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Abstract

Triple-negative breast cancer (TNBC) remains one of the most aggressive and treatment-
resistant forms. TNBC is an aggressive and therapeutically resistant subtype of breast
cancer, marked by the absence of estrogen, progesterone, and HER? receptors. The lack
of defined molecular targets significantly limits treatment options and contributes to high
recurrence rates. Among the key pathways involved in TNBC progression and resis-
tance, the CXCR4/CXCL12 chemokine axis has emerged as a critical player. CXCR4, a
G-protein-coupled receptor, binds specifically to its ligand CXCL12, promoting tumour
cell proliferation, metastasis, immune evasion, and stromal remodelling. Its overexpres-
sion is frequently associated with poor prognosis, disease progression, and resistance to
conventional therapies in TNBC. This review explores how the chemokine receptor type 4
(CXCR4/CXCL12) axis facilitates drug resistance through mechanisms such as epithelial-
mesenchymal transition (EMT), cancer stemness, and microenvironmental interactions.
Notably, CXCR4 antagonists like plerixafor, balixafortide, and POL5551 have shown en-
couraging preclinical and clinical results, particularly when combined with chemotherapy
or immunotherapy. Additionally, innovative strategies, including radiopharmaceuticals,
peptide inhibitors, and nanotechnology-based delivery platforms, offer expanded thera-
peutic avenues. Despite persistent challenges such as tumour heterogeneity and potential
toxicity, growing clinical evidence supports the translational relevance of this axis. This
manuscript provides an in-depth analysis of CXCR4/CXCL12-mediated drug resistance in
TNBC and evaluates current and emerging therapeutic interventions.

Keywords: triple-negative breast cancer (TNBC); CXCR4; CXCL12; drug resistance;
chemoresistance; targeted therapy

1. Introduction

Triple-negative breast cancer (TNBC) accounts for approximately 10-20% of all breast
cancer cases and is defined by the absence of established hormone receptors, including
estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor
receptor 2 (HER2) [1]. It is known for greater aggressiveness, the ability to metastasise
early, and the tendency to recur early, and it has a historically poor prognosis [2]. With a
lack of targetable ER, PR, or HER2, systemic chemotherapy is the only treatment modality
available to patients [3]. Major mechanisms involved include genetic mutations (e.g., in tu-
mour suppressor genes or oncogenes), epigenetic modulation (e.g., histone modifications),
and autophagy, which enables cancer cells to recycle nutrients under stress conditions [4].
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Epithelial-mesenchymal transition (EMT) and the expression of anti-apoptotic proteins
facilitate invasion and resistance by preventing programmed cell death. Immune evasion,
such as the downregulation of MHC-I, impairs immune system recognition [5]. Drug
efflux via ATP-binding cassette (ABC) transporters reduces intracellular drug concentra-
tions. Cancer stem cells contribute through self-renewal and resistance to conventional
therapies [6]. Individually or in combination, these mechanisms enable TNBC cells to
survive chemotherapy, posing significant challenges to effective treatment (Figure 1) [7].
TNBC patients frequently develop chemoresistance, contributing to treatment failure and
disease recurrence [8]. There is an increasing body of evidence to indicate that the tu-
mour microenvironment (TME), being made up of immune cells, stromal components
and a milieu of signalling molecules, is a significant player in altering drug response
and enabling resistance mechanisms [9]. The chemokine receptor CXCR4 and its ligand
CXCL12 (also referred to as stromal-derived factor-1, SDF-1) have become prominent
in TNBC progression and drug resistance [10]. CXCR4 is a G-protein-coupled receptor
(GPCR) that is overexpressed in many solid tumours, including TNBC [11]. Its sole ligand,
CXCL12, is secreted by stromal cells (cancer-associated fibroblasts (CAFs), mesenchymal
stem cells, and endothelial cells) in the tumour microenvironment (TME) [12]. Upon bind-
ing of CXCL12 with CXCR4, signalling events activate multiple downstream signalling
pathways, including phosphoinositide 3-kinase (PI3K)/AKT, mitogen-activated protein
kinase (MAPK/ERK), and janus kinase (JAK)/signal transducers and activators of tran-
scription (STAT) pathways, facilitating tumour cell survival, proliferation, migration, and
immune evasion [13]. The CXCR4/CXCL12 axis certainly facilitates tumour cell homing,
specifically in organs such as the lung, liver, bone, and lymph nodes, which are the most
common sites of TNBC metastasis [14]. An essential feature of CXCR4/CXCL12 signalling
in TNBC is its ability to mediate resistance to chemotherapy and targeted treatment [15].
Mechanistically, activation of CXCR4 leads to the transition to the epithelial-mesenchymal
transition (EMT), enhancement of cancer stem cell (CSC) properties, and establishment of
a pro-survival phenotype [16]. EMT is characterised by the downregulation of epithelial
markers and upregulation of mesenchymal characteristics that allow tumour cells to be
more migratory, invasive, and resistant to apoptosis [17]. Additionally, CXCR4/CXCL12
signalling enhances CSC populations to mediate resistance by retaining a portion of quies-
cent, drug-tolerant cells, which are capable of repopulating the tumour after treatment is
paused [18]. In preclinical models, CXCR4 inhibition has been shown to re-sensitize TNBC
cells to chemotherapeutic agents, including doxorubicin, paclitaxel, and cisplatin [15].
Even without combining with chemotherapy, pharmacologic blockade using CXCR4 an-
tagonists, such as AMD3100 (plerixafor), AMD3465, or through monoclonal antibodies,
has demonstrated the ability to reduce tumour burden, delay metastasis, and enhance
chemosensitivity in preclinical TNBC models [19]. Additionally, CXCR4 blockade com-
bined with standard chemotherapy produced a synergistic anti-tumour effect, underscoring
the axis’s potential as a therapeutic target [20]. More than intrinsic tumour cell behaviour,
CXCR4/CXCL12 signalling contributes to the immune suppressive microenvironment
seen in TNBC by recruiting regulatory T cells (Tregs), myeloid-derived suppressor cells
(MDSCs), and tumour-associated macrophages (TAMs) to the tumour, creating a block to
tumour-specific immunity and promoting tumour evasion of the immune system. More-
over, CXCR4/CXCL12 signalling inhibits CD8* T cell infiltration while decreasing CD8*
T cell functionality, which inhibits the efficacy of immune checkpoint inhibitors (ICIs),
including therapeutic products targeting PD-1 and PD-L1 [21]. Thus, there is an expanding
interest in CXCR4 blockade combined with immunotherapy. Recently initiated clinical
trials have started exploring this combination in an attempt to “recondition” the tumour
microenvironment (TME) to eliminate immune resistance to immunotherapeutic prod-
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ucts in patients with TNBC [22]. In addition, CXCL12 expression is further upregulated
by hypoxia in the TME through hypoxia-inducible factor-1 (HIF-1«x), leading to further
CXCR4-related signalling and chemoresistance [23]. This ultimately forms a self-amplifying
loop where chemotherapy-induced hypoxia leads to unintentional CXCR4/CXCL12 activa-
tion and consequently tumour regrowth [13]. Clearly, this presents significant implications
for the timing and combinations of therapy where CXCR4 inhibitors could be advantageous
for cancer care by interrupting this self-amplifying loop before it could take root [24]. Novel
drug delivery approaches (e.g., nanoparticles and liposomes) are also being utilised to
co-deliver agents targeting CXCR4 and chemotherapy directly to the tumour site, which
ameliorates systemic toxicities and increases efficacy [25]. Precision oncology can identify
TNBC patients with high CXCR4/CXCL12 expression, enabling targeted therapies to im-
prove treatment outcomes [26]. Biomarker-step clinical trials are now in progress for the
purpose of stratification of patients and treatment regimens. Despite these positive devel-
opments, important obstacles must be addressed [27]. CXCR4 exerted some significant
physiologic effects during haematopoiesis, vascular cardiac development, immune cell traf-
ficking, etc. [10]. Concerns exist about systemic toxicities and off-target effects attributed
to CXCR4 inhibition. In general, due to compensatory signalling via other chemokine
receptors (e.g., CXCR?), the benefit derived from CXCR4 inhibition could be mitigated in
the other adverse event of malignant disease for therapeutic development [28].
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Figure 1. This diagram illustrates the multifactorial pathways leading to drug resistance in TNBC. At
the centre of this process is the capacity of the tumour cell to survive and adapt to therapeutic stress
(Biorender.com accessed on 17 July 2025).

