotein highly dis-
tributed in embryonic tissues while restricted to ten-
dons and stem cell niches in adult tissues [136]. The
pathological abundance of TNC appears in the ECM of
most solid tumors, including breast, ovarian, prostate,
lung, glioblastoma, gastrointestinal and liver cancers,
mediating tumor growth, metastasis, angiogenesis and
relapse [137]. Its hexameric multimodular architecture
enables TNC to interact with various ECM compounds
like fibronectin and integrin to regulate cell behavior
[136]. TNC-enriched breast tumors contain higher num-
bers of M2 TAMs, contributing to reduced cytotoxic
T-cell proliferation and induced IL17-secreting T cells
[138]. TNC has been found to affect the localization of
immune cells in BC stroma, by which cytotoxic T cells
were entrapped into the stroma without invading tumor
cell nests. Mechanistically, TNC upregulates CXCL12
in a TLR4-dependent pathway and binds it through
fibronectin type III (FNIII) domains. TNC-CXCL-12
forms a robust adhesive substrate to retain T cells in the
BC stroma. Also, TNC negatively impacts killer T cell
action by targeting granzyme B and perforin [139]. Accu-
mulation of TNC in TNBC cells harboring an irregular
autophagy-lysosome degradation system inhibits T cell
infiltration and cytotoxic activity [140].

7.2.3 Thrombospondin-1 (TSP1)

TSP1 is a 450 kDa matricellular glycoprotein highly
expressed in BC and is known to contribute to differ-
ent biological processes via interactions with other ECM
components and receptors, including CD36, CD47,
CD148 and LRP1 [141]. TSP1 is a H,S antagonist and T
cell inhibitor that restricts the synthesis of endogenous
H,S via downregulating cystathionine f-synthase (CBS)
and cystathionine y-lyase (CTH). It binds to CD47 and
suppresses the H,S-activated MEK/ERK pathway and T
cell activation [142]. Also, TSP1-CD47 interaction dic-
tates T cell apoptosis through inhibiting protein kinase
A and intracellular cAMP [143] and induces naive or
memory T cells into regulatory phenotypes [144]. Fur-
thermore, TGF-fB2-expressing APCs in mucosal tissues
have been found to use the TSP1-CD36 signaling axis to
enhance the Treg phenotype in an integrin-independent
manner by TGF-p1 production [145].

7.2.4 Secreted protein acidic and rich in cysteine (SPARC)

SPARC (osteonectin) is a non-structural matricellular
glycoprotein distributed in normal and malignant tissues
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orchestrating cell—cell and cell-ECM interactions, as well
as cellular growth, migration and differentiation. SPARC
is detected in high-grade breast tumors and reflects a
higher EMT and therapy resistance [146]. SPARC-rich
breast tumors overexpress cyclooxygenase-2 (COX-2),
GM-CSF and IL-6, permitting higher recruitment of
MDSCs and collagen deposition, and CCL-2 and IL-10
to induce Treg differentiation [147, 148].

7.2.5 Versican

Versican is a> 1000 kDa chondroitin/dermatan sulfate
proteoglycan from the hyalectan family exhibiting various
interactions with hyaluronan, fibronectin, tenascin and CD44
[149]. Versican enrichment halts T cell-hyaluronan inter-
action and prevents T cell binding and migration into the
matrix [150]. Versican overexpression at early BC stages
directly correlates with TAM accumulation, CCL2, VEGF,
TGF-fB1, collagen production, and metastatic tumor develop-
ment [151]. Versican is a central ligand for TLR2 through
which dendritic cells (DCs) release high amounts of auto-
crine IL-10 and IL-6 that restrain DC function, T cell expan-
sion and anti-tumor immunity [152].

