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Abstract: Breast cancer is a heterogeneous malignancy that consists of multiple molecular
subtypes, each requiring therapeutic approaches distinctively. While traditional treatments,
including endocrine therapy, and anti-HER2 therapy, primarily targeting on cancer cell
proliferation and survival, emerging evidence underscores their profound immunomodulatory
effects within the tumor microenvironment. The intricate interplay between breast cancer
treatments and immune cells shapes therapeutic efficacy and patient outcomes. This review
aiming to analysis the immunomodulatory functions of various therapies, including selective
estrogen receptor modulators (SERMs), aromatase inhibitors (Als), and CDK4/6 inhibitors;
monoclonal antibodies, tyrosine kinase inhibitors (TKIs), and antibody-drug conjugates
(ADCs); and the role of PARP inhibitors, PI3K inhibitors, and mTOR inhibitors in
modulating immune responses. We discuss how these treatments impact key immune
populations, including tumor-infiltrating lymphocytes, myeloid-derived suppressor cells
(MDSCs), and natural killer (NK) cells, as well as their influence on immune checkpoints
and cytokine signaling pathways. Understanding the dual role of breast cancer therapies in
both suppressing tumor growth and modulating the immune landscape offers new
opportunities for strategies integrating targeted therapy and immunotherapy. By elucidating
these interactions, we aim to provide insights into optimizing treatment strategies to enhance
antitumor immunity and improve patient prognosis.
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1. Introduction

Breast cancer (BC) remains a significant global health concern, which represents the most frequently
diagnosed malignancy in women. It accounts for 10% of all cancer incidences in women and is the
second leading cause of cancer-related deaths in the United States [1]. The growing number of cases
can be attributed to a complex interplay of genetic predispositions and non-genetic risk factors such
as age, reproductive history, hormonal exposure and environmental influences [2,3].

In modern molecular pathology, high-throughput biomarker screening has offered a convincing
explanation for BC heterogeneity and key biomarkers are used for molecular stratification of BC [4],
including hormone receptor (HR) positive breast cancer, HER2-positive breast cancer and triple-
negative breast cancer (TNBC) [5]. HR positive breast cancers, characterized by the expression of
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estrogen receptor (ER) and/or progesterone receptor (PR), represent the most prevalent subtype of
BC and are associated with both the highest incidence and recurrence rates among BCClinically, HR+
BCs are typically well-differentiated, exhibit lower aggressiveness, and are associated with a more
favorable prognosis compared to HR- BCs [6]. Consequently, endocrine therapy is suggested for most
patients with HR+ BCs. Tamoxifen is utilized in both premenopausal and postmenopausal women,
whereas aromatase inhibitors (Ais), including anstrozole, letrozole and exemestane, are exclusively
administered in postmenopausal women [7]. Als are generally favored over tamoxifen for adjuvant
therapy, though a sequential regimen combining tamoxifen followed by Ais may also be employed
to optimize therapeutic outcomes [7].

HER2+ BC represents approximately 20% of BC, which is defined by the abnormal amplification
of the ERBB2/neu oncogene [7,8] and associated with high levels of genetic instability and
irregularities in cell morphology [9]. Anti-HER?2 therapies, such as trastuzumab and Pertuzumab, are
primarily used as first-line treatment strategy, often in combination with adjunctive modalities
including chemotherapies (doxorubicin-cyclophosphamide or docetaxel-carboplatin) [10,11] or
CDK4/6 inhibitors that block cell cycle progression [12]. To extend the survival of metastatic HER2
BC patients, dual HER2 blockade with trastuzumab and Pertuzumab in combination with
chemotherapy, primarily taxanes, is recommended [7,13]. Apart from that, trastuzumab emtansine
(T-DM1) is typically utilized as the second-line therapy [14].

