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Abstract 

Breast cancer (BC) has a high mortality rate and is one of the most common malignancies in the world. Initially, BC 
was considered non-immunogenic, but a paradigm shift occurred with the discovery of tumor-infiltrating lympho-
cytes (TILs) and regulatory T cells (Tregs) in the BC tumor microenvironment. CTLA-4 (Cytotoxic T-lymphocyte-associ-
ated protein 4) immunotherapy has emerged as a treatment option for BC, but it has limitations, including suboptimal 
antitumor effects and toxicity. Research has demonstrated that anti-CTLA-4 combination therapies, such as Treg 
depletion, cancer vaccines, and modulation of the gut microbiome, are significantly more effective than CTLA-4 
monoclonal antibody (mAB) monotherapy. Second-generation CTLA-4 antibodies are currently being developed 
to mitigate immune-related adverse events (irAEs) and augment antitumor efficacy. This review examines anti-CTLA-4 
mAB in BC, both as monotherapy and in combination with other treatments, and sheds light on ongoing clinical trials, 
novel CTLA-4 therapeutic strategies, and potential utility of biomarkers in BC.

Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

European Journal
of Medical Research

*Correspondence:
Khaled H. Barakat
kbarakat@ualberta.ca
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40001-024-01901-9&domain=pdf


Page 2 of 12Jama et al. European Journal of Medical Research          (2024) 29:353 

Introduction
Breast cancer, which is one of the most prevalent malig-
nancies and has the fifth-highest mortality rate among 
all cancers, has traditionally not been considered immu-
nogenic [67, 96]. However, recent studies have indicated 
the presence of tumor-infiltrating lymphocytes (TIL) 
and regulatory T (Treg) cells in breast cancer, providing 
the rationale for immunotherapy as a potential treat-
ment option, particularly for triple-negative breast can-
cer (TNBC), which currently lacks targeted treatment 
and is not responsive to standard therapies for a large 

proportion of patients [45, 105]. Immunotherapy is cur-
rently under investigation in the context of breast cancer 
and the identification of potential biomarkers that may 
predict the response to treatment.

Tumors co-opt immune checkpoint proteins such 
as CTLA-4 to create an immunosuppressive tumor 
microenvironment (TME), circumvent immune sur-
veillance, and promote tumor progression (Fig. 1) [36]. 
Notably, CTLA-4 is found in T cells, non-lymphoid 
cells, B cells, dendritic cells, stromal cells, and tumors 
[60, 72]. CTLA-4 negatively regulates T effector cell 
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function by outcompeting CD28/CD80 co-stimulatory 
receptors and binding to their shared ligand, B7-1, 
thereby inhibiting T-cell activation with higher avid-
ity and affinity [16]. CTLA-4 bound to B7-1 weakens 
the co-stimulatory signal, producing overall immu-
nosuppressive activity [89]. Furthermore, CTLA-4 
interferes with the co-stimulatory signal by removing 
B7-1 ligands from the surface of antigen-presenting 
cells via trans-endocytosis and trogocytosis (APC). 
CTLA-4 removal from the surface of APCs reduces T 
effector cell function and proliferation [83]. Moreo-
ver, CTLA-4 indirectly modulates immunosuppression 
in the tumor microenvironment (TME) by limiting 
CD4 + T cells’ clonal expansion, which is essential for 
targeting malignant tumor cells through direct kill-
ing or enhancing cytotoxic T-cells and B-cells immune 
response [6, 46, 69, 102]. CD4 + T-cell reduction dimin-
ishes pro-inflammatory cytokine levels, including 
interleukin 2 (IL-2) and tumor necrosis factor α (TNF-
α) as observed in many tumors, including BC [37, 43, 
72, 98, 123]. Consequently, CTLA-4 dampens T-cell 
responses by interacting with a network of immune 
and tumor cells, producing an immunosuppressive 
environment. Hence, CTLA-4 humanized monoclo-
nal antibodies (mAB) such as ipilimumab and treme-
limumab have demonstrated great clinical benefits in 
many different malignancies, including melanoma, 
lung carcinoma, and renal cell carcinoma, but not in 
BC [20, 36, 116]. CTLA-4 mAB’s has suboptimal anti-
tumor activity and high toxicity effect of anti-CTLA-4 
monotherapy in BC; thus, anti-CTLA-4 combination 
therapy is being explored as an alternative for breast 
cancer [57]. This review will focus on the mechanism of 
action of anti-CTLA-4 mAB alone and in combination 
with other therapies in BC, current clinical trials with 

anti-CTLA-4 in BC patients, and novel therapeutic 
approaches to enhance the efficacy and minimize the 
toxicity of anti-CTLA-4 in BC patients.