7.3 Soluble factors
7.3.1 TGF-B1

In addition to insoluble components, various soluble
factors such as cytokines, chemokines and metabolites
released from cellular entities generate an immunomodula-
tory TME (Table 1). TGF-§ family members play contrast-
ing roles in cancer, among which TGF-B1 acts as a cancer-
developing isoform produced by tumor and immune cells.
Autocrine and paracrine TGF-p1 induces immune check-
point elements and anti-inflammatory cytokines bring-
ing down the immune responses and generating immune
escape [153]. TGF-B1 raises EMT in HER2" colorectal,
ovarian and BC cells via upregulation of PD-L1 depending
on the MEK/ERK and PI3K/Akt pathways. EMT impairs
CAR-T cell anti-tumor and cytokine release functions.
Blockade of the TGF-f signaling pathway refines the pro-
liferation, anti-tumor activity and cytokine production of
anti-ROR1-CAR-T cells in 3D models of TNBC [154].

7.3.2 IL-1B
IL-1p produced during advanced BC stages is supposed
to play converse roles in cancer progression and anti-

tumor immunity. IL-1p production and maturation into
the active form are mediated through TLR signaling and
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inflammasome-dependent cleavage pathways. Inflam-
masome activation results in higher IL-1p followed by
the penetration of MDSCs and TAMs into BC mouse
models and activating and expanding MDSCs via the IL-
1RI/NF-kB pathway in gastric cancer [155, 156]. IL-10-
bearing breast tumors exhibit higher levels of CCL-2,
which outperforms recruiting and inducing inflamma-
tory CCR-2" immune cells compared to cytotoxic T cells
[157]. Breast tumor-derived IL-1f induces IL-22 produc-
tion in memory T cells via aryl hydrocarbon receptor
(AhR) and RORY signaling pathways [158].

7.3.3 IL-10

IL-10 is an anti-inflammatory cytokine with pro- and
anti-tumorigenic activities released by infiltrated immune
cells and it modulates tumor immune status by upregulat-
ing TNF-a, IL-1 and IL-12. At the same time, IL-10 has
a reverse effect on costimulatory molecules (CD80 and
CD86) and obstructs APCs' access to tumor antigens [159].
IL-10 upregulates heparanase expression in inflammatory
BC, which positively correlates with TAMs infiltration
[160]. It also inhibits CD4* T cell proliferation by reducing
IL-2 and stabilizes Treg cell function through the STAT3
signaling pathway [161, 162]. IL-12/IL-10 ratios with
higher contents of IL-10 control the immunosuppressive
character of orthotopic breast tumor models [157].

734 1L-18

IL-18 is a pro-inflammatory cytokine from the IL-1 family
acting through the NLRP/inflammasome pathway. TNBC-
derived IL-18 signifies immature and non-toxic NK cell
fractions and induces PD-1 expression in them, correlating
with a poor disease prognosis [163].

7.3.5 IL-35

IL-35 is a cytokine from the IL-12 family responsible for
recruiting MDSCs and TME immunotolerance. 1L-35
expressed by BC cells hinders the expansion of conventional
T cells and incites STAT1/STAT?3 signaling to convert them
into Treg cells producing IFN-y, IL-10, IL-17 and IL-35
[164]. IL-35 expressing Treg cells overexpress BLIMP-1 in
intratumoral CD8" T cells and exhaust them [165]. T cell
loss of function caused by IL-35 is associated with CD28
downregulation, inhibitory receptor (CTLA4, PD-1, Tim-3,
LAG-3) expression and Th1 cytokine release [166, 167].

