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Simple Summary: In the current scenario, drug resistance is a significant obstacle for
treating breast cancer, especially in hormone receptor-positive patients depending on
estrogen or progesterone. Although several drugs, such as aromatase inhibitors and
tamoxifen, have been successful in the treatment of breast cancer, many patients acquire
resistance, therefore, compromising the efficacy of the treatments. The current study
investigates the biological causes of endocrine resistance and assesses clinical trial results to
find better therapeutic management. We evaluated the advantages of combining endocrine
therapy with targeted therapy, immunotherapy, and chemotherapy and included data from
35 randomized clinical trials. Our results imply that combination treatments may increase
patient survival and disease progression. This study offers insightful analysis of novel
strategies to improve patient outcomes and therapy for breast cancer.

Abstract: Background: As per recent scenarios, drug resistance is a significant challenge
in treating breast cancer for several reasons, such as genetic mutations, altered signaling
pathways, and tumor microenvironment. Endocrine resistance is one of the biggest signifi-
cant barriers to treatment, particularly in hormone receptor-positive (HR+) breast cancers,
which depends on estrogen or progesterone signaling for growth. While therapies such as
tamoxifen, aromatase inhibitors, and selective estrogen receptor degraders (SERDs) have
effectively targeted these pathways, many patients develop resistance, rendering them less
effective over time, which is driving a need for innovative therapeutics to treat breast cancer
and overcome drug resistance and better treatment outcomes. Recent studies suggest that
combining the different therapies, including immunotherapy, targeted therapy, chemother-
apy, etc., with endocrine therapy, may bypass the endocrine resistance. Methodology: We
conducted a comprehensive systematic review and meta-analysis examining the molecular
mechanisms of endocrine resistance and evaluating randomized clinical trial outcomes,
overall survival and progression-free survival in endocrine-resistant breast cancer patients
treated with endocrine therapy, targeted therapy, immunotherapy, or chemotherapy. Re-
sults: We have analyzed 35 randomized clinical trial studies for different therapies along
with combination therapy, and our results demonstrated that supplementary or additional
therapies in endocrine resistance breast cancer patients have better progression-free and
overall survival. Conclusions: The current study has demonstrated that combination
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therapies may have good survival results and patient outcomes in endocrine resistance.
Also, This review sheds light on current challenges in drug resistance and the future direc-
tion of cancer treatment through a comprehensive analysis of these emerging treatment
approaches to improve patient outcomes.

Keywords: breast cancer; endocrine resistance; immunotherapy; targeted therapy

1. Introduction

Breast cancer remains the most common cancer in women globally [1]. GLOBOCAN
2022 data indicates that breast cancer is the most prevalent cancer among women globally
in terms of both incidence and fatality rates. It constituted around 2.3 million new cases
worldwide, representing a substantial fraction of total cancer diagnoses. Breast cancer
results in elevated death rates, mainly attributable to delayed diagnosis and restricted
access to treatment and drug resistance [2,3].

Endocrine therapy is fundamental in the treatment of hormone receptor-positive (HR+)
breast cancer, representing around 70% of all breast cancer cases. Therapies like selective
estrogen receptor modulators (SERMs), aromatase inhibitors (Als), and selective estrogen
receptor degraders (SERDs) have markedly enhanced survival outcomes by targeting
estrogen signaling, a pivotal factor in tumor proliferation in HR+ breast cancer [4]. Despite
the initial effectiveness of these treatments, the development of endocrine resistance—either
de novo or acquired—remains a significant clinical challenge. Over 30% of metastatic HR+
breast cancer patients develop endocrine resistance, leading to disease progression; the
underlying mechanisms are complex and involve ER alterations, cross-talk with growth
pathways (PI3K/AKT/mTOR, CDK4/6), and changes in the tumor microenvironment.
Additionally, mutations in PIK3CA (encoding the catalytic subunit of PI3K) and loss of
PTEN (a tumor suppressor that negatively regulates PI3K signaling) lead to hyperactivation
of the PI3K/AKT/mTOR pathway. These molecules render standard endocrine therapies
ineffective, highlighting the urgent need for alternative therapeutic approaches to overcome
or delay resistance [5-7]. Additionally, acquired resistance to endocrine therapy is linked
to mutations in ERe, such as Y537S and D538G somatic mutations, by stabilizing the
activating function-2 binding conformation, often arising in metastatic cases post-aromatase
inhibitor therapy. These mutations render the receptor constitutively active, promoting
ligand-independent receptor activation, allowing cancer cells to proliferate despite estrogen
depletion or ER antagonism [8,9].

Additionally, HER2 overexpression, typically associated with HER2-positive breast
cancer, and is linked to endocrine therapy resistance by activating alternative growth-
promoting pathways. Similarly, increased expression of membrane receptors such as FGFR
(fibroblast growth factor receptor), IGF-1R (insulin-like growth factor receptor), and EGFR
(epidermal growth factor receptor) contributes to endocrine resistance by bypassing ER
signaling. These alterations drive ligand-independent activation of downstream signaling
pathways, including the MAPK/ERK and CDK4/6 pathways, reinforcing the need for
combination therapies to target multiple resistance mechanisms [10].

Although there are several advancements which have been made in breast cancer
treatment to increase survival and quality of life [11], the issue of drug resistance has
driven the exploration and use of other therapies along with endocrine therapies such as
immunotherapeutic, targeted therapy, and chemotherapy agents. Immunotherapies aim
to enhance the body’s immune response to cancer cells, as well as targeted radiotherapy
and chemotherapeutic agents that specifically address cancer cells molecular and cellular
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characteristics. These approaches aim to circumvent resistance, improve patient outcomes,
and offer more individualized treatment options [12,13].