CTLA-4 blockade depends on several factors includ-
ing Treg cells, T-cell infiltration, CD8 + T-cell activation, 
and tumor-associated macrophage (TAMs) recruit-
ment (Fig. 1). Treg cells are a subpopulation of immune 
cells required for self-tolerance and to prevent autoim-
mune diseases [102]. They constitutively express CTLA-
4, which inhibits CD4 + and CD8 + cytotoxic T cells in 
the TME [25, 55, 79]. For instance, Treg cell depletion 
regressed tumors within a month and increased survival 
by > 80  days in murine models [74, 95]. Similarly, other 
studies have demonstrated that Treg cell depletion in 
mice promoted lymphocyte recruitment and decreased 
tumor growth rate, implicating Treg’s role in tumor pro-
motion [17, 39]. Furthermore, a relatively high level of 
Treg cells in the TME is associated with poor progno-
sis in various cancer types, including breast cancer [21]. 
Numerous studies have demonstrated that CTLA-4 ther-
apies deplete tumor resident Treg cells and downregulate 
cytotoxic T-cell activity [44, 51, 70, 77, 79, 82, 90, 93, 103, 
109]. Treg cells mediate immunosuppression through 
various mechanisms, such as IL-2 depletion and immu-
nosuppressive cytokine production. Notably, the primary 
mechanism of action of CTLA-4 mAB is antibody-
dependent cellular cytotoxicity (ADCC) of Treg cells 
(Fig. 1) [8, 11, 13, 18, 49, 55, 94, 97, 108]. The efficient anti-
tumor effects of CTLA-4 blockade depend on the ADCC 
of Treg cells, as CTLA-4 blockade alone without ADCC 
has insufficient antitumor activity [115]. Another study 
revealed that ipilimumab has better activity in patients 
with FcγR variants that enhance ADCC activity, further 
implicating the importance of ADCC activity in achiev-
ing a robust response [111]. Although anti-CTLA-4 mAB 

Fig. 1 Extrinsic therapeutic targets for CTLA-4 therapy in breast cancer. CTLA-4 overexpression reduces pro-inflammatory cytokines, T-cell effector 
differentiation, and antibody-dependent cellular cytotoxicity, resulting in tumor proliferation and metastases of breast cancer
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effectively promotes tumor regression in some malignan-
cies, it is insufficient in BC [20, 36, 110]. Nevertheless, 
preclinical studies have shown that anti-CTLA-4 com-
bination therapy can effectively control tumor growth in 
BC. Taylor et al. [110] demonstrated CTLA-4 and PD-1 
blockade, combined with adoptive cell therapy, signifi-
cantly delayed tumor growth and prolonged survival by 
stringently depleting Treg cells in TNBC murine models. 
Conversely, CTLA-4 and PD-1 blockade alone are insuf-
ficient to suppress tumor growth [110]. These findings 
suggest that anti-CTLA-4 combination therapy could 
effectively suppress aggressive breast tumor growth com-
pared with anti-CTLA-4 alone. Furthermore, efforts are 
underway to create novel anti-CTLA-4 mABs with a 
modified fragment crystallizable (FC) region, promoting 
stringent Treg cell depletion and robust antitumor activ-
ity alone. Gan et al. [28] developed a novel anti-CTLA-4 
heavy chain antibody (HCAb 4003-1) engineered to 
enhance Treg cells’ depletion. These findings demon-
strate HCAb 4003-1 had higher antitumor activity and a 
shorter serum half-life than ipilimumab, implicating its 
minimal toxicity effect [28]. Similarly, developed CTLA-4 
mABs with a modified FC region, which demonstrated a 
robust antitumor response associated with ADCC deple-
tion of Treg cells. These antibodies are promising can-
didates for future generation of anti-CTLA-4 therapies. 
A significant concern regarding anti-CTLA-4 mAB is 
its adverse toxic effects [26]. For instance, ipilimumab 
lysosomally degrades ~ 50% of CTLA-4, causing severe 
immunotherapy-related adverse effects (irAEs). How-
ever, pH-sensitive CTLA-4 antibodies have been devel-
oped (HL12 and HL32) that circumvent immune-related 
adverse events (irAEs) while producing antitumor effects 
[122]. The pH-sensitive antibodies bound to CTLA-4 dis-
sociate after lysosomal endocytosis and are recycled back 
to the cell surface, minimizing CTLA-4 degradation and 
the overall iRAE. In contrast, conventional mAB is bound 
to CTLA-4 and is subsequently engulfed by lysosomes 
and degraded, reducing CTLA-4 levels and inducing 
iRAE [122]. Besides reducing toxicity levels, pH-sen-
sitive antibodies have high bioavailability, enhancing 
intratumoral Treg cell depletion and ADCC targeting of 
CTLA-4, thus amplifying their effectiveness [122]. These 
findings suggest a novel approach for the development 
of second-generation antibodies targeting CTLA-4 with 
high potency and minimal toxicity [122].