TNBC does not have effective targeted therapies and is more likely to develop chemore-
sistance, which leads to high rates of poor clinical outcomes [10-12]. One of the main
players in this resistance is the CXCR4/CXCL12 signalling axis that is known to play a
role in promoting tumour progression, metastasis, survival and remodelling the tumour
microenvironment [8-12]. The dysregulation of this pathway leads to activation of multi-
ple downstream signalling cascades, such as PI3K/AKT, MAPK, and JAK/STAT, which
provide tumour cells with increased cellular plasticity when confronted with therapeu-
tic stress [13]. The goal of this review was to connect mechanistic understanding with


Biorender.com

Cells 2025, 14, 1482

4 0f27

translational/clinical aspects, while highlighting targeting of the CXCR4/CXCL12 axis
as a novel therapeutic approach to overcome drug resistance in TNBC (Figure 1) [25-28].
Therefore, in order for rational drug design to develop durable benefits with therapeutic
benefits along with safety and adverse event tolerability, true combination approaches are
necessary. The CXCR4/CXCL12 axis is crucial in TNBC aggressiveness, metastasis, and
therapy resistance [29]. Therapeutic strategies to interfere with this axis have produced
promising preclinical and early clinical results [30]. Current investigations should evolve
these approaches, taking into account molecular information, efficient drug delivery, and
combinations to overcome resistance patterns of drugs and improve clinical responses of
patients with TNBC [30]. Comprehensive knowledge of this axis, in the breadth of the
tumour ecosystem, could reshape TNBC management and potentially allow for a paradigm
shift in the management of drug resistance in this challenging subtype of cancer. This
manuscript discusses the clinical challenges in TNBC and drug resistance, the mechanism
of the CXCR4/CXCL12 axis in drug resistance, strategies to overcome CXCR4/CXCL12-
mediated drug resistance in TNBC, clinical trials aimed at overcoming drug resistance in
TNBC, limitations of CXCR4/CXCL12-targeted therapy, and future directions for targeting
the CXCR4/CXCL12 axis in TNBC (Figure 1).

2. Triple-Negative Breast Cancer and Drug Resistance: A Clinical Challenge

The diversity of TNBC, the lack of hormonal receptors, and less effective targeted
therapy greatly increase the chance for early relapse, increase metastatic potential, and
diminish overall survival in comparison to other breast cancer subtypes [3]. TNBC has
distinct clinical and pathological characteristics [3]. The tumours are predominantly high
grade, have a basal-like genomic expression profile and have a high proliferative index [31].
In contrast to hormone receptor-positive or HER2-amplified cancers, there are no effective
molecular targets for the treatment of TNBC [2]. A number of genetic markers are involved
in this resistance [32]. BRCA1/2 mutations, although originally sensitising the tumours
to DNA-damaging drugs and PARP inhibitors, are able to develop reversion mutations
that recreate DNA repair and drug resistance [33]. TP53 mutations, which occur in more
than 80% of TNBCs, induce genomic instability and apoptosis-evading resistance [34]. In
addition to disrupting canonical tumour suppressor pathways, we hypothesise that TP53
mutations may impact chemokine signalling networks, altering CXCR4 expression and
activity. In summarising this p53-CXCR4/CXCL12 relationship, we describe the potential
novel mechanism of therapeutic resistance [34]. In addition, the review brings together
newer preclinical evidence that targeting CXCR4 or its downstream pathways can sensitise
TNBC cells to chemotherapy and immunotherapies [34,35]. Clinically, the evidence from
ongoing studies targeting CXCR4 antagonism underscores the clinical relevance of this
axis. Integrating mechanisms and therapeutic implications, this review encapsulates a
large breadth of information to provide an updated and broad view of how targeting
the p53—CXCR4/CXCL12 axis may help to overcome resistance and improve both out-
comes for patients with TNBC [34,35]. PIK3CA mutations and PTEN loss activate the
PI3K/AKT/mTOR pathway and lead to survival signalling and therapy evasion [35]. An-
drogen receptor (AR) overexpression is linked to chemo resistance and defines a unique
TNBC subgroup [14]. Overexpression of CXCR4, usually triggered by genetic and epi-
genetic changes, enhances metastasis and chemoresistance by activating survival signals
and drug efflux pump pathways (Table 1) [36]. Familiarity with these genetic markers is
central to the anticipation of therapeutic response, the creation of focused interventions,
and the repulsion of drug resistance in TNBC (Figure 2) [37]. Thus, in comparison to other
metastatic breast cancers, systemic chemotherapy is the principal treatment modality for
TNBC [38]. Along with the standard first line of treatment using various combinations of
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anthracyclines, taxanes, or platinum-based regimens generally on a quasi-weekly basis,
many patients with metastatic TNBC will have an initial response to chemotherapy, but
most patients will develop the progressive disease at a later time due to the development
of drug resistance. Patients who have TNBC are also more likely than other intrinsic cancer
types to develop visceral and brain metastases, which makes the patient more difficult to
treat. The objective of this review is to offer a translational overview that integrates mech-
anistic insights with clinical perspectives, thereby highlighting the therapeutic relevance
of targeting the CXCR4/CXCL12 axis to overcome drug resistance in TNBC management.
Triple-negative breast cancer poses a significant clinical challenge due to its high rate of
drug resistance, as shown in Table 1 [39-45].

Table 1. Triple-negative breast cancer poses a significant clinical challenge due to its high rate of
drug resistance.

S. No. Characteristic Particulars Reference
1 Subtype Characteristics Lacks ER, PR, and HE?Z expression; I}ighly aggressive; limited [39]
argeted therapies.
2 Emerging Resistance Pathways PIBK/AKT/mTOR, MAPK/ERK, JAK/STAT, NF-«B. [43]
3 Tumour Microenvironment Hypoxia, tumour-associated macrophages (TAMs), cancer-associated fibroblasts [42]
(CAFs), cytokine signalling (e.g., CXCR4/CXCL12).
4 Clinical Consequences Poor prognosis, high recurrence, limited response to standard therapies. [44]
Genetic mutations: TP53, BRCA1/2, PIK3CA, PTEN
Epigenetic changes: Histone modifications, DNA methylation
5 Major Mechanisms of Resistance EMT and stemness: Enhanced invasion and self-renewal [41]
Drug efflux: ABC transporters (P-gp, BCRP)
Immune evasion: Downregulation of MHC-I, T-cell dysfunction
6 Primary Treatment Cytotoxic chemotherapy (e.g., doxorubicin, paclitaxel, carboplatin). [40]
PARP inhibitors (e.g., olaparib in BRCA-mutated TNBC)
7 Strategies to Overcome Resistance CXCR4 antagonists (e.g., AMD3100) [45]

Immunotherapy (e.g., checkpoint inhibitors)
Combination therapies targeting signalling and immune pathways
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Figure 2. This diagram provides an overview of key signalling and genetic changes involved in
TNBC. Binding of growth factors (EGFR, FGFR1/2, VEGFR) to receptor tyrosine kinases (TKRs)



Cells 2025, 14, 1482

6 of 27

activates the PIBK-AKT-mTOR pathway, driving cell proliferation, survival, angiogenesis, tumouri-
genesis, and genomic instability. Gain-of-function mutations (e.g., INPP4B, PIKSCA, MAGI-AKTS3,
MYC, AR, CCNE, MDM2) and loss-of-function mutations (e.g., PTEN, BRCA1/2, TP53, RB1, MLL3)
further dysregulate these processes. CXCR4-CXCL12 interaction promotes epithelial-mesenchymal
transition (EMT), stemness, migration, invasion, and drug resistance. Mutations leading to upreg-
ulated CXCR4 expression amplify these oncogenic features. BCL activation inhibits apoptosis and
alters DNA repair. These signalling alterations contribute to cancer progression and therapeutic
resistance (Biorender.com).