Recent advances in immune-targeted therapy offer promising avenues to address en-
docrine resistance. Targeted therapies, including CDK4/6 inhibitors and PI3K/AKT/mTOR
inhibitors, such as PI3K inhibitors (e.g., alpelisib) have been approved for treating
endocrine-resistant ER+ breast cancer, particularly in PIK3CA-mutated cases. Additionally,
mTOR inhibitors (e.g., everolimus) have been combined with endocrine therapy to over-
come resistance by inhibiting downstream signaling [14]. Moreover, immune checkpoints,
initially effective in triple-negative breast cancer, are now being explored in combination
with endocrine therapy and targeted agents to enhance antitumor immune responses in
HR+ breast cancer [15,16]. In addition, our group has also published a study in which we
have demonstrated that combination therapy in drug resistance has better outcomes in
breast cancer treatment [2].

The integration of targeted therapies with endocrine treatments has shown promise in
delaying resistance and improving patient outcomes. Additionally, immune checkpoint
inhibitors (ICIs), previously successful in triple-negative breast cancer, are now being ex-
plored in HR+ breast cancer to enhance antitumor immunity. Advances in combination
therapies, leveraging immunotherapy, targeted agents, and chemotherapy, present a com-
pelling avenue to manage drug-resistant cases. In this current study, we have discussed an
overview of the molecular mechanism of endocrine resistance and the role of combination
therapies in overcoming the drug resistance issue. Apart from this, we have also analyzed
data from 35 randomized clinical trials to assess the impact of combinations of immunother-
apy, targeted therapy, and chemotherapies in managing endocrine-resistant breast cancer,
focusing on patients’ overall survival and progression-free survival. By synthesizing ev-
idence from diverse therapeutic strategies, this study aims to provide a comprehensive
understanding of the evolving treatment landscape, highlighting opportunities to improve
outcomes in this challenging subset of breast cancer patients.

2. Molecular Mechanism of Endocrine Resistance

The molecular mechanisms of endocrine resistance in breast cancer are multifaceted.
There are several reasons for resistance, such as alterations in estrogen receptor (ER)
signaling, compensatory pathways, and the tumor microenvironment (Figure 1). An
overview has been discussed below.
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Figure 1. Schematic representation illustrating the factors contributing to endocrine resistance in

breast cancer.
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2.1. Alterations in the Endocrine Pathway

There are several factors for alteration pathways and acquired drug resistance, but the
loss of estrogen receptor (ER) expression is one potential cause, with 10-20% of initially ER-
positive patients transitioning to ER-negative upon relapse [17]. This loss of ER expression
deprives cancer cells of their dependency on estrogen-driven proliferation, rendering
therapies targeting ER signaling, such as selective estrogen receptor modulators (SERMs)
or aromatase inhibitors, less effective. Another mechanism is the emergence of mutations
in endocrine receptors [18]. Mutations such as ESR1 Y5375 and D538G are among the
most frequently observed alterations linked to the receptor’s constitutive activation. These
mutations result in estrogen-independent signaling, allowing cancer cells to bypass the
need for ligand binding. As a result, these mutations drive resistance to first-line endocrine
therapies and pose significant challenges for subsequent treatment strategies [19].

Endocrine resistance in hormone receptor positive breast cancer presents a complex
challenge influenced by various molecular changes, not just the loss of estrogen receptors
(ER) or mutations. One significant factor contributing to this resistance is the increased
activity of growth factor signaling pathways (HER2 and the PI3K/AKT/mTOR) which
can drive tumor progression. These pathways promote cell survival, proliferation, and
resistance to endocrine therapies. The dysregulation of the cell cycle machinery plays an
important role in endocrine resistance. Alterations in proteins like cyclinD1(cdk), cyclin-
dependent kinases (cdks), and tumor suppressors PRB1 and Tp53 can lead to uncontrolled
cell division, diminishing the effectiveness of endocrine therapies. The interplay between
ER signaling and other molecular networks adds further complexity, as shown in Figure 2.
ER signaling is associated with pathways like p38, c-Jun N-terminal kinase (JNK), and
focal adhesion kinase (FAK), which can compensate for ER inhibition and help sustain
tumor growth. Specifically, the activation of the AKT/MAPK pathway through EGFR
signaling can lead to the phosphorylation of ER or its co-regulators, allowing for ligand
independent activation of ER target genes. To address endocrine resistance, combination
therapies that target multiple pathways have emerged as a promising strategy. Dual
inhibition approaches, such as combining endocrine therapy with PI3K/mTOR inhibitors
have shown improved efficacy by blocking alternative survival mechanisms. Moreover,
integrating CDK4/6 inhibitors with endocrine therapy has become a standard treatment
option, significantly delaying disease progression in advanced hormone receptor-positive
breast cancer [20].
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Figure 2. Illustrations represent the insights of an endocrine resistance mechanism. This diagram
depicts the estrogen receptor (ER) signaling pathways in cancer, showing both nuclear/genomic and
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non-nuclear /nongenomic mechanisms. Estrogen (E) activates ERs, leading to gene expression via
direct DNA binding or signaling cascades involving PI3K/AKT, Ras/MAPK, and stress-related
pathways (p38, JNK, FAK). The tumor microenvironment influences these pathways, promoting
proliferation, survival, and invasion. Phosphorylation plays a key role in activating transcription
factors (TFs) and coactivators (CoA), enhancing gene expression of growth factors (GFs) and recep-
tor tyrosine kinases (RTKs). This model is relevant for understanding estrogen receptor-positive
cancers, particularly breast cancer, and identifying potential therapeutic targets. (Note: (a) de-
noting the nuclear/genomic mechanisms, (b) RTKs-EGFR, HER2, and IGF1-R mechanism, (c) non-
nuclear/nongenomic mechanism, and (d) is showing tumor microenvironment for endocrine resistance).