Additionally, triple-negative breast cancer (TNBC) is another more aggresstive subtype defined
by the absence of ER, PR and HER2 expression. Based on gene profiling and cellular characteristics,
TNBC can be further categorized into six molecular subtypes: basal-like 1 (BL1), basal-like 2 (BL2),
mesenchymal, mesenchymal stem-like (MSL), immunomodulatory (IM), and luminal androgen
receptor (LAR) [15]. In women with early TNBC, anthracycline- and taxane-based chemotherapy
regimens serve as the cornerstone of treatment [14]. Moreover, the heterogeneity of TNBC
contributes to its variable sensitivity to different therapeutics. For example, various mTOR or tyrosine
kinase inhibitors can be used for M type TNBC [15,16] while anti-androgen receptor therapy is
recommended for patients with LAR-subtype breast cancer [17]. Notably, Poly (ADP-ribose)
polymerase inhibitors (PARP1) effectively disrupt DNA repair mechanisms and compromise genomic
stability in BRCA1/2 mutant BC [18-20]. Additionally, immunotherapeutic approaches have gained
attention, such as immune checkpoint inhibitor targeting PD-L1 on tumor cells or PD-1 on T cells.
This strategy aims to prevent immune evasion and enhance T cells’ ability to recognize and destroy
cancer cells [20-23].

Emerging evidence suggests that BC is composed not only of cancer cells but also an intricate
tumor microenvironment (TME) that includes epithelial, stromal, and immune cells population.
Within this TME, immune cells engage in complex interactions with cancer cells, mediated through
both direct cellular contact and the release of soluble factors. These interactions collectively shape
the microenvironment, thereby directly or indirectly influencing the responsiveness to anti-cancer
therapies. For example, modulation of the anti-PD1-PDL1 axis has been demonstrated to directly
enhance the tumoricidal activity of intratumoral T cells in BC, thereby increasing therapeutic efficacy
[24]. Additionally, indirect mechanisms are prevalent; the infiltration of intratumoral T cells has been
shown to significantly influence the response to BC chemotherapy [25], while the activity of immune
checkpoint inhibitors can affect the success of anti-HER2 therapies in BC [26]. Furthermore, immune
evasion and immunosuppression by tumor cells are evident through the secretion of bioactive factors
(such as GM-CSF, IL-1B, VEGF, and PGE2), which act on immunoregulatory cells in the plasma,
including myeloid-derived suppressor cells (MDSCs) and plasmacytoid dendritic cells (pDCs). These
secreted factors can attenuate T cell cytotoxicity or indirectly reduce T cell infiltration, ultimately
fostering cancer cell persistence [27].
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The role of the immune microenvironment and associated immunological mechanisms in tumor
modulation is inherently dual-faceted. The continuous and dynamic interplay between cancer cells
and the immune microenvironment significantly influences cancer progression. Specifically, tumor-
infiltrating immune cells can suppress tumor growth by targeting and eliminating immunogenic tumor
cells. Conversely, these immune cells may also sculpt tumor immunogenicity, alter tumor
differentiation cycles and characteristics, and potentially favor the selection of immune-tolerant
cancer cell clones that can evade immune surveillance [25,28,29].

In conclusion, the immune microenvironment represents a pivotal element within tumors, closely
associated with both tumor progression and therapeutic responses in cancer treatment. This review
provides a comprehensive summary to illuminate how BC treatments interact with the immune
landscape and aim to uncover the mechanisms that underlie and potentially enhance therapeutic
efficacy.

2. Endocrine Therapy Impacts on the Immune System

Numerous studies have investigated the direct anti-tumor effects of endocrine therapies and related
small molecule inhibitors. Given that various hormones bind to receptors on immune cells and exert
biological effects [30,31] — and that cytokines from immune cells also influence the endocrine system
[32], there is growing interest and evidence demonstrating a complex interplay between endocrine
therapies and the tumor immune microenvironment. In this review, we comprehensively examine the
immunomodulatory impacts of different endocrine therapeutic strategies (Figure 1).

2.1. Selective Estrogen Receptor Modulators (SERMs) — Tamoxifen

SERMs are drugs that bind to estrogen receptors and have tissue-specific effects, which act as either
agonists or antagonists depending on the target tissue [33]. They are primarily used in the treatment
and prevention of ER-positive breast cancer, where they inhibit estrogen-driven tumor growth.
Although research is ongoing, the clinical use of SERMs is largely limited to BCs, with only limited
evidence supporting their role in other gynecological cancers [34,35]. Common SERM drugs include
but are not limited to tamoxifen (TX) and Ethamoxytriphetol (MER-25).