3. Mechanisms of Drug Resistance in TNBC

Drug resistance in TNBC is rooted in both intrinsic and acquired mechanisms. A
range of molecular and cellular processes contribute to chemotherapy failure [46]. One of
those processes is EMT, which is a biological process characterised by epithelial tumour
cells assuming mesenchymal properties, providing those cells greater motility, invasive-
ness, and likelihood of evading apoptosis [47]. TNBC cells that undergo EMT are more
likely to survive chemotherapeutic agents’ cytotoxic effects [48]. TNBC is also enriched for
cancer stem cell-like populations that are self-renewing, tumour-initiating, and resistant
to conventional therapies [49]. Cancer stem cells can often survive chemotherapy and
then repopulate the tumour, leading to a relapse. Other factors contributing to TNBC
drug resistance include overexpression of ATP-binding cassette (ABC) transporters such as
P-glycoprotein (P-gp/ABCB1), which can actively pump chemotherapeutic agents away
from the cancerous or tumour cell, limiting drug accumulation in the cell [50]. TNBC
boasts significant defects in homologous recombination (HR). This is most evident in the
BRCA-mutated cases [51]. Though such tumours will respond favourably to agents that
damage DNA, such as platinum compounds or PARP inhibitors, they may develop sec-
ondary mutations that restore HR proficiency [52]. The drug resistance landscape in TNBC
is quite complicated. The tumour microenvironment (ITME), which includes immune cells,
fibroblasts, cytokines, and components of the extracellular matrix, is an important part
of this landscape [9]. The tumour microenvironment has signals also derived from the
tumour microenvironment, such as CXCL12, TGE-§3, and IL-6, that can promote tumour
survival and chemoresistance [53]. The drug-resistant phenotype in TNBC is also influ-
enced by the dysregulation of epigenetic modulators, the activation of signalling pathways
(e.g., PI3K/AKT, NF-«kB, and Wnt/3-catenin), and other cellular mechanisms [54]. There
are currently ongoing studies that are looking at whether agents targeting epigenetic mod-
ulators or agents that can eliminate cells that have undergone an EMT or cancer stem
cell (CSC) characteristics (e.g., Notch inhibitors, Hedgehog inhibitors or Wnt inhibitors)
could form the basis of combination therapy [55]. Immune checkpoint inhibitors, such as
PD-1/PD-L1 inhibitors, will also have effects upon TME in the normal immune system
and may also have importance as agents for TNBC, along with compatible and previously
unassigned treatments like immunomodulatory agents such as chemotherapy [55]. PD-
1/PD-L1 inhibitors have already had preliminary testing in TNBC with other therapeutic
combinations, while mixed signals about success have come from the use of these treat-
ments now approved for use in TNBC (i.e., PARP inhibitors olaparib and talazoparib for
BRCA genetic-mediated TNBC). More broadly, these PARP inhibitors could be explored for
use on the wider populations and considered for use once again, along with other popular
agents of therapies provided in mixed treatments such as targeted inhibitors [52]. Most
importantly, preclinical studies suggest that the pharmacological inhibition of PARP not
only affects DNA repair but also inhibits CXCL12/CXCR4 signalling, which influences
tumour cell migration, reduces metastatic ability, and potentially increases therapeutic
response [52]. Combination therapy approaches with PARP inhibitors plus CXCR4 antago-
nists, neutralizing antibodies, or downstream signalling inhibitors may offer synergistic


Biorender.com

Cells 2025, 14, 1482

7 of 27

clinical benefit by disrupting DNA repair capability and simultaneously blocking pro-
survival signal pathways [53,54]. This may provide a multi-faceted strategy to defeat
drug resistance and/or prevent distant metastasis, and may ultimately lead to improved
therapeutic outcomes for patients with TNBC, which remain a subtype without any effec-
tive targeted therapies [54]. The CXCR4/CXCL12 axis is a crucial mechanism in cancer
progression, especially in TNBC [56]. Stromal cells in the tumour microenvironment secrete
CXCL12, which in turn binds to the CXCR4 receptor on the cancer cell and activates many
signalling pathways (e.g., PI3K/AKT and MAPK) that promote tumour cell proliferation,
tumour cell migration, the EMT, and even metastasis (Figure 3) [57]. Other features of
the CXCR4/CXCL12 signalling pathway include being a contributor to drug resistance by
enriching the cancer stem cells (CSCs) and creating an immunosuppressive surrounding
microenvironment. CXCR4/CXCL12 also facilitates the homing of tumour cells to distal
organs while limiting therapeutic effectiveness due to protecting tumour cells from immune
attack and apoptosis, making it an important therapeutic target [58].

P
’hiu_ \"‘ : 1“#’
e . B CXCL12/CXCR4 signaling axis is
le T~ associated with distant metastasis
- 4," \; in TNBC
I R 1
PISK/AKT - MAPK/ERK - JAK/STAT - NF-kB -
Survival and Proliferation Immune Inflammation
apoptosis & Migration modulation survival i

resistance

O
o 00 (Distant metastasis)

Blocking CXCL12/CXCR4 signaling axis:

» CXCR4 antagonists
o CXCL12 antagonists
* Inhibition of downstream pathways

Figure 3. CXCL12 secreted from stromal and endothelial cells binds to CXCR4 on TNBC cells,
activating downstream pathways (PI3K/AKT, MAPK/ERK, STAT3, NF-«B) that promote epithelial-
mesenchymal transition (EMT), survival, invasion, and ultimately distant metastasis (Biorender.com).

4. Mechanism of CXCR4/CXCL12 Axis in Drug Resistance in
Triple-Negative Breast Cancer

TNBCs often develop resistance to chemotherapy agents, causing recurrence and
poor survival. One of the important molecular pathways mediating chemotherapy resis-
tance is the CXCR4/CXCL12 chemokine axis [59]. CXCR4 is a G-protein-coupled receptor
(GPCR) expressed in many different tumour cells, including TNBC. CXCR4 has a unique
ligand known as CXCL12 (also known as stromal-derived factor-1 or SDF-1), which is se-
creted from multiple stromal components in the TME, such as cancer-associated fibroblasts
(CAFs), mesenchymal stem cells and endothelial cells (Figure 4) [57]. Upon binding CXCR4,
CXCL12 promotes multiple downstream signalling cascades that can facilitate tumour
survival/progression and even resistance (Table 2) [60]. Additionally, the CXCR4/CXCL12
axis has an important role in the remodelling of the tumour microenvironment (TME) [57].
It promotes the recruitment of immune and stromal cells, promotes angiogenesis, enhances
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interaction between cancer cells and the surrounding niche, and modifies the environment
to protect cancer cells by shielding them from therapeutic insults. Frequency of immune
suppression, particularly in the form of increased regulatory T-cell (Treg) recruitment, again
limits the effectiveness of immunotherapies for TNBC [60]. Together, the CXCR4/CXCL12
axis promotes drug resistance in the tumour primarily in a twofold manner: (1) direct
tumour cell survival mechanisms and enrichment of resistant CSC populations, and
(2) modifying the TME. One has to consider the CXCR4/CXCL12 axis as another way
to leverage therapeutic efficacy in TNBC.

Overexpression of CXCR4 Receptor on
TNBC Cells
Binding of CXCL12 (SDF-1) to
CXCR4 Receptor
Activation of Downstream Signaling
Pathways
PI3K/AKT Survival & MAPK/ERK Proliferation & JAK/STAT NF-KkB Pathway
Apoptosis Resistance Migration ImmuneModulation Inflammation, Survival
Enhanced EMT (Epithelial-
Mesenchymal Transition) and Stemness

Increased Invasion, Migration, and Metastatic Potential and
Tumor Microenvironment Remodeling (Hypoxia, TAMs, CAFs)

Upregulation of ABC Transporters (e.g., P-gp, BCRP) — Drug Efflux

Reduced Intracellular Drug Accumulation & Sensitivity

Resistance to Chemotherapeutic Agents,Poor Response
and Clinical Outcomes

Figure 4. This flowchart shows how the molecular mechanism involved in CXCR4/CXCL12 (SDF-1)
signalling axis leads to drug resistance of TNBC. Hyperexpression of CXCR4 receptors by TNBC
cells, upon stimulation by CXCL12, triggers multiple downstream signalling pathways, such as
PI3K/AKT (survival and apoptosis resistance), MAPK/ERK (proliferation and migration enhance-
ment), JAK/STAT (immune modularity), and NF-«B (inflammation and survival). These mechanisms
together promote epithelial-mesenchymal transition (EMT) and stemness, leading to enhanced
invasion, migration, and metastatic activity, as well as tumour microenvironment remodelling
(e.g., hypoxia, TAMs, CAFs). This in turn results in the up-regulation of ATP-binding cassette (ABC)
drug transporters, including P-gp and BCRP, which can efflux chemotherapeutics and minimise
intracellular drug concentration. As a result, TNBC cells display resistance to chemotherapeutic
drugs, a lack of treatment response, and poor clinical outcomes.