Anti‑CTLA‑4 mAB combination therapy in BC
Several studies have shown that targeting multiple 
immune inhibitory pathways through combination 
therapy improves anti-CTLA-4 efficacy through several 
mechanisms [23, 92]. First, it prevents the compensatory 
upregulation of other inhibitory checkpoint pathways 

[19]. Second, immune cells are targeted systematically 
rather than locally through their distinct and complemen-
tary roles (i.e., in the lymph node and tumor site) (Fig. 1) 
[78]. Third, various immune-infiltrating cells (Tregs and 
TAMS) are targeted, inducing a stronger inflammatory 
response, which has implications for immunotherapy 
resistance (Fig. 1) [92]. For instance, studies have shown 
that targeting both CTLA-4 and PD-1 expands cytotoxic 
T cells and transforms tumor-associated monocytes and 
macrophages to a pro-inflammatory (M1) phenotype 
through increased IFN-γ secretion, producing an inflam-
matory tumor microenvironment (TME) [5, 19, 62]. Fur-
thermore, a preclinical study demonstrated that CTLA-4 
and PD-1 ICI increased CD8 + T-cell intratumoral infil-
tration compared to anti-CTLA-4 monotherapy, increas-
ing the rate of tumor-free survival in melanoma mouse 
models by ~ 65% [19]. Overall, the combination of 
CTLA-4 and PD-1 immune checkpoint inhibitors boosts 
antitumor efficacy by influencing intratumoral lympho-
cyte and myeloid cell components [35, 84, 118]. A single-
arm clinical study analyzed the efficacy of tremelimumab 
in combination with durvalumab (a PD-1 inhibitor) in 18 
metastatic breast cancer patients with MBC. The cohort 
had an objective response rate (ORR) of 17% and 0% in 
the ER + patients and 43% in the TNBC group. However, 
the benefits of anti-CTLA-4 and anti-PD-1 combination 
therapy did not outweigh the risks, and the study was ter-
minated in the second phase (Santa-Maria et  al. 2017). 
Another study investigated ipilimumab in combination 
with nivolumab in advanced chemotherapy-refractory 
metaplastic breast cancer. Although the study reached 
its primary endpoint, 65% of patients experienced sig-
nificant irAEs [2]. By lowering the dosage of ipilimumab 
or using newer anti-CTLA-4 formulations irAE could be 
reduced in patients [4, 114].