TX works by competitively binding to ER on breast cancer cells. Thus, it prevents estrogen from
activating this signaling pathway that is needed to drive gene expression for cancer cell growth and
division [36]. Beyond its direct anti-tumor effects, TX also has emerging controversial implications
for the immune system. On one hand, evidence from animal models and in vitro experiments suggests
that TX’s immune effects may occur through estrogen-independent pathways, such as P-glycoprotein
inhibition, which sequentially affects dendritic cell function and favors Th2 responses while
suppressing Thl cytokine production [37, 38]. Additionally, TX-treated NK cells exhibit altered
cytokine profiles and reduced the cytotoxicity, collectively reshaping the immune response toward a
less cytotoxic profile [39]. On the other hand, TX was shown to enhance immune response by
upregulating a series of interferon (IFN) and immune response genes, particularly within the
JAK/STAT pathway in normal mammary epithelial cells [40]. Furthermore, TX boosts the cytotoxic
activity of NK cells via upregulation of c-erbB-2 (HER2/neu) expression in HER2/neu nonamplified
BCs, which leads to upregulation of ICAM-1 and increased tumor cell lysis through NK cell-mediated
antibody-dependent cytotoxicity (ACDD) [41]. This dual role warrants further investigation on the
immunomodulatory effects of TX in BCs.

53



Proceedings of the 5th International Conference on Biological Engineering and Medical Science
DOI: 10.54254/2753-8818/99/2025.22042

AT T > oo
TIFN-stimulated genes | [ ) ‘:. Ve 4 /G”RH
o /\ / .-‘. Y .:.'-:--. 1 \ \ SE———
e \FNv TNFo &&m f / £
\ Sad
- s \ vt L Macrophages
o * CXCL16
\’\mpaired NK cell activation b
NK cells ] Eoradil 4 go  EXEMestane (Als) .
ag e&
/ ﬁ\ “ CDK4/6>

T
S & Stromal cells
L0 &TeR o -

Letrozole (Als)

Figure 1: Endocrine therapy Impacts on the Immune system

2.2. Aromatase Inhibitors (Als)

Als are endocrine therapies that inhibit estrogen production, which blocks the enzyme aromatase,
converting androgens into estrogens — a key estrogen source in postmenopausal women. Used mainly
in postmenopausal patients with ER+ BC, Als can be steroidal (e.g., exemestane) or non-steroidal
(e.g., anastrozole, letrozole) [42,43]. Steroidal Ais binds irreversibly to the aromatase enzyme and
permanently inactivate it, while non-steroidal Ais are reversible inhibitors that temporarily block the
active site [43-49].

Evidence suggests that Als may have complex effects on the immune system. Exemestane has
been reported to affect immune cell populations, with some studies suggesting an increase in
lymphocyte and a favorite shift in Th1 CD4+ T cells. This phenotypic observation has been implied
to changes in bone metabolism and hormone levels [41,50]. Additionally, some evidence indicates
that letrozole may reduce Treg cells and enhance immune surveillance against cancer [51,52].
However, Als’ dual effect on immune function is notable: reducing estrogen levels may limit immune
homeostasis, as estrogen is essential for T cell development and Th2 responses. Thus, while Als may
reduce immunosuppressive elements in the TME, they might also impair certain immune functions,
such as extracellular pathogen defense, which highlights the need for further research on the immune
impact Als.

2.3. Ovarian Suppression (GnRH)

Ovarian suppression is frequently employed alongside chemotherapy and endocrine therapy,
particularly effective in high-risk premenopausal patients. This therapy induces ovarian functional
suppression to lower estrogen levels, achieved through luteinizing hormone-releasing hormone
(LHRH) drugs or surgical ovarian removal [53,54]. Specifically, Gonadotropin-releasing hormone
(GnRH) from hypothalamus, stimulates the pituitary gland to release gonadotropins, which regulate
ovarian and testicular functions [55]. GnRH agonists are clinically used to suppress gonadotropins
and reduce estrogen production, thus inhibiting the growth of hormone-dependent tumors.