2.2. Epigenetic Modifications

Epigenetic modifications have emerged as critical contributors to endocrine resistance
in breast cancer, presenting significant challenges to the efficacy of therapies targeting
estrogen receptor (ER) signaling. These modifications involve reversible alterations in
gene expression without altering the underlying DNA sequence and play a pivotal role in
reprogramming tumor cells to evade endocrine therapy [21].

DNA methylation is one of the most studied epigenetic changes associated with en-
docrine resistance. Hypermethylation of the promoter region of the ESR1 gene, which
encodes the ER, leads to transcriptional silencing of ER expression. Loss of ER renders
breast cancer cells unresponsive to therapies such as tamoxifen, fulvestrant, and aromatase
inhibitors, which rely on the presence of functional ER [22]. Additionally, global hy-
pomethylation, often observed in resistant tumors, can activate oncogenes and contribute
to an aggressive phenotype. These methylation changes highlight the dynamic interplay
between DNA methylation and resistance mechanisms [22].

Histone modifications, including acetylation, methylation, and phosphorylation, fur-
ther contribute to endocrine resistance by altering chromatin structure and accessibility.
Dysregulation of enzymes involved in histone modifications, such as histone deacety-
lases (HDAC:sS), histone acetyltransferases (HATs), and histone methyltransferases (HMTs),
disrupts the transcriptional regulation of ER and ER-associated genes [23]. For instance,
increased HDAC activity in resistant cells leads to chromatin compaction and transcrip-
tional repression of tumor suppressor genes. In contrast, aberrant HAT or HMT activity can
promote the expression of genes driving resistance. The interplay between histone modifi-
cations and ER signaling emphasizes the complexity of epigenetic regulation in endocrine
resistance. Another layer of epigenetic regulation involves chromatin remodeling com-
plexes, which reorganize chromatin architecture at key regulatory loci. These complexes,
such as the SWI/SNF family, alter nucleosome positioning and accessibility to transcription
factors, including ER and its cofactors. Dysregulation of chromatin remodeling in resistant
cells disrupts the ER-associated transcriptional network, further compromising the efficacy
of endocrine therapies [24].

Non-coding RNAs, particularly microRNAs (miRNAs) and long non-coding RNAs
(IncRNAs), play a crucial role in mediating epigenetic modifications associated with en-
docrine resistance. For example, miR-221 and miR-222, which are often upregulated in
resistant breast cancers, target and downregulate tumor suppressor genes, such as p27
and p57, and modulate ER signaling pathways. Similarly, IncRNAs such as HOTAIR
and MALAT1 regulate histone modification patterns and chromatin structure, promoting
resistance by enhancing pro-survival and proliferative pathways. These non-coding RNAs
act as epigenetic regulators, integrating with DNA methylation, histone modifications, and
chromatin remodeling to drive resistance [25].

Targeting epigenetic modifications offers a promising approach to overcome endocrine
resistance. Epigenetic modulators, together with HDAC inhibitors, DNA methyltransferase
inhibitors (DNMTis), and bromodomain and extraterminal (BET) inhibitors, have shown
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potential in preclinical and clinical studies. These agents can reestablish ER expression,
restart silenced tumor suppressor genes, and re-sensitize resistant tumors to endocrine
therapies. For example, combining HDAC inhibitors with aromatase inhibitors or SERDs
has proved to have synergistic effects in overcoming resistance. Similarly, DNMT inhibitors
can reverse hypermethylation of the ESR1 promoter, restoring ER function and sensitivity
to tamoxifen or fulvestrant [26].

Epigenetic modifications are central to the mechanisms underlying endocrine resis-
tance in breast cancer. The interplay between DNA methylation, histone modifications,
chromatin remodeling, and non-coding RNAs creates a complex regulatory network that
drives resistance. Understanding these mechanisms provides insights into the biology
of resistance and highlights novel therapeutic opportunities. Epigenetic-targeting agents,
particularly in combination with endocrine therapies, hold great promise for improving
outcomes in patients with resistant hormone receptor-positive breast cancer [27].

2.3. Tumor Microenvironment (TME)

The tumor microenvironment (TME) is one of the key factors for developing endocrine
resistance in breast cancer through a supportive niche for tumor progression and therapy
evasion. The TME comprises various cellular and non-cellular components, including
stromal cells, immune cells, extracellular matrix, and secreted factors, collectively influ-
encing tumor behavior. Hypoxia, a hallmark of the TME, drives resistance by stabilizing
hypoxia-inducible factors (HIFs), which modulate gene expression to promote angiogene-
sis, metabolic reprogramming, and survival pathways. These HIF-mediated changes can
bypass estrogen receptor (ER)-dependent signaling, reducing the efficacy of endocrine
therapies [28]. However, inflammatory cytokines, such as interleukin-6 (IL-6) and tumor
necrosis factor-alpha (TNF-«x), secreted by immune and stromal cells, activate alterna-
tive signaling pathways, including the PI3K/AKT/mTOR and MAPK cascades, further
diminishing ER dependence. [29]. Cancer-associated fibroblasts (CAFs), another critical
component of the TME, secrete growth factors and extracellular matrix proteins that en-
hance cell proliferation and resistance mechanisms. Immune cells within the TME, such as
tumor-associated macrophages (TAMs) and regulatory T cells (Tregs), suppress anti-tumor
immunity and create an immunosuppressive environment that facilitates endocrine resis-
tance [30]. Additionally, extracellular vesicles (EVs) released by TME components carry
microRNAs, proteins, and metabolites that reprogram tumor and stromal cells, promoting
resistance. Understanding the complex interactions within the TME and their impact on
endocrine resistance highlights the need for novel therapeutic strategies [31]. Targeting
the TME, either by inhibiting key components such as HIFs, cytokines, or CAFs, or by
modulating immune checkpoints, combined with endocrine therapies, holds promise for
overcoming resistance and improving treatment outcomes in hormone receptor-positive
breast cancer [32].