Although the combination of CTLA-4 and PD-1 mABs 
proved to be efficacious, it is inadequate for high levels 
of intratumoral macrophages in advanced stages of can-
cer [118]. Neoadjuvant anti-CTLA-4 therapy has been 
reported to provide a robust antitumor immune response 
compared to ICI alone in aggressive tumors [87]. An 
ongoing clinical study is investigating neoadjuvant anti-
CTLA-4 therapy in TNBC patients (NCT03546686). This 
study investigated the safety of administering CTLA-4 
and PD-1 immunotherapy in combination with cryoab-
lation or standard care in patients with HER2-negative 
advanced breast cancer following neoadjuvant chemo-
therapy. Preclinical findings revealed that this treatment 
induced a robust immunological response against the 
tumor both locally and systemically [22, 50] (Table 1).

Anti-CTLA-4 mAB in combination with targeted 
therapy such as chemotherapy, epigenetic modulators, 
poly (ADP-ribose) polymerase (PARP) inhibitors, and 
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radiotherapy enhances its therapeutic efficacy compared 
to monotherapy (Fig. 2) [76]. For example, anti-CTLA-4 
mAB, in combination with MAPK inhibitors in TNBC, 
had a stronger antitumor immunity than anti-CTLA-4 

mAB alone (Fig.  2). [33] reported that anti-CTLA-4 
mAB in combination with Selumetinib, a MEK1/2 small-
molecule inhibitor (SMI), abolished the upregulation 
of immunosuppressive mediators (Cox-2 and Arg1-), 

Table 1 Clinical trial testing Anti-CTLA-4 combination therapy in breast cancer patients

Immune intervention Phase Participants Trial subject Status/Results Clinical trial

Ipilimumab + nivolumab II 30 Hypermutated HER2-negative breast cancer Ongoing NCT03546686

Ipilimumab, nivolumab, cryoablation II 160 HER2-negative advanced breast cancer 
after neoadjuvant chemotherapy

Ongoing NCT03546686

Ipilimumab, nivolumab, pegylated liposo-
mal doxorubicin, and cyclophosphamide

IIb 75 Breast cancer Ongoing NCT02069158

Brain irradiation and Tremelimumab
In metastatic breast cancer

N/A 17 Metastatic breast cancer Completed NCT02563925

Fig. 2 Intrinsic therapeutic targets for CTLA-4 combination therapy include tumor antigens, PD-1 receptor, epigenetic modifiers, BRCA1 and BRCA2, 
and immunosuppressive mediators (COX-2 and ARG-1), in addition to MAPK and PI3K signaling pathways in cancer cells
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whereas anti-CTLA-4 monotherapy increased their 
expression in TNBC mouse models (Fig.  2) [33]. Simi-
larly, another study reported that anti-CTLA-4 mAB in 
combination with PI3Kα inhibitor provided synergis-
tic antitumor activity, regressed breast tumors by 60%, 
and sensitized the tumor to ICI compared to ICI alone 
(Fig. 2) [119]. These findings provide a rationale for mul-
tiple ongoing clinical studies investigating the efficacy 
and safety of gedatolisib (PI3Kα inhibitor) in combina-
tion with anti-CTLA-4 mAB in patients with metastatic 
BC [119]. A clinical trial is currently underway to exam-
ine the impact of combining anti-CTLA-4 mAB with 
paclitaxel and gedatolisib on both antitumor efficacy and 
tolerance in breast cancer patients. (Table  1). Another 
clinical study investigated the effects of tremelimumab 
in combination with brain radiotherapy and trastuzumab 
(a HER2 inhibitor) in patients with ER + metastases 
(NCT02563925) [85]. Furthermore, chemotherapeutic 
agents such as paclitaxel, doxorubicin, and gemcitabine 
prime the immune system by suppressing myeloid 
derived suppressor cells (MDSCs) enhancing the effi-
cacy of anti-CTLA-4 blockade [7, 27 ]. Hence, a phase IIb 
clinical study assessed liposomal doxorubicin and cyclo-
phosphamide alone and in combination with ipilimumab 
and nivolumab in patients with BC (NCT03409198) 
(Table  1). Another example of CTLA-4 combination 
treatment enhancing efficacy pertains to targeting muta-
tions in Breast Cancer genes1/2 (BRCA1/2), which are 
genes involved in DNA repair (Fig. 2) [84]. Notably, high 
levels of T-cell recruitment and immune gene expres-
sion characterize BRCA-mutated tumors and correlate 
with patients’ cytotoxic responses to ICI [73]. Studies 
have demonstrated that breast tumors with BRCA muta-
tions treated with cisplatin elicited an effective antitu-
mor immune response through a high mutational burden 
[14, 66, 101, 117]. Similarly, combining CTLA-4 mAB, 
PD1 mAB, and cisplatin in BRCA-deficient breast can-
cer mouse models resulted in synergistic cytotoxicity. 
This combination treatment diminished FOXP3 + Treg 
cell levels and elevated CD4 + and CD8 + T-cell lev-
els (p < 0.05), significantly reducing tumor growth [73]. 
Similarly, a preclinical study demonstrated that treat-
ing BRCA-deficient immunocompetent ovarian cancer 
models with ipilimumab and veliparib (PARP inhibitor) 
enhanced IFN-gamma production and T-cell infiltration 
[38]. Ipilimumab and veliparib led to synergistic antitu-
mor activity, increasing long-term survival in murine 
models [38]. Furthermore, a phase 1 clinical trial is 
underway to examine the effects of combining CTLA-4 
mAB with PARP inhibitors in patients diagnosed with 
BRCA-deficient ovarian cancer. The initial findings from 
this study indicated positive therapeutic outcomes cou-
pled with favorable tolerability (NCT02571725) (Table 1) 