Notably, GnRH and its agonists appear to influence the immune system in multiple ways. Research
suggests that GnRH (I, II) may stimulate cytokines production (e.g., [IFNy, TNFp, IL-3, IL-4, IL-7)
in certain contexts [56,]. GnRH also directly influences immune cell function, such as by enhancing
the expression of the IL-2 receptor (IL-2Ry) on T-lymphocytes and B-lymphoblastoid cells, which
can stimulate T cells and B cells proliferation and strengthen the immune system [57].

Interestingly, GnRH agonists exhibit a dual effect on hematopoietic stem cells: in Balb/c mice,
prolonged GnRH agonist treatment reduces stem cell population and maturation rate in the bone
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marrow, whereas it increases the number and maturation activity in C57BL/6 mice [56, 57]. This
strain-dependent variation highlights a complex, context-specific role of GnRH in immune
modulation that warrants further study, especially regarding its clinical implications in humans.

2.4. Cyclin-Dependent Kinases 4 and 6 (CDK4/6) Inhibitors

CDK4/61 are commonly used alongside endocrine therapies in BC treatment, especially in
ER+/HER2- BCs. CDK4/6 are cell cyclin-dependent kinases that bind with Cyclin D (D1, D2, D3
encoded by CCDN1, CCND2, and CCND3) to form CDK4/6-Cyclin D complexes. This complex
phosphorylates the retinoblastoma protein (Rb), facilitating the transition from G1 phase (growth
phase) to S phase (DNA synthesis phase) in the cell cycle [58]. CDK4/6 inhibitors prevent the
formation of CDK4/6-Cyclin D complexes, thereby blocking Rb phosphorylation and arresting
cancer cells in the G1 phase, which effectively slows tumor growth. In breast cancer therapy, CDK4/6
inhibitors (e.g., palbociclib, ribociclib, and abemaciclib) have shown clinical efficacy, especially in
treating ER+/HER2- BC, making them a significant component of current therapeutic regimens.

It is also worth noting that CDK inhibitors impact the immune system. While CDK4/6 inhibitors
may reduce T cell counts by blocking the G1-to-S phase transition in immune cells, cancer cells are
shown to be more sensitive to CDK4/6 inhibition than T cells. Some CDK4/61, such as Trilaciclib,
may upregulate IL2 receptor components (IL2Ra, IL2Rf, IL2Ry), which potentially increases T cell
counts and supports immune activation. Additionally, CDK4/6 inhibitors like abemaciclib can
stimulate IL-2 secretion, and others, such as palbociclib and Trilaciclib, can enhance cytokines
production (e.g., CXCL9, CXCLI10, IFNy, IL16, and CXCL16) to promote CTL and TH1 responses
[59-61]. Furthermore, CDK4/6i may upregulate PD-L1 on tumor cells, making them more responsive
to PD-1/PD-L1 antibodies (e.g., pembrolizumab, atezolizumab), which enhance T cell cytotoxicity
[61,62]. This combination of CDK4/6 inhibitors with immune checkpoint inhibitors represents a
promising therapeutic strategy for BC, especially TNBC, which warrants further investigation in
clinical trials.

3.  Anti-HER2 Therapy Impacts on the Immune System

Anti-HER2 therapy is a targeted therapeutic strategy that targets HER2 (human epidermal growth
factor receptor 2), a transmembrane receptor frequently overexpressed in breast cancer, contributing
to tumor progression and poor prognosis. By effectively binding on HER2 and suppressing HER2-
driven signaling pathways, these therapies exert potent antitumor effects and have been widely used
in both early-stage metastatic HER2+ BC patients [63]. Key anti-HER2 modalities include
monoclonal antibodies, small-molecule tyrosine kinase inhibitors (TKIs), HER2 targeting antibody-
drug conjugates (ADCs) and bispecific antibodies [64].

A growing body of preclinical and clinical evidence shows that anti-HER2 therapies, such as
trastuzumab and other monoclonal antibodies, exerts significant effects on the immune system.
Furthermore, the findings suggest that immune-related markers offer valuable predictive insights, and
that immune system modulation may change clinical activity. This section will delve into the interplay
between anti-HER2 therapy and the immune system, with a focus on the immunological mechanisms
and their implications for therapeutic efficacy and clinical outcomes (Figure 2).