Table 2. Mechanism of CXCR4/CXCL12 Axis in Drug Resistance in Triple-Negative Breast Cancer.

. . Downstream .
S. No. Mechanism Description Pathways/Effects Impact on Drug Resistance Reference
I CXCR4 signalling upregulates
Fpithelial- EMT transcription factors Enhances migratory capacit
1 Mesenchymal . K p o Snail, Slug, Twist, ZEB1 5 Y capacity, [61]
o increasing cell plasticity reduces drug sensitivity.
Transition (EMT) . .
and invasiveness.
+ . . .
Metastatic Niche CXCR4 Fells home to distant CXCL12 gradients, Ena‘t?les survival during
2 . CXCL12-rich organs (e.g., lung, . . systemic therapy and leads to [10]
Formation . integrins
liver, bone) and enter dormancy. late recurrence.
Cancer Stem Cell SuPports self-renewal and Octd, Sox2, Nanog, Sustains tumour-initiating,
3 (CSC) Maintenance pluripotency of CSCs that are Wit/ B-catenin drug-resistant [62]
inherently resistant to therapy. cell populations.
. CXCL12 binding to CXCR4 Inhibits apoptosis, promotes
4 Pro-survival activates anti-apoptotic PI3K/AKT, MAPK/ cell survival under [57]

Signalling Activation

ERK, NF-«B

signalling cascades. chemotherapeutic stress.
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. T Downstream .
S. No. Mechanism Description Pathways/Effects Impact on Drug Resistance Reference
Hypoxic niches with high
. CXCL12 expression protect Limits drug penetration;
Hypoxia and . . L )
5 . tumour cells via paracrine HIF-1x, TGF-B maintains resistant [63]
Stromal Protection . ) :
signalling and reduced cell niches.
vascular access.
Recruits regulatory T cells ) Reduces efficacy of
6 Immune Suppression (Tregs), MDSCs, and excludes .CXCR4 depend.e nt immune-based therapies [63]
immune exclusion

CD8* T cells from tumour site. (e.g., checkpoint inhibitors).

The key mechanisms through which the CXCR4/CXCL12 axis promotes drug resis-
tance are discussed below.

5. Activation of Survival

Upon binding of CXCL12 to CXCR4, CXCR4 activates key intracellular signalling
pathways, including PI3K/AKT, MAPK/ERK, JAK/STAT, and NF-«B, that promote pro-
liferation and survival/suppress apoptosis signalling processes [13,64,65]. By positively
influencing the expression of anti-apoptotic proteins (e.g., Bcl-2, survivin), while nega-
tively influencing pro-apoptotic cellular processes, CXCR4 signalling allows TNBC to
dodge the cytotoxic effects of chemotherapeutics, such as doxorubicin and paclitaxel [66].
The CXCL12/CXCR4 axis drives survival and leads to drug resistance due to the acti-
vation of multiple pro-survival signalling cascades in TNBC [13]. Upon binding of the
chemokine ligand CXCL12, the receptor CXCR4 is activated, which in turn activates down-
stream signalling pathways, including the PI3K/AKT, MAPK/ERK, JAK/STAT, and NF-«B
pathways [67]. These pathways then regulate important cellular functions, including prolif-
eration, differentiation, and resistance to apoptosis. The activation of the PI3K/AKT and
MAPK/ERK signalling pathways will lead to the phosphorylation of critical molecules
that will enhance cell cycle progression and apoptosis inhibition [68]. Concurrently, the
JAK/STAT signalling pathway will promote transcription of immune regulatory and sur-
vival genes, and NF-«B signalling will upregulate gene expression related to inflammatory
and anti-apoptotic processes [69]. Together, the activation of CXCR4 signalling contributes
to the regulation of apoptosis by promoting the expression of anti-apoptotic factors, such as
Bcl-2 and survivin, while inhibiting pro-apoptotic factors, shifting the balance of apoptosis
in favour of TNBC cells so that they can survive the cytotoxic impact of regimens used in
therapeutic settings such as doxorubicin, paclitaxel, or cisplatin [59]. Activation of these
signal pathways leads to the development of chemoresistance and tumour progression,
thus highlighting the relevance of targeting CXCR4-mediated signalling in resistant TNBC
with poor therapeutic response [11].

5.1. Induction of Epithelial-Mesenchymal Transition (EMT)

The CXCL12/CXCR4 axis is pivotal for triggering EMT, which is essential in drug re-
sistance and tumour development in TNBC [57]. During EMT, epithelial cancer cells change
their phenotype towards a mesenchymal-like morphology and develop increased motility,
invasiveness, stemness, and resistance to apoptosis [70]. This change makes metastasis
possible and leads to unfavourable clinical outcomes in patients with TNBC [71]. Following
activation of the CXCR4 receptor by its ligand CXCL12, downstream signalling cascades
are initiated, leading to the repression of epithelial markers, such as E-cadherin, and the
induction of mesenchymal markers, including N-cadherin, vimentin, and transcription fac-
tors such as Snail, Slug, and Twist [72]. These molecular changes disrupt cell—cell adhesion,
enhance cellular plasticity, and promote invasiveness. Additionally, EMT has been linked
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with chemoresistance, since mesenchymal-like cells have the ability to show increased DNA
repair, decreased drug uptake, and apoptosis resistance to chemotherapeutic agents such
as doxorubicin and paclitaxel [73]. TNBC cells treated with CXCL12 have consistently high
EMT marker expression and demonstrate a strong, therapy-resistant phenotype [74]. Thus,
targeting the CXCR4/CXCL12 axis is therapeutically promising in reversing EMT-related
changes, improving chemosensitivity, and overcoming drug resistance in TNBC.

5.2. Maintenance and Expansion of Cancer Stem Cells (CSCs)

The CXCL12/CXCR4 signalling axis plays a critical, yet poorly understood, role in the
maintenance and expansion of cancer stem cells (CSCs) in TNBC [75]. Cancer stem cells
(CSCs) represent a small subpopulation of tumour cells that display self-renewal, differen-
tiation potential, and significantly high resistance to conventional cytotoxic therapies [16].
CSCs have been shown to initiate tumours, metastasise tumour cells, promote recurrence of
tumours, and contribute to failure of therapy [76]. Binding of CXCL12 to CXCR4 activates
multiple downstream signalling pathways, like PI3K/AKT, JAK/STAT, and Wnt/ 3-catenin,
which promote the survival and proliferation of CSCs [77]. This signalling pathway en-
hances expression of stemness markers, such as CD44*/CD24~, ALDHI1, OCT4, SOX2,
and NANOG, driving the stem-like phenotype in TNBC cells [78]. Most significantly,
CSCs show profound resistance to chemo/radiation treatment because of their quiescence,
increased DNA damage repair ability, efflux-mediated drug resistance, and inherent ex-
pression of anti-apoptotic proteins [79]. In addition, the activation of CXCR4 mediates
protective effects for CSCs by maintaining a supportive niche that will provide physical
shelter and immunity to therapeutic agents in the tumour microenvironment [80]. The
enrichment of breast cancer CSCs through CXCL12/CXCR4 signalling is a contributor to
prolonging tumour relapse and the propensity to metastasise post-treatment [81]. Therefore,
targeting this axis not only inhibits the survival of CSCs, but in doing so may sensitise
TNBC tumours to chemotherapy, discouraging relapse and thus enhancing durable control
of their cancer.