7.3.6 Prostaglandin-E2 (PGE2)

PGE?2 is a lipid metabolite deriving from arachidonic acid
as a function of COX-2 activity targeting downstream
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Table 1 Soluble factors of the BC microenvironment

Soluble factor

Immunosuppressive effect in solid tumors

TGF-p1 o PD-L1 upregulation: increased EMT
o EMT-induced CAR-T cell loss of function
IL-1B o MDSC recruitment
o TAM recruitment
o [L-1RI/NF-xB upregulation: MDSC activation and expansion
o Higher-level CCL-2: inflammatory CCR-2* immune cell infiltration
e AhR and RORy induction in memory T cells: IL-22 production
IL-10 o TNF-a, IL-1, IL-12 upregulation
e CD80/CD86 downregulation: antigen presentation inhibition
e Heparanase expression: TAM infiltration
o IL-2 reduction: CD4™" T cell proliferation inhibition
o STAT?3 activation: Treg cell phenotype induction
IL-18 e PD-1 expression: immature and non-toxic NK cell induction
IL-35 o MDSC recruitment
o T cell proliferation inhibition
o CTLA-4, PD-1, Tim-3, LAG-3 upregulation, and CD28 downregulation: T cell loss of function
o [L-35-induced BLIMP-1 expression: intratumoral T cell exhaustion STAT1/3 activation: Treg cell
phenotype induction associated with IFN-y, IL-10, IL-17 and IL-35 production
PGE2 e Suppressive effect on propagation, cytolytic activity and cytokine release of T cells
e Suppressive effect on antigen propagation and presentation of DCs
IDO e Kynurenine metabolism: T cell apoptosis induction
e PD-L1 upregulation
e STAT?3 overexpression in MDSCs: T cell loss of function, Th1 polarization and apoptosis induction
TDO2 e Kynurenine metabolism: AhR binding, Treg cell differentiation and apoptosis induction
KMO and KYNU o Generation of anthranilic acid derivative

mitogenic signaling pathways to enhance cancer cell pro-
liferation. Tumor cells, TAMs and MSCs produce high
amounts of PGE2 with a negative effect on propagation,
antigen presentation, tumor killing and cytokine release of
dendritic and T cells [168].

7.3.7 Immunosuppressive metabolites

IDO is a heme-bearing immunotolerance-inducing enzyme
that gets L-tryptophan from access to T cells by catalyzing
it to the toxic metabolite kynurenine (Kyn), thereby reducing
T cell activity and survival and inciting apoptosis in them
[169]. IDO expression is coupled with escalated PD-L1
content within the TME, and STAT3-dependent IDO over-
expression in MDSCs blocks T cell function, proliferation
and Thl polarization, and prompts apoptosis [116, 170].
Tryptophan-2, 3-dioxygenase (TDO2) catalyzes the rate-
limiting step of tryptophan catabolism in TNBC cells. The
final metabolite of TDO2 activity, Kyn, binds to the AhR
in cytotoxic T cells and drives them toward a Treg pheno-
type and apoptosis [171, 172]. Upregulation of Kynurenine
3-monooxygenase (KMO) and L-kynureninase (KYNU)

directs the Kyn pathway, alters the metabolomic profile in
BC cells, and causes the generation of immunosuppressive
anthranilic acid derivatives [173].

BC cellular components produce and secrete different
soluble factors and govern various aspects of tumor immu-
nosuppression. PGE2: Prostaglandin-E2, IDO: Indoleam-
ine 2,3-dioxygenase, TDO2: Tryptophan-2, 3-dioxyge-
nase, KMO: Kynurenine 3-monooxygenase, KYNU:
L-kynureninase.

7.4 Tumor environmental factors
7.4.1 Hypoxia

Oxygen tension (hypoxia) is indicative of the invasive
nature of a tumor, associated with disease progression and
therapy resistance. Upon tumor penetration, T cells meta-
bolically reprogram from oxidative phosphorylation to
glycolytic metabolism and undergo structural remodeling
of mitochondria. Nutrient withdrawal induced by hypoxia
may hamper this transformation and impede T cell activa-
tion [174]. Glycolytic activities in human TNBC orchestrate
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a molecular network of the AMPK-ULK1, autophagy and
CCAAT/enhancer-binding protein beta (CEBPB) pathways,
collectively supporting MDSC maintenance and immuno-
suppression [175].