[3]. Thus, investigating CTLA-4 mAB in combination 
with PARP inhibitors in patients with BRCA-mutated BC 
would be promising. In summary, these findings indicate 
that anti-CTLA-4 personalized therapy has great poten-
tial in BC.

Novel immunotherapeutic strategies for targeting 
CTLA‑4
Anti‑CTLA‑4 and cancer vaccines
Cancer vaccines are an appealing anti-CTLA-4 thera-
peutic strategy because they enhance immunogenic 
response and tumor specificity by targeting neoanti-
gens [90]. A previous study demonstrated that combin-
ing anti-CTLA-4 mAB and targeting mucin1 (MUC1), 
a tumor antigen, with cancer vaccines led to synergistic 
activation and cytotoxic T-cell expansion [56, 65, 71] 
(Fig.  2). Similarly, an in  vivo study demonstrated that 
anti-CTLA-4 and anti-PD-1 mABs combined with an 
oncolytic virus (GM-CSF) increased CD8 + T cells and 
memory T cells and decreased Treg cell levels in TNBC 
orthotropic immune-competent murine models. Moreo-
ver, this combination therapy increased T helper type 1 
cell (TH1) inflammatory cytokines, induced tumor cell 
apoptosis, reduced tumor growth by ~ 50%, and pro-
longed survival in TNBC murine models [121]. Another 
study demonstrated that anti-CTLA-4 combined with 
DNA vaccines also had synergistic effects, resulting in 
significant tumor regression compared to anti-CTLA-4 
monotherapy [90]. Furthermore, clinical trials are testing 
tremelimumab as an adjuvant for breast cancer vaccines 
to enhance TIL recruitment and induce potent cytotoxic 
responses [30] (NCT02643303). The combination of anti-
CTLA-4 therapy with cancer vaccines presents therapeu-
tic promise, particularly for breast cancer patients with 
poor immunogenicity.

Anti‑CTLA‑4 and microbiome
The efficacy of anti-CTLA-4 therapy also depends on 
commensal bacteria composition as studies have shown 
the gut microbiome is involved in breast cancer devel-
opment and response to therapy [40, 52, 80, 99, 112]. A 
recent study reported that CTLA-4 blockade, in com-
bination with introducing strains such as Bacteroides 
fragilis, germ-free, or antibiotics, improved the efficacy 
of anti-CTLA-4 therapy by further polarizing the TH1 
T helper cells [68]. Furthermore, oral administration of 
probiotics such as Bacteroides fragilis and Burkholde-
ria cepacia improved the irAE toxicity of anti-CTLA-4 
therapy [88]. An ongoing clinical trial is examining 
the gut microbiota in response to ICI in BC patients 
(NCT02752685) [53]. These preliminary results indi-
cate that gut microbial bacteria influence anti-CTLA-4 
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efficacy and antitumor response in breast cancer, mak-
ing the gut microbiome therapeutically relevant for 
immunotherapy.