3. Immunological Aspect of Endocrine Drug Resistance

There are two main factors in endocrine resistance. Intrinsic resistance dampens the
effect of ICIs in certain situations, for instance, the mutation of PD-L1 or MHC molecules.
The mutations abate the ability to present antigens that prevent the immune cells from iden-
tifying the cancer. Dysregulated interferon (IFN) signaling, weakened IFN signaling, deters
activation of the immune and further undermines the immune assault against cancer [33].
The second factor is extrinsic resistance linked with the tumor microenvironment, which
is the most critical factor in resistance, regulatory T cells (Tregs), and myeloid-derived
suppressor cells (MDSCs); these immune cells suppress the anti-tumor immune response.
Pro-inflammatory cytokines (e.g., IL-6, TGF-(3) further suppress immunity and promote
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tumor progression. New technologies, such as TLA-based approaches paired with IClIs,
aim to remodel the TME and enhance immune activation [34].

4. Role of Inmune Immunotherapies in Combating Endocrine Resistance

Immunotherapy is developed via complex interactions between tumor cells and
the immune system, creating an immunosuppressive TME that reduces the treatment’s
efficacy [32]. Endocrine-resistant tumors often use the immune checkpoint pathways to
avoid immune surveillance. The most common pathways are: (a) PD-1/PD-L1 axis: tumor
cells make use of these pathways to switch off T-cells, thus, preventing immune attacks [35].
(b) The CTLA-4 pathway: this checkpoint dampens T-cell activation, further dampening
the immune response. Combination therapies are now being explored to overcome these
defenses. The combination of ICIs with hypoxia-targeting agents like TH-302 boosts T-
cell activity by improving oxygenation and immune infiltration in low-oxygen tumor
regions [36].

Targeting Tumor-Associated Immune Cells and Cytokine

Emerging studies, such as single-cell RNA sequencing (scRNA-seq), describe the func-
tions of immune cells, such as macrophages and neutrophils, in resistance. For instance,
TAMs, tumor-associated macrophages, often support tumor growth and suppress immu-
nity. The disruption of the CD47, a cell -surface protein expressed on cells that protects
them from the immune system cells, reprograms TAMs to attack tumors and increases ICI
efficacy. Modifying neutrophil behavior may further boost responses to ICIs and radiother-
apy [35]. Endocrine-resistant cancers often secrete cytokines IL-6 and IL-8. These molecules
trigger chronic inflammation and tumor progression. TGF-f3, a cytokine, dampens immune
responses and induces resistance. TGF-3 blockers combined with endocrine treatments
proved to reactivate the immune response and inhibit tumor advancement [36]. Apart from
this, low tumor-infiltrating lymphocyte (TIL) counts in endocrine-resistant tumors are a
significant challenge. Solutions include adoptive cell transfer, or ACT, whereby immune
cells are transferred to the patient to directly enhance immune activity and direct cytokine
therapies, administering pro-inflammatory cytokines to stimulate TIL recruitment and
function [34]. These treatment strategies improve immune responses, making the tumor
vulnerable to other ICIs and therapies.

5. Combination Strategies for Overcoming Resistance

Advanced therapies are being developed to address resistance, including CAR-T cells
and engineered T-cells that specifically target tumor antigens [37]. ICIs targeting hypoxic
regions in the TME show enhanced efficacy. Biomarker-driven approaches are essential to
maximize success. These involve selecting therapies based on specific features of a patient’s
tumor, ensuring personalized and effective treatments. Overcoming endocrine resistance
in cancer requires innovative and multi-pronged approaches. Understanding and targeting
intrinsic and extrinsic resistance mechanisms can optimize immunotherapy strategies,
especially those combining ICIs with other modalities, to improve patient outcomes.

To check the impact of different therapies in combination, we carried out a meta-
analysis demonstrating the significance of combination therapies to combat endocrine
resistance; a detailed meta-analysis is mentioned below.

6. Materials and Methods
6.1. Search Strategy for Selection of Randomized Clinical Trials

A systematic review and meta-analysis were conducted using the Preferred Reporting
Items for Systematic Reviews and Meta-analyses (PRISMA) criteria to ensure transparency,
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rigor, and consistency [2,38,39] (Supplementary Tables 54 and S5), and was not registered.
The literature search was conducted via three databases: “Clinicaltrials.gov.in”, “PubMed”,
and “Science Direct”, following PRISMA criteria. The keywords employed to locate the
finalized research on “Clinicaltrials.gov.in” and PubMed were “Endocrine therapy”, “Tar-
geted therapy”, and “Immunotherapy” in relation to “endocrine resistance breast cancer”.

The study was designed following the Patients, Intervention, Comparison, Outcome,
and Study Design (PICOS) framework. As mentioned below:

Patients: The randomized clinical trials comprised breast cancer patients with endocrine
resistance and a sensitive group.

Intervention(s): Studies were considered that used a combination of medicine therapy and
targeted therapy or endocrine therapy with immunotherapy in endocrine resistance and
sensitive groups.

Comparison(s): The study predominantly concentrated on overall survival (OS) as the pri-
mary endpoint. Secondary outcomes encompassed additional survival metrics, including
progression-free survival (PFS).