Hypoxia mediates HIF1a overexpression to direct tumor
angiogenesis/vasculature remodeling. HIF 1« restricts innate
and adaptive immune cell survival, cytotoxicity and cytokine
production by forcing glucose metabolism into lactate for-
mation and forwarding immunosuppressive activities [176].
Low oxygen pressure increases the population and function
of Tregs, MDSCs and M2 macrophages and induces the
production of immunomodulatory cytokines and immune
checkpoint elements [177]. Mild photothermal ablation has
been shown to oxygenate the melanoma mass, imbalance its
hypoxic status, and enhance tumor perfusion.

Under hypoxic conditions, carbonic anhydrase IX (CAIX)
enhances and promotes a cascade of events to produce
G-CSF and reduce the tumor pH. G-CSF signaling plays a
significant role in recruiting immunosuppressor cells in vari-
ous cancers, including BC. Hypoxia stimulates the expres-
sion of CD39 and CD73 on tumor-resident cells that mediate
the conversion of ATP into ADP and ADP into adenosine,
respectively. Elevated extracellular adenosine imposes
strong immunomodulation on T cells, macrophages, DCs
and MDSCs [178]. Binding adenosine to the A2aR receptor
on the surface of T cells triggers intracellular cAMP-depend-
ent PKA/CREB signaling. The activated pathway interrupts
TCR-induced proliferation, tumor killing and IL-2, TNF and
IFNy cytokine secretion of TILs [178, 179].

7.4.2 Acidic pH

Due to oxygen tension and HIFla expression, cancer cells
undergo metabolic reprogramming from oxidative phos-
phorylation to glycolysis. Anaerobic glycolysis is accom-
panied by intracellular accumulation of lactate and protons.
Besides, ALDH1A1 activity leads to an intracellular acidic
pH in BC cells, which enhances TAK1 phosphorylation,
NFkB activation and GMCSF secretion, which leads to
MDSC infiltration [106]. Cancer cells govern the acidic bal-
ance via a series of transporters and pumps through which
they efflux acidic metabolites into the TME and reduce its
pH. Lactic acid also prevents the infiltration, homing and
migration of T cells, DCs and NK cells into the tumor and
induces tolerogenic phenotypes [180]. Lactate abundance
and an acidic pH of TME block MCT transporters (MCT-1,
MCT-2, MCT-4) responsible for effluxing acidic metabo-
lites from cytotoxic T cells in a gradient-dependent manner.
Blockade of MCT transporters has been found to impede
T cell function and to impose apoptosis [181]. A low pH
inhibits IL-2 receptor (CD25) expression while instigating
upregulation of the immunoinhibitory molecules CTLA-4
and IFNy-R2 in TILs [182].
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7.4.3 Mechanical force

Increased cancer cell proliferation and matrix synthesis
during tumor growth in a limited area generate mechani-
cal forces decisive to cancer progression and metastasis.
Exposure to oscillatory strain drives TNBC cells to release
PD-L1-rich exosomes. Exosomes engulfed by MDSCs,
M2 macrophages and T cells are responsible for immuno-
suppressive effects [183]. Mechanical stimuli transduced
in myeloid cells through mechanosensitive ion channel
Piezol upregulate histone deacetylase 2, thereby silenc-
ing the retinoblastoma gene Rb1. This signal transduction
enhances the expansion of MDSCs and strengthens their
immunomodulatory status [184]. BC cells express higher
CTLA-4 interacting with CD80 molecules on APCs. High
levels of CTLA-4 generate strong forces that deplete
bounded CD80 molecules from APCs and trans-endocytose
them into BC cells in a myosin-dependent manner leading
to T cell suppression [185].