3.1. Anti-HER2 Antibody Therapy

Common anti-HER?2 antibody drugs, such as Trastuzumab and Pertuzumab, inhibit HER2 signaling
and enhance immune clearance. On one hand, Trastuzumab binds to domain IV of HER2, which
blocks receptor dimerization and activating antibody-dependent cellular cytotoxicity (ADCC). On the
other hand, Pertuzumab targets domain II of HER2 and prevents HER2-HER3 dimerization [65-67].

55



Proceedings of the 5th International Conference on Biological Engineering and Medical Science
DOI: 10.54254/2753-8818/99/2025.22042

Trastuzumab exerts its therapeutic effects primarily through the innate immune system. By binding
to HER2 on tumor cells and engaging FcyRIII (CD16) on NK cells, Trastuzumab activates Fc-FcR
signaling to initiate ADCC. This mechanism enhances NK cells-mediated tumor cell lysis, ultimately
promoting tumor regression [68,69]. While Trastuzumab’s role in directly modulating the adaptive
immune response remains less prominent, Trastuzumab has been demonstrated to activate 1L-12-
IFN-y axis, which bridges innate and adaptive immunity. By promoting the recruitment and activation
of APCs and NK cells, Trastuzumab enhances IL-12 secretion by APCs, which in turn stimulates NK
cells through IL-2 signaling to produce IFN-y. IFN-y further activates CD4+ T cells and facilitates
their role in antitumor immunity. This cascade amplifies cellular immune responses and at the same
time, damage-associated molecular patterns (DAMPs) releasing is also enhanced, which further
activate immune pathways, such as FcR signaling [69-71].

Experimental evidence indicates that Trastuzumab increases a well-characterized DAMP
HMGBI1(High-mobility group box 1) levels in body fluids, which subsequently engages Toll-like
receptors (TLRs) to trigger the MyD88-dependent signaling pathway [69,72].

In Trastuzumab-treated mouse models, a significant infiltration of CD8+ T cells was observed in
the tumors, which underscores that antibody-induced immune activation within mediating antitumor
effects plays a critical role. [69,71]. Additionally, anti-HER2 peptide vaccination strategies are
notably which aim to combine Trastuzumab and HER2 peptides, such as E75 and GP2, to establish
memory robust immune memory in patients. This combination therapy approach holds promise for
enhancing long-term antitumor immunity and advancing vaccine-based treatments for HER2+ BCs
[73,74].
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Figure 2: Anti-HER2 Antibody Therapy Impacts on the Immune System

3.2. Tyrosine Kinase Inhibitors (TKIs)

Common TKIs, including Lapatinib and Neratinib, function by competitively binding to the ATP-
binding site of tyrosine kinases on HER2. This inhibits HER2 autophosphorylation and downstream
signal transduction pathways, including the MAPK and PIK3 pathways (Lapatinib) [75], and ERK
and Akt pathways (Neratinib) [6], thereby suppressing cancer cell growth [76-78].

Lapatinib not only disrupts erbB1/2 signaling but also modulates immune-related signaling
pathways, which enhances antitumor immunity. Mechanistically, Lapatinib enhances CD8+ T cell
activity by activating the Statl signaling pathway, which promotes CD8+ T cell infiltration into
tumors and increases IFN-y secretion. The central role of Statl is further highlighted by its regulation
of chemokines such as CXCL9, CXCL10, and CXCL11, which facilitate T cell recruitment. Statl
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deficiency markedly reduced CD8+ T cell activation and tumor infiltration, which significantly
impairs the antitumor efficacy of Lapatinib [79].

Stimulator of Interferon Genes (STING) is a key regulator of innate immunity, with the cGAS-
STING signaling pathway in peripheral immune cells playing a central role in mediating
inflammation and immune response. Through the detection of several inflammatory factors
downstream the cGAS-STING cascade (IRF3, NF-kB p65), it was found that lapatinib can upregulate
STING expression in GC tissue cells (SNU-216, MKN7 cells) by blocking the HER2 signaling
pathway, while an increased number of CD8+ T cells were also detected [80,81].