Objective Measures: The main objective of the trial was overall survival (OS), whereas
secondary goals encompassed progression-free survival (PFS).

Study design: The study strategy comprised exclusively randomized controlled
trials (RCTs).

6.2. Data Acquisition

The two authors (AK and MA) conducted the screening of the studies according to
the established inclusion and exclusion criteria and subsequently assessed their results. A
conclusive choice was reached and juxtaposed with the perspective of a third author (SS).
Only trials that provide statistical analysis for overall survival (OS) and progression-free
survival (PFS) in patients receiving targeted therapy, immunotherapy chemotherapy, or in
combination with additional agents (two or more) were considered.

6.3. Inclusion Criteria for Studies

Studies were considered to evaluate the outcomes of endocrine drug-resistant patients
receiving treatment-targeted therapy or immunotherapy for breast cancer.

Furthermore, only studies that provided (a) statistical median values with 95% confi-
dence intervals for overall survival (OS) and progression-free survival (PFS) were included.

6.4. Exclusion Criteria for the Studies
Studies were omitted based on established exclusion criteria, which are:

e  Any replicated study.

e  Research on conditions other than breast cancer.

e  Results published were different from those on endocrine resistance in breast cancer.
e  The studies lacked statistical median values and 95% confidence intervals.

e  The studies lacked overall survival (OS) and progression-free survival (PFS) results.

6.5. Evaluation of Quality of Included Randomized Clinical Trials

The potential for bias in randomized controlled trials (RCTs) was assessed utilizing
the Cochrane Collaboration’s Risk of Bias (RoB) tool within Review Manager software
(version 5.3) (https://community.cochrane.org/help/tools-and-software/revman-5 ac-
cessed on 3 January 2025). The assessment included seven essential domains: random
sequence generation (to identify selection bias), allocation concealment (to detect selection
bias), blinding of participants and personnel (performance bias), blinding of outcome
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assessment (detection bias), incomplete outcome data (attrition bias), selective reporting
(reporting bias), and additional biases (including funding sources).

6.6. Statistical Analysis

The overall survival (OS) and progression-free survival (PFS) of patients receiving a
combination of immunotherapies (with an additional agent or several immunotherapies)
compared to those undergoing single immunotherapy were analyzed using statistical
median values and 95% confidence intervals. The statistical data from our results was
analyzed using the overall Risk Ratio (RR) and heterogeneity (I? statistics) expressed as a
percentage value. All statistical analyses were conducted using RevMan 5.3 software, with
p < 0.05 deemed significant.

7. Results
7.1. Search Parameters and Study Selection

The preliminary search aimed to collect studies from different databases, and we found
4140 from PubMed, 46 from clinicaltrials.gov, and 144 from Science Direct (Figure 3). Using
the established inclusion and exclusion criteria for eligibility and screening, 35 studies were
chosen for the meta-analysis. Furthermore, studies were omitted if they lacked overall
survival (OS) or progression-free survival (PFS) and 95% confidence intervals.

= Records identified from R q d bef .
2 | | Pl Databases (=410 b v
i elin : _ i =
2 hltps.//cl|n.|caltr|als_.gov (n) =46 > | Duplicate study removed=22
= Science direct (n)=144 g . .
S Study not come in inclusion criteria=47
°
( Records screened
PubMed Databases (n =3681) Records excluded
Clinical trials (n=24) _ | Not related to endocrine therapy= 1835
Science direct (n=1) Not endocrine resistant=1348
v
il Reports sought for retrieval .
£ a Reports not retrieved
g Pnged Databafes (n) =511 PFS/OS/HR not given =236
g Cllnlcal 1r|_a|s (n)—‘|_2 —* | Endocrine resistant = 63
(7] Science direct (n)=1 Endocrine therapy = 45
l Immunotherapy =150
Reports assessed for eligibility
(n=30)
Clinical trials (n=4)
Science direct (n=1)
A
o
<
3 Reports of included studies
= (n=135)

Figure 3. Prisma flowchart of the study selection process.

7.2. Impact of Other Therapies on Endocrine Resistance

We pooled the analysis of different drugs with endocrine therapy or without en-
docrine therapy in endocrine resistance breast cancer. We have included all 35 studies
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(Supplementary Tables S1-5S5) for this meta-analysis and observed a significant outcome
in the form of progression-free survival with an overall effect Z = 13.35 (p < 0.00001) with
HR 0.71 (CI: 0.67-0.74) and overall effect (Z) on overall survival was 4.20 (p < 0.0001) with
HR 0.82 (CI: 0.75-0.90) (Figure 4). These results indicate that if we use other therapies in

endocrine-resistant breast cancer patients, they may survive better.
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Figure 4. PFS and OS results for all selected studies were used for endocrine breast cancer with a
hazard ratio (HR) and 95% confidence interval. (A) Forest plot for PFS: The pooled hazard ratio
(HR) is 0.71 [0.67, 0.74], indicating a 29% reduced risk of disease progression with overall available
therapies. However, heterogeneity is high (I> = 76%), suggesting study variability. (B) Funnel
plot for PFS: mostly symmetrical distribution, but some outliers suggest potential publication bias.
(C) Forest plot for OS: The pooled HR is 0.82 [0.75, 0.90], indicating an 18% reduced risk of death.
Low heterogeneity (12 = 0%) suggests consistent results. Additionally, in one study, Yamamoto 2013
extends beyond the displayed range, suggesting high uncertainty. (D) Funnel plot for OS: symmetric,
indicating minimal publication bias and strong reliability. (Details of these studies or groups are
mentioned in Supplementary Tables S1-S5).
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7.3. Analysis of Targeted Therapies

When we observed the significant results in pool studies for other therapies (targeted
therapy, immunotherapy, and chemotherapies) used in endocrine resistance, we were
curious to know which therapies have an impact on endocrine-resistant patients, and we
included all studies of those on particular targeted therapy in endocrine resistance patients
(Supplementary Table S1). We have observed that targeted therapy has significant results in
terms of PFS and OS. The overall effect on progression-free survival was 12.11 (p < 0.0001)
with HR 0.68 (CI: 063-0.72) and on overall survival Z-4.57 (p < 0.00001) with HR 0.82
(0.75-0.89) (Figure 5), which showed significant improvement in PFS and OS in endocrine
resistance breast cancer patients.