5.3. Modulation of the Tumour Microenvironment and Immune Evasion

The CXCL12/CXCR4 axis is key to altering the TME and immune evasion in TNBC [13].
The TME contains many diverse stromal and immune cells, extracellular matrix compo-
nents, and signalling molecules that together mediate tumour growth and quality of
response to treatment [82]. In this environment, CXCL12, secreted by cancer-associated
fibroblasts (CAFs) and mesenchymal stem cells, binds to the CXCR4 protein expressed
on TNBC cells and immune cells, leading to the activation of signalling pathways, which
promote an immunosuppressive tumour environment [83]. The activation of CXCR4 may
recruit at least one of a number of immunosuppressive cells, including regulatory T cells
(Tregs), myeloid-derived suppressor cells (MDSCs), and tumour-associated macrophages
(TAM), that inhibit cytotoxic T cell responses and facilitate tumour growth [84]. Addition-
ally, the CXCL12/CXCR4 axis restricts CD8" cytotoxic T lymphocyte (CTL) infiltration
and function, resulting in poor-quality responses to immune checkpoint inhibitors (ICIs),
i.e., anti-PD-1 and anti-PD-L1 therapies [85]. In addition, CXCL12/CXCR4 signalling
encourages angiogenesis and tissue remodelling, resulting in increased tumour vascularisa-
tion and increased potential for metastatic spread [86]. The chemokine-mediated immune
suppression generates a phenotype that expresses the cold tumour phenotype that does
not respond to immunotherapy [87]. Thus, disrupting the CXCL12/CXCR4 interactions
provides a promising option for reprogramming the TME, enhancing immune surveillance
and increasing the efficacy of immunotherapy for TNBC.
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5.4. Promotion of Hypoxia-Induced Resistance

Hypoxia is a common feature of the tumour microenvironment in TNBC and con-
tributes to therapy resistance, tumour aggressiveness, and metastasis [88]. In a hypoxic
environment, the CXCL12/CXCR4 signalling axis is markedly upregulated, primarily
through the action of hypoxia-inducible factor-1oc (HIF-1) [89]. HIF-1oc enhances the
transcription of CXCL12 in stromal cells and upregulates CXCR4 expression in TNBC
cells, and therefore, the chemokine-receptor axis is heightened [10]. The subsequently
enhanced CXCL12/CXCR4 signalling, under hypoxic conditions, activates downstream
pathways, including PI3K/AKT and MAPK/ERK signalling, promoting cell survival,
anti-apoptotic responses, and therapy resistance [81]. Additionally, hypoxia-mediated
CXCR4 activation also mediates EMT and CSC persistence, both of which contribute to
the drug-tolerant tumour phenotype [90]. The hypoxic tumour microenvironment is also
a barrier for drug penetration, creating immunosuppressive environments, thus limiting
treatment effectiveness [91]. Chemotherapy-induced hypoxia leads to the up-regulation
of CXCL12/CXCR4 signalling, creating a vicious cycle that supports drug resistance and
tumour regrowth [92]. Targeting CXCR4 in conjunction with conventional therapies may
disrupt hypoxic signalling loops and restore therapeutic sensitivity, posing a potential
strategy to overcome drug resistance in TNBC [93].

5.5. Facilitation of Tumour Cell Dormancy and Metastasis

The CXCL12/CXCR4 axis plays a significant role in tumour cell dormancy and metas-
tasis in TNBC [58]. CXCR4 is commonly overexpressed in TNBC cells, while its ligand
CXCL12 is preferentially secreted in distant organs, such as the lungs, liver, bone marrow,
and lymph nodes, which are frequent metastatic sites for TNBC [94]. This chemokine
distribution creates a trafficking gradient that facilitates the homing and migration of
CXCR4-positive cancer cells to these metastatic niches. Once disseminated, a subpopula-
tion of TNBC cells can enter a dormant state, characterised by cell cycle arrest and metabolic
quiescence, rendering them insensitive to chemotherapy, which primarily targets actively
dividing cells [95]. The CXCL12/CXCR4 axis may help maintain this dormant state through
activation of downstream signalling pathways (e.g., PI3K/AKT, ERK1/2) and interactions
with the tumour microenvironment, including stromal and immune cells, which support
cell survival without promoting proliferation [57]. Dormant cells may persist in distant tis-
sues for months or even years before reactivation under favourable conditions, eventually
leading to metastatic outgrowth [96]. The CXCR4 axis further contributes to extravasation,
angiogenesis, and immune evasion, all of which are crucial for the establishment of de
novo metastatic colonisation [60]. Thus, therapeutic targeting of the CXCL12/CXCR4 axis
may not only inhibit the initial seeding of metastasis but also late-stage recurrence and pro-
longed outcomes in patients with TNBC [97]. The CXCR4/CXCL12 axis is key in mediating
drug resistance in TNBC via a multi-pronged mechanism of action, including pro-survival
signalling, induction of EMT, maintenance of cancer stem cells, immune suppression, and
metastatic dissemination [98]. Therapeutic repression of the CXCR4/CXCL12 axis via
small molecule CXCR4 antagonists, monoclonal antibodies, or combination therapies with
chemotherapy/immunotherapy options is highly promising to overcome resistance and
improve clinical outcomes in patients with TNBC [29]. There is significant work to be
conducted to identify and characterise interventions that optimise the therapeutic window
and to identify patient populations who may benefit the most.



Cells 2025, 14, 1482

12 of 27

6. Strategies to Overcome CXCR4/CXCL12-Mediated Drug Resistance
in TNBC

Addressing CXCR4/CXCL12-mediated drug resistance in TNBC necessitates strategies
that target this chemokine axis and its effects, particularly through either direct blockade of
the signalling pathways and cells involved or opening the door to further combinations [14].
The use of CXCR4 antagonists, such as plerixafor (AMD3100), balixafortide, and POL5551,
is one such approach that, in tandem with standard chemotherapeutics (e.g., doxorubicin or
paclitaxel), produced a synergistic effect, resensitizing TNBC cells to apoptosis, and reduced
tumour burden [19]. Ultimately, plerixifor, balixafortide, and POL5551 antagonise CXCL12
binding and are helpful in inhibiting pro-survival PI3K/AKT and MAPK/ERK signalling
pathways (Figure 5) [99]. A second developing approach to hierarchical blocking of the
CXCR4 signalling axis in establishing reversal of immune evasion is the combinatorial use
with immune checkpoint inhibitors [100]. Dual blockade strategies of immune checkpoint
inhibitors and CXCR4 inhibitors will condition the tumour microenvironment, re-increase
T cell infiltration, and improve therapeutic outcomes from immunotherapy (Table 3) [101].
Lastly, in a third developing approach in addressing CXCR4/CXCL12-mediated drug
resistance in TNBC, pharmaceutical engineers are developing a nanoparticle-based delivery
system to selectively direct the CXCR4 inhibitors and chemotherapeutics to the tumour
tissue to limit systemic toxicity (Table 3) [14].

Triple-Negative Breast Cancer (TNBC)

Lack of Targeted Therapies and High Tumor Heterogeneity and
Reliance on Chemotherapy Aggressive Tumor Behavior

Development of Drug Resistance

|

Tumor Microenvironment
(Hypoxia, CAFs, TAMS)

DNA Repair Pathways (e.g.
Drug Efflux Pumps ways "
(e.g?, ABC trans:orters)

Activation of Survival Pathways and Escape Mechanisms
(e.g., PI3K/AKT, MAPK, NF-kB, EMT, CXCR4/CXCL12 Axis)

Resistance to Standard Chemotherapy Agents and Clinical
Challenge in TNBC Management

Combination of chemotherapy and Targeted Agents (e.g., R4
(e.g., CXCR4) Immune Checkpoint Inhibitors (ICls) inhibitors, PARP inhibitors, ADCs)
Restored Drug Sensitivity & Tumor Control and
Improved Prognosis & Survival