Additionally, combining Lapatinib with Thl-derived cytokines has been shown to enhance
cytotoxicity against HER2+ BCs through both synergistic and independent mechanisms. Lapatinib
indirectly inhibits PI3K and AKT signaling to induce cancer cell apoptosis. Also, it has been
demonstrated that Lapatinib can impact on the adaptive immune system by improving the sensitivity
of immune cells to tumor cells. Lapatinib recruits a significant number of CD4+ and CD8+ cells,
which secrete a large amount of Thl cytokine IFN-y. This, in turn, activates the STATI signaling
pathway within the body, affecting the tumor microenvironment (TME) [75,82-84].

3.3. Antibody-Drug Conjugates (ADCs)

ADCs such as Kadcyla (T-DM1) and T-DXd combine HER2-targeting antibodies (e.g., Trastuzumab)
with cytotoxic chemotherapeutic payloads (e.g., DM1 for T-DM1 and DXd for T-DXd). These
therapies leverage the high specificity of HER2 antibodies to deliver cytotoxic agents directly to
HER2-overexpressing tumor cells, which minimize off-target effects and enhance therapeutic
efficacy [85-87].

Trastuzumab itself exerts immune-modulatory effects by engaging FcyRs and induce Fc-mediated
ADCC. T-DM1 retains this capability through its Trastuzumab component, while its payload DM1
contributes additional antitumor effects by disrupting microtubules and modulating the TME [69,87].

In contrast to Trastuzumab, T-DM1 exhibits a distinctive ability to modulate the immune
microenvironment system. On one hand, the toxicity of T-DMI itself can decrease CD41+ and
CD61+ cells. On the other hand, T-DM1 also readily binds to Fc, which further affects immune
signaling pathways [87,88]. Notably, T-DM1 demonstrates enhanced efficacy in Trastuzumab-
resistant models, which could partially be explained by its ability to reduce Tregs and suppress
immune evasion by PD-L1 downregulation [89,90].

4.  Other Treatments Impacting the Immune System

Ongoing research is shifting its focus from the development of novel therapeutics to the personalized
treatment strategies tailored to the molecular characteristics of individual tumors. Several recently
approved target therapies, including PARP inhibitors, PI3K inhibitors and mTOR inhibitors,
demonstrate efficacy in defined biomarkers or genetic alterations. For instance, somatic PI3KCA
mutations serve as predictive biomarkers for the response to PI3K inhibitors in ER+, HER2-
metastatic BCs [91]. Similarly, germline BRCA mutations in metastatic BCs identify patients who
potentially benefit from PARP inhibitor therapy [92]. Additionally, mTOR inhibitors have been
shown to significantly extend progression-free survival, more than doubling its duration, in patients
with ER+, HER2— endocrine-resistant metastatic breast cancer [93]. Given the expanding role of
these targeted agents in breast cancer treatment, it is imperative to further investigate their
immunomodulatory effects within the tumor microenvironment (TME) and explore their potential
synergistic effects when combined with immunotherapies.
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4.1. PI3K Inhibitor (Alpelisib, CYH33)

Alpelisib a PI3K inhibitor, is primarily utilized in treating HER2-, PIK3CA-mutant advanced breast
cancer, often in combination with TX or other chemotherapeutic drugs. It inhibits PI3K
(phosphoinositide 3-kinase) pathway, specifically targeting pl10o, to suppress tumor cell
proliferation and survival [94-95]. Alpelisib has been hypothesized to reduce T cells and DCs [96]
and it has been associated with multiple immune-related adverse effects, such as cutaneous toxicity
(rashes), GI disturbances (diarrhea), and hyperglycemia [97], while the underlying mechanism
remains under investigation.

Interestingly, several mouse experiments found that Alpelisib can trigger a significant increase in
CD8+ T cells [98]. This effect is attributed to the inhibition of PI3K pathway, which downregulates
phosphatases (PTEN and PHLPP) and reduces the number and suppresses the function of Treg cells
[99]. A similar immunomodulatory effect has been reported for CYH33 in mouse breast cancer
models, where it has been shown to also promote fatty acid uptake and the recruitment of additional
CD3+ T cells [100,101].