A Hazard ratio Hazard ratio
Study or Subgroup  log[HR] SE  Weight IV, Fixed, 95% Cl IV, Fixed, 85% Cl B

0 SE(log[HR])
Baselga 2012 -1.021651 0.141408  5.3% 0.36[0.27, 0.47] - )
Baselga 2017 -0.248461 0.230902  2.0% 0.78[0.50,1.23] — "
Beaver 2012 -0.84397 0216926  2.2% 0.43[0.28,0.66] — Jihe
Beelen 2014 0.019803 0.141408  5.3% 1.02[0.77 , 1.35] + o
Connolly 2021 -0.139262 0.133343  5.9% 0.87 [0.67, 1.13] - 0.1+ @é |
Cristofanilli 2016 -0.776529 0.126027  6.6% 0.46[0.36, 0.59] - ores
Goetz 2023 -0.358105 0.242988  1.8% 0.70[0.43,1.13] — © 1/ p°
Hortobagyi 2018 -0.565634 0.11023  8.6% 0.57 [0.46,0.70] - T
Johnston 2009 -0.34249 0.151548  4.6% 0.71[0.53, 0.96] — 0.2 ja <
Kaufman 2020 -0.597837 0.10532  9.5% 0.55[0.45,0.68] - PR o b
Lee 2022 -0.417032 0.209648  2.4% 0.66[0.44,0.99] — %
Love 2003 -0.733969 0211405  2.4% 0.48[0.32,0.73] — P Y
Malorni 2018 -0.371064 0.258066  1.6% 0.69[0.42,1.14] — 03l ; .
Martin 2019 -0.400478 0.120502  7.2% 0.67 [0.53, 0.85] - : , ' \
Munzone 2023 -0.040822 0.187684  3.0% 0.96[0.66,1.39] -+ / ' \
Nader-Marta2024  -0.083382 0.069372 21.8% 0.92[0.80, 1.05] o K H 5
Neven 2021 -0.740239 0.233752  1.9% 0.48[0.30, 0.75] — H H b
Rugo 2022 -0.415515 0.114428  8.0% 0.66[0.53,0.83] - 0.4+ N ' H

H H \
Total 100.0% 0.68 [0.63 ,0.72] i : 5
[ — A — ! H \ HR
Test for overall effect: Z = 12.11 (P < 0.00001) 061 01 10 100 0.5
Test for i Not i Favours [experimental] Favours [control] 0.01 0.1 1 10 100
Heterogenelty: Chi® = 80.56, df = 17 (P < 0.00001); I? = 79%
c D O SEtotRy
Hazard ratio Hazard ratio

Study or Subgroup  log[HR] SE Weight IV, Fixed, 95% ClI IV, Fixed, 95% Cl Gl
Connolly 2021 -0.01005 0.099255 19.9% 0.99[0.81,1.20] :
Hortobagyi 2018 -0.29303 0.187457 56% 0.75[0.52,1.08] — 0.2 !
Love 2003 -0.385662 0.290677  2.3% 0.68[0.38,1.20] — ‘f .
Nader-Marta 2024 -0.061875 0.102043 18.9% 0.94[0.77,1.15] - H |
Neven 2021 -0.372514 0.304843 2.1% 0.69[0.38,1.25] — 03 "' S : v
Rugo 2023 -0.314711 0.073981 35.9% 0.73[0.63,0.84] [ ] E \
Sledge 2020 -0.278392 0.113345 15.3% 0.76[0.61,0.95] - i .

0.4 ; 5
Total 100.0% 0.82 [0.75, 0.89] \ :
Test for overall effect: Z = 4.57 (P < 0.00001) 1 y 10 100 05 H HR
Test for subgroup differences: Not applicable Favours [experimental] Favours [control] 0.01 o2 1 ELY) Ly
Heterogenety: Chiz = 9.35, df = 6 (P = 0.15); I = 36%

Figure 5. Analysis for targeted therapy for PFS and OS with hazard ratio (HR); 95% confidence interval
(A) Forest plot for PFS indicated better survival with targeted therapy HR < 1 showing reduced risk
of disease progression. (B) Funnel plot for PFS symmetric funnel plots indicate low publication bias.
(C) Forest plot for OS. (D) Funnel plot for OS. The PFS analysis shows higher heterogeneity (2 = 79%),
while OS has lower variability (1> = 36%), making OS findings more consistent. Overall, targeted
therapy improves survival, as seen in HR < 1 for both PFS and OS, favoring the experimental group.
(Details of these studies or groups are mentioned in Supplementary Table S1).