Anti‑CTLA‑4 and epigenetic modulation
CTLA-4 mAB in combination with epigenetic modifiers 
is another promising therapeutic strategy for enhanc-
ing anti-CTLA-4 efficacy [61] (Fig. 2). The expression of 
CTLA-4, PD-1, and PD-L1 is enhanced by DNA hypo-
methylating agents [63]. Consistent with this study, 
Enhancer of Zeste 2 Polycomb Repressive Complex 2 
subunit (EZH2), a methyltransferase enzyme, has been 
reported to be crucial for differentiating and maintaining 
Treg cells [120]. Notably, anti-CTLA-4 mABs have been 
reported to increase EZH2 expression in the peripheral 
T cells of treated patients. EZH2 inhibition in combina-
tion with anti-CTLA-4 mAB enhanced the antitumor 
immune response in murine models, as evidenced by the 
increased ratio of Treg to T effector cells and enhanced 
cytotoxicity of T effector cells compared to anti-CTLA-4 
monotherapy [31]. Another study reported that his-
tone deacetylase (HDAC) inhibitors combined with 
anti-CTLA-4 mAB and/or PD-1 mAB downregulated 
MDSC in murine mammary models, thereby increas-
ing antitumor immunity [47]. Similarly, ICIs with his-
tone deacetylases or DNA methyltransferases treat more 
than 80% of metastatic TNBC tumors, with MDSCs as 
the primary target [47]. Furthermore, the combination 
of anti-CTLA-4 mAB and HDAC inhibitors enhanced 
CD4 + T-cell infiltration and displayed synergistic antitu-
mor activity [47]. These preclinical observations provide 
evidence for the rationale of combining epigenetic modu-
lators with anti-CTLA-4 therapy in breast cancer [15, 47, 
48, 75] (Table 1).

Future directions for anti‑CTLA‑4 treatments
Small‑molecule CTLA‑4: B7‑1 inhibitors
While antibodies directed against CTLA-4, such as 
ipilimumab, have shown considerable effectiveness, 
small-molecule inhibitors (SMIs) are more advanta-
geous because of their permeability, lower production 
costs, prolonged half-lives, and organ-specific target-
ing [100, 107]. CTLA-4 is currently deemed undrugga-
ble, with no known binding pocket at the ligand-binding 
interface [102]. These peptides and allosteric sites for 
CTLA-4 have yet to be determined through computa-
tional techniques such as molecular dynamic simulations 
[86, 104]. Nevertheless, some SMIs target CTLA-4 indi-
rectly by blocking B7-1 and its interaction with CTLA-4 
and CD28 [100] (Table 3). For instance, (8) and (9) target 
[24, 32]. Huxley et  al. [41] also describe small-molecule 
inhibitors targeting B7-1 with high specificity and low 
nanomolar affinity [41]. Similarly, these small molecules 

were reported to antagonize the CTLA-4 interaction by 
occluding its binding site. Nonetheless, a limitation of 
these B7-1 SMIs is their capacity to hinder IL-2 secretion, 
which is necessary for pro-inflammation [41]. Currently, 
no CTLA-4 SMI is available on the market [100]. The 
trajectory of CTLA-4 therapy should center on develop-
ing SMIs that directly target CTLA-4 or epigenetically, as 
these agents offer more significant advantages than mon-
oclonal antibodies.