Figure 5. The figure depicts some of the major contributors to drug resistance in TNBC, which
encompass a deficiency of targeted agents, increased tumour heterogeneity, the aggressive nature
of the tumour, mechanisms of drug efflux, defective DNA repair processes, and externalities from
the tumour microenvironment. These contribute to the activation of survival and escape pathways,
further leading to resistance against conventional chemotherapy. Strategies to address this obstacle
are biomarker discovery (e.g., CXCR4), combination therapies employing chemotherapy with ICIs,
and targeted agents like PARP inhibitors and ADCs, with goals to restore drug sensitivity, enhance
tumour control, and improve patient survival rates.
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Table 3. Strategies to Overcome CXCR4/CXCL12-Mediated Drug Resistance in TNBC.
S. No. Description Examples/Agents Mechanism of Action Clinical Status References
Direct inhibition of CXCR4 Disrupts CXCL12/CXCR4
1 receptor to block Plerixafor (AMD3100), binding; inhibits EMT, CSC Plerixafor approved [19]
CXCL12-mediated survival and Balixafortide, POL5551 maintenance, and (other agents in trials)
migration signalling. stromal protection
Co.-ad‘rr}lmstra.non of CXCR4 Balixafortide + Eribulin, Enhances‘c.yt.otoxm .efflcacy Ongoing clinical trials
2 inhibitors with standard . . by sensitising resistant [102]
. Plerixafor + Paclitaxel (e.g., FORTRESS)
chemotherapeutics. cancer cells
Binds or depletes CXCL12 to NOX-A12 (olaptesed Reduces §troma1— Early-phase
3 R mediated resistance and . .. [103]
prevent receptor activation. pegol), CTCE-9908 . . trials/preclinical
immune evasion
Inhibits both CXCR4 and Dual antagonists in Prevents bypass signalling
4 CXCR?7 receptors to overcome 8 and reinforces blockade of Preclinical stage [28]
development - -
pathway redundancy. chemokine activity
Plant-derived agents that 7-Gueeulsterone Inhibits NF-«kB/CXCR4
5 downregulate CXCR4 or seuISte ! signalling; reduces Preclinical [104]
- Curcumin .
associated pathways. metastasis and stemness
B o and . OCRbameted S
6 & . liposomes, AuNR-E5 . . . Preclinical /experimental [105]
chemotherapeutics to the . tissue; improves precision
. . nanocarriers .
tumour microenvironment. and reduces toxicity
Augments response to immune Plerixafor + anti-PD-1 Reverses immune
7 checkpoint inhibitors by (Toripalimab), exclusion; enhances CD8" Phase I/1I trials [106]
improving immune infiltration. BL-8040 combos T cell infiltration
Combines stromal ablation with Depletes CAFs and
8 CXCR4 inhibition to disrupt the ~ 177Lu-FAPi + AMD3100  enhances immune response Preclinical [30]
protective tumour niche. within TME
Inhibition of signalling Prevents survival signallin,
9 pathways downstream of PI3K inhibitors, even if CXCR 4gis 8 Clinical and [107]
CXCR4 (e.g., PI3K/ JAK/STAT blockers preclinical stages

AKT, STAT3).

partially active

6.1. CXCR4 Antagonists

CXCR4 antagonists are a novel class of therapeutic agents that inhibit the CXCR4/
CXCL12 signalling axis, which regulates tumour progression, metastasis, immune sup-
pression, and chemoresistance by providing a microenvironment in which aggressive
tumours like TNBC can thrive and evade the body’s defence mechanisms [13]. By inhibit-
ing CXCR4 signalling, CXCR4 antagonists block downstream pathways, such as PI3K/AKT,
MAPK/ERK, and JAK/STAT, that are responsible for cell survival signalling and chemore-
sistance in TNBC [108]. One of the more widely studied CXCR4 inhibitors is Plerixafor
(AMD3100), which is FDA-approved for haematopoietic stem cell mobilisation in lym-
phoma and multiple myeloma [109]. Plerixafor has demonstrated the ability to inhibit
metastases, decrease cancer stem cells, and sensitise tumours to chemotherapeutic agents,
such as doxorubicin and paclitaxel, in preclinical models of TNBC [110]. The anti-metastatic
effects of Plerixafor reported in TNBC preclinical models were due in part to inhibition
of tumour cell homing to the CXCL12-rich environments, such as the bone marrow and
lungs [111]. Another promising agent in development is Balixafortide (POL6326), a selec-
tive peptide antagonist of CXCR4 [112]. Balixafortide has moved to Phase I/1I clinical trials
for metastatic breast cancer, where it is being studied in combination with eribulin [102].
As a first-in-class agent, early data suggest improved response rates and tolerability in
patients with metastatic breast cancer, highlighting the potential utility in advanced TNBC.
Ulocuplumab (BMS-936564), a human monoclonal antibody against CXCR4, and MSX-
122, a small molecule inhibitor with partial agonist properties that modulates tumour
cell migration without altering normal haematopoiesis, are other investigational CXCR4
antagonists [113]. In summary, CXCR4 antagonists demonstrate the potential to combat
therapeutic resistance through blocking tumour-stroma interactions, inhibiting cancer stem
cell survival, and increasing immune infiltration. Clinical trials will continue to provide
data to define the efficacy of CXCR4 antagonists, particularly when employed in rational
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combinations with chemotherapy, immune checkpoint inhibitors, or PARP inhibitors in
TNBC [114].

6.2. Monoclonal Antibodies and Ligand Traps

Monoclonal antibodies (mAbs) and ligand traps are new therapeutic mechanisms to
inhibit the CXCR4/CXCL12 axis, which promotes drug resistance in TNBC [14]. Biologics,
such as mAbs and ligand traps, selectively target the receptor (CXCR4) or ligand (CXCL12)
to inhibit a signalling loop that promotes tumour survival, immune suppression, and
chemoresistance [22]. Ulocuplumab (BMS-936564) is a fully human monoclonal antibody
that specifically binds to CXCR4 and inhibits the binding of CXCL12 in order to block
ligand-induced receptor activation. Inhibiting CXCL12 action through ulocuplumab results
in the inhibition of downstream pro-survival signals (PI3K/AKT, MAPK), reduction in
maintenance of cancer stem cells, and increased chemotherapeutic-triggered apoptosis [22].
In preclinical models and Phase I/1I studies, ulocuplumab has shown the ability to enhance
tumour regression and immune cell infiltration alone or when combined with immune
checkpoint inhibitors or cytotoxic components [97]. On the ligand-targeting side, NOX-A12
(Olaptesed pegol), a Spiegelmer-based ligand trap, binds to and neutralises CXCL12, thus
preventing it from activating CXCR4 [115]. NOX-A12 has demonstrated effective anti-
tumour activity by mobilising immune cells into the tumour microenvironment, disrupting
the stromal protective benefits of tumour cells, and sensitising cancer cells to chemotherapy
and radiotherapy. Early clinical data in solid tumours, including breast cancer, indicate that
NOX-A12 is well tolerated and performs well in a combination regimen [103]. These biolog-
ics have several benefits that could be meaningfully helpful, including specificity, reduced
off-target toxicity, and the potential to modulate the tumour microenvironment [116]. To-
gether with conventional therapies or immuno-oncology therapies, monoclonal antibodies
and ligand traps targeting the CXCR4/CXCL12 axis could alter the therapeutic resistance
in TNBC, share tournament sustainability, and improve overall survival [29].

6.3. Combination Therapies

The CXCR4/CXCL12 pathway alone has shown promise in preclinical studies of
TNBC [117]. The therapeutic effects of targeting this pathway are substantially en-
hanced when combined with other treatment modalities [117]. Combination therapies
represent an emerging and rational means by which to counteract the complex involve-
ment of CXCR4/CXCL12 in tumour survival and metastasis, immune escape, and drug
resistance [14]. On the ligands-targeting front, NOX-A12 (Olaptesed pegol) is a Spiegelmer-
based ligand trap that binds and neutralises CXCL12, effectively inhibiting CXCR4
activation [103]. NOX-A12 has demonstrated strong anti-tumour efficacy through mo-
bilisation of immune cells into the tumour microenvironment, diminishing the tumour cells’
stroma-protection, and by sensitising the cancer cells to chemotherapy and radiotherapy. In
early clinical studies involving solid tumours, including breast cancer, NOX-A12 has shown
an acceptable tolerability profile and improvement in clinical outcomes in combination
regimens [103]. Finally, biologics offer important advantages, including high specificity,
low off-target toxicity, and modification of the tumour microenvironment. When combined
with systemic therapies or immunotherapies, the use of monoclonal antibodies (mAbs)
and ligand traps that target the CXCR4/CXCL12 pathway has the potential to overcome
the development of therapeutic resistance in TNBC and improve long-term outcomes in
patients [80].

6.4. CXCR4 Inhibitors with Chemotherapy

The combination of CXCR4 antagonists (such as plerixafor or balixafortide) with
standard chemotherapeutics (e.g., paclitaxel, doxorubicin, or cisplatin) makes TNBC cells
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more sensitive to treatment by inhibiting stromal protection, decreasing the maintenance of
cancer stem cells, and promoting apoptosis [24]. Platforms testing this combination therapy
have yielded decreased tumour burden and metastasis in xenograft models [24].