7.4. Combined Effect of Immunotherapy and Endocrine Therapy

We also analyzed the results for studies on the combined effect of immunotherapy
and endocrine therapies (Supplementary Table S2) and noticed a PFS overall effect of
2.299 (p = 0.02) with HR 0.89 (0.81-0.98), which reflects little impact (Figure 6). We have
not found studies having results for overall survival.
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Figure 6. Analysis for Immunotherapy and Endocrine therapy for PFS with HR, OS with hazard ratio
(HR); 95% confidence interval, (A) PFS forest plot shows a pooled hazard ratio (HR) of 0.89 [0.81, 0.98],
indicating an 11% reduced risk in the experimental group and red box and dashes indicating the
point estimate (or mean) of the effect size for a single study. However, heterogeneity is high (I? = 67%),
suggesting study variability. (B) Funnel plot for PFS shows slight asymmetry, indicating potential
publication bias. Overall, targeted therapy provides moderate survival benefits.

7.5. Analysis of Combined Therapies

To know other facts about the treatment of endocrine resistant breast cancer patients,
we analyzed the studies which used combined therapies (immunotherapy/targeted ther-
apy/chemotherapy in endocrine treatment (Supplementary Table S3). We observed that
these combined therapies have a significant outcome in the form of progression-free sur-
vival with an overall effect of 9.11 (p < 0.00001) with HR 0.73 (0.68-0.78) (Figure 7). We did
not find data for overall survival in this category.

A
B

Hazard ratio Hazard ratio 0 SE(log[HR]) 1
Study or Subgroup Iog[HR] SE Weight IV, Fixed, 95% CI IV, Fixed, 95% CI wn
Bachelot 2022 0051293 0.094661 13.7% 0.95[0.79,1.14] 4 on e By
Chavez-MacGregor 2024 -0.061875 0.094389 13.8% 0.94[0.78,1.13] 4 [
Hurvitz 2015 0116534 0.099918 12.3% 0.89[0.73, 1.08] - /i
Kahan 2021 0356675 0122784  8.1% 0.70[0.55,0.89] - [
Martin 2021 0.400478 0081634 18.4% 0.67[0.57,0.79) . 0:2 Y
Tolaney 2023 0.049742 0146294  5.7% 1.05[0.79,1.40] + el L
Tumer 2023 0693147 0.068879 25.9% 0.50[0.44,0.57] . fo
Yamamoto 2013a 0494296 0246574  2.0% 0.61[0.38,0.99] — 03 o
Total 100.0% 0.73 [0.68, 0.78] | / \

0.4 H 1 5
Test for overall effect: Z = 9.11 (P < 0.00001) 001 o4 0 100 H : y
Test for subgroup differences: Not applicable Favours [experimental] Favours [control] H H \
Heterogeneity: Chi* = 56.98, df = 7 (P < 0.00001); I = 88% o5 / i \ HR
0.01 0.1 | 10 100

Figure 7. Analysis of combined therapies for PFS with hazard ratio (HR); 95% confidence interval,
(A) PFS forest plot shows a pooled hazard ratio (HR) of 0.73 [0.68, 0.78], indicating a 27% reduced
risk with combined therapies. However, high heterogeneity (I? = 88%) suggests study variability.
(B) Funnel plot for PFS is mostly symmetrical, indicating minimal publication bias. Overall, combined
therapies significantly improve outcomes despite study differences. (Details of these studies or groups
are mentioned in Supplementary Table S3).

In summary, the overall results found that using other therapies, such as targeted
therapy, immunotherapy, and chemotherapies, may improve progression-free survival
and overall survival. Targeted therapies showed significant improvements in progression-
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free survival (PFS) and overall survival (OS) in endocrine-resistant breast cancer patients.
However, the combined effect of immunotherapy and endocrine therapy showed minimal
impact on PFS and overall survival.

7.6. Risk of Bias Analysis

Additionally, funnel plots for progression-free survival and overall survival (Figure 4B,D,
Figure 5B,D, Figures 6B and 7B) were examined to evaluate the publication biases of the
study. Furthermore, we assessed the risk of bias utilizing the Cochrane Risk of Bias (RoB)
tool within Review Manager software. We determined a minimal risk of bias for the
eligible studies included (Figure 8A,B). The results of this study indicate that combination
immunotherapies significantly enhance overall survival and progression-free survival
outcomes compared to solo immunotherapy, with improved disease outcomes observed.
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Figure 8. (A,B): Assessment of bias risk for the included studies utilizing the Cochrane Risk of Bias
(RoB) tool within Review Manager software. (A) Graph depicting risk of bias. (B) Summary of risk of
bias. Red indicates a high risk of bias, green signifies a low risk of bias, and yellow or blank denotes
an unclear risk of bias. A plus sign denotes low risk of bias, a minus sign denotes high risk of bias,
and a question mark denotes an unclear risk of bias. (Details of these studies or groups are mentioned
in Supplementary Tables S1-55).

8. Discussion

In the current study, we reviewed one of the major issues in breast cancer, which is
endocrine resistance, along with a meta-analysis of randomized clinical trials where we
have observed significant results in combination therapies. Endocrine resistance is one
of the significant challenges to treating receptor-positive breast cancer. Although several
research studies are being done to overcome endocrine resistance for better treatment
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outcomes, which therapeutic strategy of therapeutics is effective in endocrine resistance is
still not entirely known.

Some studies have suggested that a combination of other therapies may enhance the
survival of endocrine resistance breast cancer. A systematic literature search was con-
ducted by Schettini et al. to assess the efficacy of first-/second-line endocrine therapies
in hormone receptor-positive/HER2-negative metastatic breast cancer. Thirty-five phase
II/1II randomized clinical trials (RCTs) were included, with results showing significant
reductions in relapse or death risk. Combination strategies were more effective than
single-agent endocrine therapy, with CDK4/6-inhibitors(i) plus endocrine therapy being
the most effective regimen. These results strengthen international treatment guidelines
and aid therapeutic decision-making [40]. Another study done by Brandao et al. demon-
strated that when advanced breast cancer is treated with endocrine therapy (ET)-based
treatments, it gives better progression-free survival (PFS) in endocrine-sensitive patients. In
the endocrine-resistant setting, CDK4/6i + F500 was the most effective treatment, followed
by capivasertib + F500 [41].