7.4.4 CAR-T cell-induced toxicity

A range of mild to severe side effects observed in patients
infused with CAR-T cells is unavoidable and challenging for
the therapeutic procedure. The adverse effects encompass
CAR-T cell anti-tumor activities. For example, eradicat-
ing cancer cells to a large extent and their lysates results
in electrolytic and metabolic harassment. This imbalanced
state may lead to tumor lysis syndrome (TRS), manifested
by hyperuricemia, hyperphosphatemia, hyperkalemia and
hypocalcemia [186]. Cytokine release syndrome (CRS) is
a common consequence of CAR-T cell therapy and results
from a systemic inflammatory reaction due to the overpro-
duction of inflammatory cytokines (IL-6, IL-10, TNF-a and
IFN-y) from infused CAR-T cells and host immune cells.
CRS symptoms include high fever, sinus tachycardia, blood
pressure, oxygen tension and host organ dysfunction. CAR-T
cell dose and disease burden may determine the severity of
CRS symptoms [187].

Another undesired side effect is that most tumor-asso-
ciated antigens known as CAR-T cell therapy targets are
also expressed in healthy tissues, which CAR-T cells may
also recognize. In a case report, the infusion of ERBB2-
targeting CAR-T cells to a patient with metastatic colon
cancer gave rise to a rapid respiratory distress reaction
followed by death five days post-infusion [89]. Clinical
manifestations of CAR-T cell-induced toxicity involve
various reversible and irreversible symptoms depending
on the affected organ. The most common adverse effects
are toxicities involving cardiovascular, respiratory, renal,
hepatic, gastrointestinal, musculoskeletal, immunologic/
hematologic and nervous systems (reviewed by Brudno
et al. [188]).
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8 Discussion

CAR-T cell therapy represents a milestone in cancer immu-
notherapy, and promising clinical outcomes on hematological
malignancies have resulted in more consideration into admin-
istering CAR-T cell therapy to solid tumors, including BC.
Customized CAR design provides antigen-specific and safe
responses in engineered T cells. High-affinity scFV entities,
short hinges and extracellular spacer domains afford higher
tumor lysis potential of anti-ROR CAR-T cells [189]. The more
specific a tumor antigen target is selected for CAR-T cell ther-
apy, the more satisfactory clinical outcomes may be expected.
Considerable advancements in genomics and proteomics,
RNA, DNA, whole-genome and exome sequencing have ena-
bled the identification of new neoantigens and neoepitopes as
potentially targetable TAAs in some solid tumors.

Despite favorable in vitro results on tumor-killing and
cytokine release, in vivo proof pointed out impaired anti-tumor
function and delicate infiltration of IL-7/IL-15 co-expressing
anti-Neu-CAR-T cells. Replacing T cell signaling endodomains
with IL-17A™ helper and cytotoxic T cells (Th17 and Tc17) has
led to modestly higher CAR-T cell infiltration and persistence
within the TME and short-term anti-tumor immunity [190].
Local and regional administration of CAR-T cells is preferred
over systemic infusion, which ensues long-lasting survival and
anti-tumor activity [191]. Intravenous injection of anti-IL13Ra2
CAR-T cells has not been found to potentiate enough trafficking
into glioblastoma tumors, while local intracranial administration
supported T cell traffic, persistence and effector function [192].

A beneficial strategy to prevent possible CAR-T cell-medi-
ated on-target/off-tumor toxicity is using suicide genes to initi-
ate switch-on/switch-off mechanisms of CAR-T cell activity
regulation [193]. However, suicide genes derived from viral
sources enhance immunogenicity, are time-consuming to
synthesize interfering DNA, and abolish CAR-T cells [194].
In vitro transcribed mRNA-based approaches generate tran-
siently expressed CARs with lower on-target/off-tumor side
effects. However, short-term CAR expression, poor infiltration
and impaired anti-tumor function remain challenging [195].