6.5. CXCR4 Blockade with Immune Checkpoint Inhibitors (ICIs)

The immune-suppressing tumour microenvironment in TNBC typically limits the
effectiveness of immune checkpoint inhibitors (ICIs) like anti-PD-1/PD-L1 [118]. CXCR4
inhibition can increase T cell infiltration while decreasing the populations of regulatory T
cells (Tregs) and MDSCs. These changes promote the anti-tumour immune response [119].
Overall, early-phase trials combining CXCR4 inhibitors and ICIs have shown early promis-
ing immune activation in solid tumours that are refractory to previously unsuccessful lines
of therapy [120].

6.6. CXCR4 Targeting with PARP Inhibitors

PARP inhibitors take advantage of DNA repair deficiencies in BRCA-mutated TNBC, but
resistance often occurs [121]. Co-targeting CXCR4 may inhibit cancer stamens and hypoxia-
induced survival signalling and further improve the efficacy of PARP inhibition [122].

6.7. Radiotherapy or Anti-Angiogenic Agents with CXCR4 Inhibition

CXCR4 blockade can normalise tumour vasculature and reduce hypoxia to sensitise
tumours to radiation or a similar angiogenesis inhibitor (such as bevacizumab) [123]. As
such, the blockade of CXCR4 in combination with other radiosensitising approaches can
be ideal to enhance treatment response and reduce relapse in TNBC by targeting tumour
cells and reconstructing the protective microenvironment mediated by CXCR4/CXCL12
signalling [15]. New nanotechnology platforms are under development to target the
CXCR4/CXCL12 axis in TNBC [124]. A preclinical example used gold nanorods (AuNRs)
conjugated to a CXCR4-peptide antagonist (E5). Invoking photothermal therapy with
near-infrared laser irradiation activates the system to induce immunogenic cell death of
TNBC cells [125]. The damaged tumour cell debris enhances antigen presentation and
primes a robust anti-tumour immune response [126]. By concurrently disengaging the
CXCR4/CXCL12-mediated immunosuppressive microenvironment and promoting tumour-
specific immunity, this dual-action strategy provides a novel and synergistic approach to
target drug resistance in triple-negative breast cancer [100].

6.8. Novel Nanotechnological

Novel nanotechnological platforms are exploring targeting of the CXCR4/CXCL12
axis in TNBC. One experimental model involves gold nanorods (AuNRs) conjugated
to a CXCR4-peptide antagonist (E5) [125]. By adding near-infrared (NIR) laser irradia-
tion to this system, photothermal therapy elicits immunogenic cell death of the TNBC
cells [127]. The debris from the TNBC cells provides antigen presentation and pro-
motes enhanced anti-tumour immunity within the microenvironment by resolving the
CXCR4/CXCL12-mediated immunosuppressive microenvironment and promoting tumour-
specific immunity [128]. This provides a new modus operandi and a novel synergistic
means to exploit drug resistance in TNBC [104-107,129].

7. Clinical Trials to Overcome Drug Resistance in Triple-Negative
Breast Cancer

CXCR4-targeted agents are moved through translational pathways, with balix-
afortide and leronlimab making initial progress in TNBC [129]. The future lies in
exploration involving combinations, patient stratification, and immunomodulatory
combinations [130]. X4P 001 is a selective oral CXCR4 antagonist that has been developed
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to block the CXCL12/CXCR4 signalling axis implicated in immune evasion, metastasis, and
drug resistance [10]. A Phase I/1I clinical trial is assessing the combination of X4P 001 with
toripalimab (a PD-1 immune checkpoint inhibitor) in patients with unrespectable locally ad-
vanced or metastatic solid tumours, including TNBC [131]. This combination builds on the
concept that the CXCR4 blockade may increase immune infiltration in the tumour microen-
vironment via reduction in T regulatory cells and myeloid-derived suppressor (MDSC)
cells, thus promoting the activity of PD-1 inhibitors [132]. The study population consists of
chemo-resistant malignancies, with a focus on patients who have failed standard lines of
therapy [3]. The trial is designed to establish the safety, tolerability, pharmacokinetics, and
early indication of efficacy, i.e., objective response rate (ORR) and progression-free survival
(PFS), as well as correlation with biomarkers, including CXCR4 expression and immune
modulation [133]. Preclinical studies have confirmed dual targeting of CXCR4/PD-1 can re-
verse immune suppression in TNBC models, therefore improving antitumour activity [97].
If successful, this trial will inform the development of a new immunotherapeutic strategy in
the drug-resistant TNBC setting, potentially addressing one of the major clinical challenges
in oncology (Table 4) [134]. POL5551 is a protein-epitope mimetic antagonist of CXCR4,
designed to interfere with CXCL12-CXCR4 interactions involved in tumour metastasis and
therapy resistance [135]. In preclinical orthotopic models of triple-negative breast cancer
(TNBC), POL5551 significantly inhibited distant metastasis and, when given before and af-
ter eribulin, further reduced bone and liver tumour burden and prolonged survival relative
to eribulin alone [135]. Based on the findings at that time, a Phase I clinical trial has begun
to evaluate POL5551 in combination with eribulin in patients with relapsed or metastatic
breast cancer, including TNBC [136]. The primary objectives are safety, maximum tolerated
dose, and pharmacokinetics when administered with eribulin [136]. Secondary endpoints
include exploratory efficacy endpoints, such as objective response rate and progression-free
survival [137]. This clinical trial represents a significant shift in thinking about clinical
therapy as a sequenced combination of therapies based on a “chemotherapy framing”
strategy that has demonstrated the ability to sensitise tumour cells as they are mobilised
away from protective microenvironments [138]. If the trial is successful, it may allow larger
studies and possibly define a new therapy for reversing treatment resistance with drugs for
advanced TNBC [139].

A novel preclinical approach, where 177Lu-labelled fibroblast activation protein
(FAP)-targeted radiopharmaceutical was combined with the CXCR4 antagonist plerixafor
(AMD3100) [30]. The radiolabelled combines selectively to cancer-associated fibroblasts
(CAFs) that are plentiful in the tumour microenvironment, typically provide structural
support, mediate immune suppression, and provide therapy resistance to established
cancers [140]. Once bound, the radiopharmaceutical is internalised and subsequently re-
leases targeted radiation, which disrupts CAFs and the tumour stroma. On the other hand,
by binding to CXCR4 on tumour cells and stroma, plerixafor antagonises CXCR4 signalling,
blockading chemokine-mediated immunosuppressive cell recruitment while augmenting
immune infiltrates [11]. In concert with radiotherapy, the intended effects include physi-
cally disrupting the tumour-supported scaffold, releasing immune suppression, improving
radio sensitivity, and enhancing anti-tumour immune responses [141].

Preclinical in vivo research in murine TNBC model systems has revealed a decrease in
stromal density and a major increase in infiltration of cytotoxic T cells and tumour regres-
sion in comparison to either modality alone [142]. These preliminary results suggest that
the use of stromal ablation in combination with immunomodulation is a rational potential
strategy to get ahead of stromal marrow-mediated drug resistance and could pave the way
for potential applications in translational medicine down the road [143]. Now, one promis-
ing preclinical strategy is to combine radionuclide therapy with plerixafor (AMD3100), a
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frequently used antagonist of CXCR4 [144]. The rationale behind this approach is to first
simultaneously deplete cancer-associated fibroblasts (CAFs), which are a major aspect of
the tumour stroma, while inhibiting CXCR4-mediated immune suppression [145-148]. The
intention of targeted stroma ablation, while enhancing effective immune cell infiltration,
is to ultimately circumvent the resistance mechanisms, particularly in immunologically
cold and therapy-refractory models of tumours like TNBC [120]. Notably, the approach has
been shown to significantly enhance T-cell activation and tumour regression in preclinical
models, which suggests it has translational possibilities in TNBC and potentially other
refractory solid tumours going forward.

Table 4. Clinical Trials to Overcome Drug Resistance in Triple-Negative Breast Cancer.