4.2. PARP Inhibitor (Olaparib)

Olaparib is a PARP inhibitor commonly used for the treatment of advanced breast cancer, particularly
in BRCA mutation-associated TNBC or in patients with a high risk of recurrence following
chemotherapy. It works by inhibiting the PARP enzyme, thereby disrupting DNA damage repair
pathways in cancer cells and leading to genomic instability and tumor cell death [102].

Olaparib has a multifaceted impact on the immune system. In the BRS tumor cell model, Olaparib
treatment significantly increased CD8+ T cells and GzmB+ NK cells [103,104]. On the other hand,
Olaparib can directly regulate immune-related gene expression. It has been shown to upregulate key
genes involved in T cell infiltration and activation, including Cd8a, Zap70, Tbx21, Lck, Hck, Cd4,
Fyn, Cd69, as well as genes related to cytotoxic T cell activity, such as Gzma and Prfl [105].
Furthermore, Olaparib can activate certain immune pathways, particularly those involved in innate
immune sensing and inflammatory responses. Notably, it enhances the type I IFN response, cGAS-
STING pathway, and JAK/STAT pathway activation, these pathway regulations are suggested as
secondary effects resulting from DNA damage accumulation [103,104,106].

Olaparib is also commonly used in combination with immune checkpoint inhibitors to enhance
antitumor immunity. While Olaparib monotherapy may increase PD-L1 expression in cancer,
combining with anti-PD-L1 therapy prevents immune evasion and strengthens CD8+ cell infiltration
[104,105,107].

4.3. mTOR Inhibitor (Everolimus)

The mTOR signaling pathway is essential for T cell metabolism, proliferation and differentiation into
different subsets, such as Th1, Th2, and Th17 cells [108]. In addition to regulating T cell fate, mTOR
pathway controls immune metabolism, cytokine signaling, and antigen presentation. Notably, mTOR
inhibition can impair cytokine (such as IL-4 and IL15) production, reduce NK cell activity and
diminish recruitment of key immune proteins, such as recombination activating genes (RAGs)
mediated by mTORCI1 [109].

Everolimus (EVR) is an important mTOR-targeted inhibitor that suppresses cancer cell
proliferation and angiogenesis [110,111]. While EVR shares immunosuppressive properties with
other mTOR inhibitors, it does not directly reduce T cell apoptosis but instead inhibits their
development and maturation, particularly in Karpas 299 and MyLa cell lines [112].
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5.  Future perspectives

The treatment landscape for breast cancer has evolved significantly. While these therapies primarily
focus on tumor cell-intrinsic mechanisms, accumulating evidence highlights their
immunomodulatory effects, which profoundly impact the TME and therapeutic response. Endocrine
therapies, including SERMs, Als, and ovarian suppression, modulate immune function by altering
cytokine profiles, T cell activity, and antigen presentation. Similarly, CDK4/6 inhibitors influence
the immune landscape by promoting T cell infiltration, upregulating immune-related genes, and
modulating immune checkpoint expression.

In HER2-positive BCs, anti-HER2 monoclonal antibodies such as trastuzumab and pertuzumab
not only inhibit oncogenic signaling but also enhance ADCC, which facilitates and connects innate
and adaptive immune responses. Tyrosine kinase inhibitors like lapatinib further shape immune
interactions by stimulating IFN-y signaling and enhancing CD8+ T cell infiltration. Moreover, T-
DMI and novel immunotherapeutic combinations have demonstrated promising immune-enhancing
effects, including PD-L1 downregulation and T cell activation.

Beyond conventional therapies, targeted agents such as PI3K inhibitors, PARP inhibitors, and
mTOR inhibitors exhibit intricate immunomodulatory functions as well. These agents influence
immune metabolism, T cell differentiation, and cytokine secretion, thereby altering tumor-immune
interactions and potentially improving responses to immunotherapy.

Given the dynamic nature of the breast cancer immune microenvironment, there is a growing
interest in combinatorial strategies that integrate targeted therapies with immune checkpoint
inhibitors to enhance antitumor immunity. Future research should focus on elucidating the
mechanistic basis of these immunomodulatory effects and optimizing therapeutic combinations to
overcome immune resistance. A deeper understanding of how breast cancer therapies interact with
the immune system will enable the development of more effective and personalized treatment
approaches, ultimately improving clinical outcomes for breast cancer patients.
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