The development of synNotch CAR-T cells introduced
an intelligent mechanism to reduce off-tumor toxicity and to
amplify T cells' anti-tumor immunity. SynNotch receptors
specific for EpCAM or B7-H3 activate anti-ROR1 CAR-T
cells directed against ROR 1% expressing BC cells and obstruct
CAR-T cell-mediated death in sub-lethal radiation precondi-
tioned tumors. Although synNotch CAR-T cells discriminate
primary breast tumors from normal tissues and eradicate them
selectively, they fail to do the same with metastasized second-
ary tumors, bringing about toxicities to adjacent non-cancer
cells [88]. The solid TME is a fundamental immunosuppres-
sive barrier, and conjugation of TME targeting methods with
CAR-T cells may overcome tumor immune escape. Abnormal

angiogenesis and deformed, not fully developed vasculature
are prominent features of solid tumors that significantly deter-
mine tumor survival, growth and malignancy and prevent
T cell infiltration [196]. Combination therapy with VEGF,
CD276 or endothelin B receptors has been found to restore
tumor vessels' regular organization and to facilitate CAR-T
cell infiltration into the tumor mass [197].

Genetic engineering strategies prevent cancer cells from
staying hidden from immune effector cells. EpCAM aptamer-
linked small-interfering RNA chimeras (AsiCs) warrant the
knockdown of genes related to the immunity of EpCAM
expressing HER2' and TNBC cells in vivo. Selective gene
knockdown increases neoantigen expression and presenta-
tion of tumor-infiltrating immune cell toxicity while decreas-
ing immune checkpoint expression and tumor growth [198].
Cytokine-producing CAR-T cells lack short-time tumor
regression potential, but their combination with stimulator of
IFN gene (STING) antagonists results in effective recruiting
and trafficking of CAR-T cells with long-term maintenance
and proliferation [190]. The combination of CAR-T cell and
PD-1/PD-L1 checkpoint blockade overwhelms CAR-T cell
loss of functions and upgrades tumor eradication [199].

Targeting the SDF1a/CXCR4 axis hinders MDSC migra-
tion into breast tumors and boosts CAR-T cell anti-tumor
activity [200]. Genetic modification of anti-MUC1 CAR-T
cells to co-express TR2.41BB costimulatory receptors tar-
gets MUC1-expressing BC cells and MDSCs expressing
tumor necrosis factor-related apoptosis-inducing apopto-
sis ligand receptor 2 (TR2) [113]. Anti-Meso CAR-T cells
with TGF-f targeting adenoviruses yield more robust anti-
tumor responses. Oncolytic adenoviruses have an inherent
potential for tumor cell lysis, reduce tumor burden at earlier
stages and interfere with the TME by TGF-f suppression-
mediated IL-6 and IL-12 production [66].

Targeting extrinsic and intrinsic factors impacting CAR-T
cell exhaustion ameliorates the CAR-T cell therapeutic success.
Bajgain et al. fused IL-4/IL-7 domains to second-generation
anti-MUC1 CARs to support CAR-T cells against the inhibi-
tory effect of tumor-associated IL-4. The IL-4/IL-7 fragment
reversed the IL-4 inhibitory signaling into a stimulatory IL-7,
resulting in T cell persistence, survival, expansion and effec-
tive anti-tumor responses [22]. Knocking down the transcrip-
tion factor IKZF3 from anti-HER2 CAR-T cells using CRISPR
technology augmented the killing potential of CAR-T cells
against BC cells through influencing cytokine signaling, chem-
otaxis and cytotoxicity [201]. Determining the effective dose
of CAR-T cells is a principal matter of the clinical implication
of CAR-T cells to reach high efficiency and minimum toxic-
ity. A small proportion of anti-HER2 CAR-T cells (175,000 or
17,500 cells) in combination with mouse T cells (2.5 million or
250,000 cells respectively) has been found to result in a com-
plete immune response in xenograft breast tumor models [202].
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9 Conclusion

In short, CAR-T cell therapy and developing next-generation
CAR constructs with refined antigen recognition and effec-
tor function properties while ensuring minimized toxicities
hold great promise.
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