To check the impact of different combined therapies on endocrine resistance, we car-
ried out a systematic review and meta-analysis on RCTs to investigate the effectiveness
of different treatment strategies in endocrine resistance breast cancer patients. This sys-
tematic review and meta-analysis address critical advancements in immunotherapy and
targeted therapies combined with endocrine therapy to overcome resistance in breast cancer
treatment. In summary, our meta-analysis demonstrates that supplementary therapeutic
strategies can markedly improve progression-free survival and, to a lesser degree, overall
survival in cases of endocrine-resistant breast cancer. Targeted therapies and agents demon-
strate significant efficacy as adjuncts to endocrine therapy. The role of immunotherapy is
not yet fully understood and necessitates additional research to determine which patients
may derive the most significant benefit.

Further analysis of the combined use of immunotherapy, targeted therapy, and
chemotherapy with endocrine therapy demonstrated significant benefits in PFS, though OS
data was limited. These results suggest that multi-modal treatment approaches may be a
promising strategy to overcome the multifactorial nature of endocrine resistance. However,
the heterogeneity in study designs and patient populations underscores the need for more
robust clinical trials to validate these findings and establish standardized protocols. These
findings align with recent studies, such as those by Schettini et al. and Brandao et al,,
which demonstrated the superior efficacy of combination strategies over monotherapy in
endocrine-resistant HR+ breast cancer.

Our analysis contributes to the growing evidence that combining endocrine therapy
with immunotherapy, targeted agents, and chemotherapy enhances therapeutic efficacy
in patients with endocrine-resistant breast cancer. Future research should aim to clarify
the molecular mechanisms underlying endocrine resistance and to enhance treatment
sequencing and combinations to improve patient outcomes in this complex clinical context.

9. Limitations

This systematic review and meta-analysis relied solely on data from randomized con-
trolled trials (RCTs), limiting the scope to studies that met stringent methodological criteria.
Additionally, variances in study design, endpoints, and quality among the included studies
may have impacted the consistency of the results. The data on the effectiveness of com-
bining immunotherapy with targeted therapy across specific breast cancer subtypes and
stages, particularly in HR+ and HER2-negative subgroups, were limited. This restriction
hinders the generalizability of the findings across all patients with endocrine-resistant
breast cancer. Variations in the combination and dosing of immunotherapies and targeted
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therapies among the studies may have introduced heterogeneity, affecting the compara-
bility of outcomes. The study has limited outcome factors such as overall survival and
progression-free survival only, and this lacks comprehensive outcomes such as Disease-Free
Survival (DFS), Distant Metastasis-Free Survival (DMFS), Recurrence-Free Survival (RFS),
Cause-Specific Survival (CSS), and Event-Free Survival (EFS) Although efforts were made
to minimize publication bias, the possibility remains that studies with non-significant or
negative results were underreported. This could lead to an overestimation.

Moreover, with demographic limitations, the findings may not fully apply to all
patient populations, as most included studies were conducted in Western populations,
with potential underrepresentation of data on Asian or other ethnic groups who may have
different responses to therapy. Despite these limitations, the analysis provides a valuable
assessment of immunotherapy and targeted therapy in endocrine-resistant breast cancer.
It highlights the need for larger, well-designed studies to validate these findings across
diverse patient populations and subtypes.

10. Conclusions

Endocrine resistance continues to be a major and significant obstacle in the manage-
ment of hormone receptor breast cancer, diminishing the effectiveness of conventional
endocrine therapies and resulting in poor clinical outcomes for many patients due to its
resistance. Our current metanalysis provides evidence that integration of other therapies
such as immunotherapy, targeted therapy, and chemotherapy, with endocrine therapy may
offer promising results in aspects of endocrine resistance. We carried out a pooled analysis
of all types of combination therapies for 35 randomized control trials, which demonstrated
that these combination strategies significantly improved progression-free survival and over-
all survival in patients with endocrine resistance. When combined with endocrine therapy,
immunotherapy exhibited limited but encouraging outcomes, highlighting the potential
need for patient stratification to identify those who might benefit most. The combined
use of multiple therapeutic modalities further underscored the value of a multifaceted
approach, although long-term data on survival outcomes remain sparse.

Future Prospects

The prospects for overcoming endocrine resistance in breast cancer are promising,
with ongoing research focused on understanding the molecular mechanisms underlying
resistance and developing novel therapeutic strategies. Several emerging areas are showing
great potential to address endocrine resistance in hormone receptor-positive (HR+) breast
cancer, improving both survival outcomes and quality of life. The future of overcoming
endocrine resistance in breast cancer lies in the development of personalized, combination-
based treatment strategies that target both the estrogen receptor and alternative resistance
pathways. Emerging therapies, including oral SERDs, CDK4/6 inhibitors, PI3K and mTOR
inhibitors, immune checkpoint inhibitors, and employing multi-pronged approaches—such
as integrating novel epigenetic modulators—offer new hope for patients who develop re-
sistance to current endocrine therapies. Additionally, the use of precision medicine, liquid
biopsies, and Al-driven approaches will enhance the ability to tailor treatment plans and
monitor disease progression in real time. However, to fully harness the benefits of Al in clin-
ical practice, it is imperative to establish standardized guidelines and promote trustworthy
Al practices. These measures will ensure fairness, traceability, and robustness, ultimately
facilitating the integration of Al technologies into routine breast cancer care [42,43].
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