S. No. Trial/Agent Phase Combination Target Population Key Objectives Status References
. Solid tumours, Completed (no
1 CTCE-9908 Phase I Peptlde'—ba‘se'd including breast Safety apd . TNBC-specific [148]
CXCL12 inhibitor pharmacokinetics .
cancer results published)
. Dose escalation,
2 POL5551 + Eribulin Phase I CXCR4 antagonist + Advanced breast safety, preliminary Initiated [135]
chemotherapy cancer . .
anti-tumour activity
. . . . Evaluate efficacy and Ongoing
3 (Pofgé‘;;)ffggguhn Phase IIT ngllziiﬁﬁgnlst + Hfﬁj‘;‘f‘a“&ggc' safety vs. eribulin (FORTRESS Trial, [102]
Py & alone (PFS, OS) NCT03786094)
. Blockade of

NOX-A12 CXC.Ll.Z Solid turnours and tumour-stroma Completed (other :

4 Phase I/ neutralisation + hematological . L. [103]
(Olaptesed Pegol) e interaction, immune cancers)
checkpoint inhibitor cancers
enhancement
BL-8040 CXCR4 inhibitor + Pancreatic and other Evalgate{ mmune Completed in Ot.h T
5 (Motixafortide) Phase II embrolizumab solid tumours activation and cancers, potential [147]
P anti-tumour activity for TNBC
s . Assess safety,

X4P-001 + CXCR4 inhibitor + Solid tumours, o 4 . ,

6 Toripalimab Phase I/11 PD-1 inhibitor including TNBC to} era bility, an d Ongoing [146]
preliminary efficacy

Plerixafor CXCR4 inhibitor + . Deplete CAFs,

7 (AMD3100) + Preclinical FAP-targeted TNBC and CAF-rich enhance T-cell Preclinical [144]
. . . tumours g .
Radiotherapy radionuclide infiltration

8. Limitations of CXCR4/CXCL12-Targeted Therapy in TNBC

Although preclinical data supported a strong rationale for CXCR4/CXCL12 as a thera-
peutic target, the process of translating this target into the clinic for the treatment of TNBC
is fraught with issues [149,150]. The most significant issue is tumour heterogeneity, as
TNBC is a diverse disease with many molecular subtypes that exhibit variable levels of
CXCR4 expression and reliance on CXCR4-mediated signalling [151]. Therefore, this het-
erogeneity is one contributor to differential therapeutic responsiveness in clinically diverse
TNBC populations, and it makes it challenging to develop consensus patient stratification
and matching processes in clinical trials [152]. These factors underscore the problem of
non-issue consistency across patient populations if a uniform approach is employed to-
ward targeting CXCR4 [151]. Systemic toxicity is another significant limitation because
CXCR4 has uniquely important roles in several important normal physiological processes,
such as hematopoiesis, immune cell trafficking, and organ development. There is a risk
that pharmacologic inhibition of CXCR4 could disrupt immune homeostasis and mobilise
hematopoietic stem cells (HSCs) from the bone marrow niche with a subsequent increase in
the risk of infection or ectopic off-target organ effects [150]. The translational challenge in
regard to effective blockade of CXCR4 in tumours while minimising both systemic adverse
events will be key for the future development of CXCR4 blockade therapies [149]. While tar-
geting the CXCR4/CXCL12 axis holds considerable promise in overcoming drug resistance
in TNBC, several limitations hinder its clinical translation and long-term efficacy [149].
These challenges include biological complexity, compensatory resistance mechanisms,
off-target effects, and delivery issues, all of which must be addressed to realise its full
therapeutic potential [120].
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8.1. Lack of Predictive Biomarkers

The efficacy of targeted therapy depends heavily on identifying biomarkers that
predict therapeutic response [150]. However, no validated biomarker currently exists to
select TNBC patients who would most benefit from CXCR4 inhibition. While high CXCR4
expression is associated with poor prognosis and enhanced chemoresistance, it does not
reliably predict drug sensitivity [151]. Moreover, a lack of predictive biomarkers is a serious
limitation to clinical application. To date, there are no validated biomarkers that can reliably
identify which patients will benefit from CXCR4-targeted therapies or monitor therapeutic
efficacy [150]. Clinical trials could potentially worsen the situation of heterogeneous patient
populations that could dilute measurable benefit and limit regulatory approval.

8.2. Drug Delivery and Pharmacokinetics

Most CXCR4 inhibitors, such as peptide-based agents (e.g., balixafortide) and mono-
clonal antibodies (e.g., ulocuplumab), suffer from poor oral bioavailability, short half-life,
and delivery challenges [113]. These issues necessitate frequent dosing and increase treat-
ment burden. Effective tumour-specific delivery remains especially challenging in fibrotic
and hypoxic TNBC environments.

8.3. Off-Target Effects and Toxicity

CXCR4 is also expressed in normal tissues, such as hematopoietic stem cells, im-
mune cells, and endothelial cells. Systemic inhibition may lead to leukocytosis, im-
mune dysregulation, and impaired tissue regeneration, which may limit dosage and
duration—particularly in combination regimens [26].

8.4. Tumour Heterogeneity and Plasticity

TNBC is highly heterogeneous at the genetic and phenotypic levels. Variability in
CXCR4 expression and CXCL12 dependency among subclones leads to inconsistent thera-
peutic responses [152]. Furthermore, cancer cells may adopt alternative survival pathways
or phenotypes that bypass CXCR4 inhibition.

8.5. Incomplete Clinical Validation

Despite promising preclinical outcomes, clinical validation remains limited. Most
trials of CXCR4 antagonists are in early phases with small patient cohorts, preventing
conclusive evaluation of long-term efficacy. Well-designed, large-scale, biomarker-guided
trials are urgently needed [152].

In order to move towards clinical application, future studies need to focus on identify-
ing TNBC sub-groups with CXCR4 dependency, developing predictive biomarkers, and
designing combination strategies with optimal efficacy and less toxicity [149]. Overcoming
these obstacles is necessary for the CXCR4/CXCL12 axis to demonstrate its full therapeutic
ability to overcome drug resistance and ultimately result in improved outcomes for patients
with TNBC.

9. Future Directions for Targeting the CXCR4/CXCL12 Axis in TNBC

Despite current limitations, the future of CXCR4/CXCL12-targeted therapy lies in mul-
timodal and personalised strategies. Identifying patients with elevated CXCR4 expression
or increased CXCL12 secretion may enable stratified therapy [153]. Liquid biopsies and
CXCR4-targeted imaging could provide real-time assessment for therapy selection [154].
Development of novel CXCR4 inhibitors with improved oral bioavailability, pharmacoki-
netics, and reduced toxicity will be critical [155]. Dual-targeting agents that simultaneously
block CXCR4 and other pathways (e.g., EGFR, PD-1, and VEGF) may overcome com-
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pensatory resistance mechanisms [105]. CXCR4 blockade has been shown to increase
immune cell infiltration in tumours. Combining CXCR4 antagonists with immune check-
point inhibitors (e.g., anti-PD-1/PD-L1), cancer vaccines, or adoptive cell therapy holds
the potential to convert immunologically “cold” TNBC tumours into “hot” responsive
ones. Nanoparticles capable of co-delivering CXCR4 inhibitors with chemotherapeutics or
RNA-based drugs can enhance efficacy and reduce systemic toxicity [156]. Cancer-specific
and stimulus-responsive nanocarriers could achieve precise drug release in CXCL12-rich
environments [157]. As the CXCL12/CXCR4 axis interacts closely with stromal and im-
mune cells, targeting these interactions, possibly with agents like TGF-f3 inhibitors or
myeloid-targeting therapies, may disrupt resistance-supporting niches. Rigorous clinical
validation through biomarker-enhanced, multi-arm trials is essential [158-162]. Collabora-
tion among academia, industry, and regulatory bodies will be key to translating preclinical
promise into approved therapies.

10. Conclusions

The CXCR4/CXCL12 axis occupies the intersection of intrinsic tumour cell survival,
stemness, metastatic dissemination, and immune suppression. Its targeted therapy presents
a multi-faceted assault on key resistance mechanisms in TNBC. Although single-agent
therapy is unlikely to be sufficient, rational combinations, enhanced by accurate deliv-
ery, biomarker stratification, and microenvironmental reconditioning, are a compelling
therapeutic vision. The future direction demands concerted action between oncologists,
immunologists, biomaterials scientists, and clinical researchers. Nanotechnology, real-time
monitoring of biomarkers and adaptive design will be cornerstones. The goal is as follows:
translate CXCR4-targeted approaches from a hope into a revolutionary, clinically proven
means of overcoming drug resistance and enhancing outcomes in TNBC. In conclusion,
inhibition of the CXCR4/CXCL12 axis is a beacon of hope to defeat drug-resistant TNBC.
With ongoing innovation combining molecular targeting, immunotherapy, and advanced
delivery systems, an era in which resistant TNBC is a treatable and even curable disease
comes closer into sight.
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