Anti‑CTLA‑4 therapy biomarkers
One of the biggest pitfalls of the CTLA-4 mAB is its abil-
ity to predict which patients will respond to and ben-
efit from treatment (Fig.  3). Patients could be stratified 
into responsive and non-responsive groups by assessing 
predictive biomarkers such as single nucleotide poly-
morphisms (SNP) [29]. For instance, patients harboring 
CTLA-4 mutations that impair antitumor immunity are 
more likely to be responsive to anti-CTLA-4 immuno-
therapy. Moreover, CTLA-4 SNPs have been extensively 
studied in different cancers, including TNBCs [113]. 
Notably, specific SNPs in the promoter region of CTLA-
4, such as CTLA-4c.49*G, are associated with breast 
cancer. Individuals with CTLA-4c.49*G alleles exhibit 
a 1.8-fold higher likelihood of developing breast cancer 
than those with the A/A genotype making anti-CTLA-4 
a promising therapeutical approach for this patient group 
[12]. Treg cells are another example of potential biomark-
ers that could be used to elucidate a patient’s respon-
siveness to anti-CTLA-4 therapy, since they modulate 
antitumor activity by affecting the Treg cell population 
[42]. Other potential prognostic and predictive biomark-
ers are TILs within the adjacent tumor stroma or focal 
areas [10, 123]. Prall et  al. [81] reported that TILs and 
FOX3P + Treg immune cells were indicators of immu-
nogenicity and prognosis in TNBC [81]. Furthermore, 
tremelimumab shows the highest responsiveness in inva-
sive breast tumors with > 50% lymphocyte infiltration, 
also known as lymphocyte-predominant breast cancer 
(LPBC). Furthermore, a correlation exists between the 
number of tumor-infiltrating lymphocytes (TILs) and 
disease-free survival [105]. Stanton et al. [105] analyzed 
256 TNBC tumors and demonstrated that with every 10% 
increase in TILs, there was a 17% reduction in the risk of 
recurrence (p = 0.023, HR 0.83, 95% CI 0.71–0.98) and a 
27% decreased risk of death (p = 0.035, HR = 0.73; 95% CI 
0.54–0.98) (Sherene [59]). Similarly, other reports have 
shown that high TILs levels after treatment are associated 
with good prognosis, as the greater the number of TILs, 
the more responsive the patients are to immunother-
apy and chemotherapy [34, 64]. However, anti-CTLA-4 
responsiveness prediction depends on the subtype and 
localization of TILs. For instance, patients with efficient 
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CD8 + T-cell tumor infiltration had good treatment out-
comes. In contrast, patients with accumulated CD8 + T 
cells in tumor-associated stroma had poor outcomes [1]. 
Recently, the WHO St. Gallen International Breast Can-
cer Conference allowed TILs quantification to determine 
the prognosis of patients with early-stage TNBC [9, 58].

These biomarkers shed light on the interplay between 
BC and the immune system, providing information on 
tumor responsiveness to treatment (Fig. 3). Technological 
advancements, such as single-cell omics, are promising 
as they would provide in-depth qualitative information 
on biomarkers with prognostic and predictive values 
for BC patients [54]. Overall, CTLA-4 SNP, TILs, and 
FOX3P + Treg cells are promising predictive biomark-
ers for anti-CTLA-4 therapy, but much more needs to be 
elucidated for anti-CTLA-4 personalized therapy in BC 
patients.

Conclusion
Immunotherapy has revolutionized the treatment of 
several malignancies, and has only recently entered 
the treatment landscape of BC. However, the appli-
cation of anti-CTLA-4 therapy presents challenges, 
including its limited effectiveness and considerable 
toxicity. Emerging immunotherapy data have shown 
that anti-CTLA-4 combination therapy could soon 
become the standard treatment for BC. Although 
very few anti-CTLA-4 clinical studies have been per-
formed in patients with BC, this may change with a 

deeper understanding of CTLA-4 function in cancer 
immunity. Recent research highlighting anti-CTLA-4 
combination strategies, such as Treg cell depletion, 
utilization of cancer vaccines, and consideration of 
the gut microbiome, has revealed promising preclini-
cal results that are poised for subsequent investiga-
tion in patients. Future directions for anti-CTLA-4 
therapy include second-generation antibodies and SMI 
with minimal irAE toxicities and high potency, and 
the identification of standard biomarkers for CTLA-4 
immunotherapy. Finally, a comprehensive under-
standing of the role of anti-CTLA-4 mAB’s in cancer 
immunity is imperative for further immunotherapeutic 
advancements in patients with breast cancer.
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