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Abstract
Background: Observational epidemiology studies suggested the crucial role of immune cells
in breast cancer (BC) development. The causalities of immunophenotypes with BC remain
ambiguous. Methods: We performed a two-sample Mendelian randomization (MR) analysis
to investigate the potential causalities between immunophenotype traits and BC, and
validated the findings using the flow-cytometry data of lymphocytes from a case-control
study. The genome-wide association studies (GWAS) data on immunological traits were
taken from a public catalog for 731 immunophenotypes, and the GWAS data in 6 cohorts of
BC, which included malignant neoplasm of breast and carcinoma in situ of breast, were
retrieved from the FinnGen database. The case-control study was conducted at Gansu
Provincial Maternity and Child Care Hospital from January 2024 to May 2025, and included
123 BC patients and 109 healthy controls. Results: After investigating genetically predicted
immunophenotype biomarkers, we discovered 24 highly correlated immunophenotypes and
83 suggestive possible factors. The case-control study effectively confirmed the differences
in absolute count, relative count, and MFI in some highly correlated lymphocytes between
BC patients and healthy controls. The study underscored that the absolute counts of
lymphocytes, T cells, and CD45RA+ CD8br are related to a reduced risk of BC, but CCR7 on
naive CD8br showed a promoting effect on the pathogenesis of BC. Conclusion: Our findings
demonstrate a complex genetic predisposition linking immunophenotypes to BC and provide
preliminary experimental support. This study highlights potential avenues for
immunotherapy but warrants further validation in larger, multi-ethnic cohorts.

Keywords: breast cancer; immune cells; mendelian randomization; case-control study;
causality

Highlights
1. This work bridges the gap by investigating the causative association between immune
cells and breast cancer (BC).
2. The association between immunophenotype traits and BC is causative.
3. The highly correlative immunophenotypes of BC were verified in our cohort.
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Breast cancer (BC) was the most common cancer in women globally.
According to the latest estimates of the global burden of cancer
released by the World Health Organization (WHO)’s cancer agency,
the International Agency for Research on Cancer, BC makes up nearly
2.3 million new cases, accounting for 11.6% of the total new cases,
leading to 666,000 deaths (6.9%) [1]. Research indicates that BC risk
was elevated by lifestyle factors such as being overweight, later age at
menopause, advanced age at first birth, less breastfeeding,
hormone-replacement therapy, oral contraceptive, and alcohol intake
[2, 3]. In terms of primary prevention, losing weight, reducing in
alcohol consumption, along with increasing physical activity and
breastfeeding, may help lower the incidence of BC [4, 5]. Since there
aren’t many known modifiable risk factors for the condition, the goal
of BC control has been to make early detection and timely,
comprehensive cancer management. The fact has gradually come to be
recognized that BC is a complicated disease that has various
aetiologies, a unique development process with distinct molecular and
phenotypic backgrounds, and clinical outcomes. Nevertheless, a
thorough understanding of the BC risk factors remains insufficient.
The human immune system is one of the most intricate systems that

performs a wide range of functions that help to regulate metabolic
traits and maintain energy homeostasis. Recent literature has
gradually suggested that the tumor microenvironment (TME) plays a
critical role in BC [6–8]. The proportion of immune cells in breast
tissue gradually rises from normal breast tissue to BC. Studies
comparing the distribution of immune cells in BC and comparable
normal breast tissue provide an illustration of this [7, 9]. Ruffell et al.
evaluated the composition of tumor-infiltrating leukocytes in BC
patients and identified that BC patients contained infiltrates
dominated by T lymphocytes (CD3ε+), with minor populations of
natural killer (NK) cells (CD3ε−CD56+NKG2D+) and B lymphocytes
(CD19/20+HLA-DR+CD3−). In contrast, the normal breast tissue
showed more myeloid-lineage cells, such as macrophages
(CD14hiCD11b+HLA-DR+), mast cells
(FcεR1α+CD117+CD11b−CD49d+), and neutrophils
(CD15+CD11b+CD49d−) [10]. At the transcriptional level, Azizi et al.
used single-cell RNA sequencing (scRNA-seq) to compare the
distribution of immune cells in BC and paired normal tissue, and
discovered an increase in the diversity of cell states, as seen by an
increase in gene expression variation among T cells, monocytes, and
NK cells [7]. The result of scRNA-seq analyses conducted by Ding et al.
also showed that there were 4 major immune cell clusters (including T
cells, B cells, NK cells, and myeloid cells) in BC, and T cells constituted
the largest infiltrating immune cell cluster [11]. These subtypes can
impact tumor growth directly by CD4+ and CD8+ cell-mediated
cytotoxicity, or indirectly by stimulating or suppressing the immune
system through secreted cytokines, growth factors, and other agents.
Their distribution and features may also differ based on the BC
subtype, their sensitivity to estrogen, the status of mutations, and the
development of tertiary lymphoid structures [12]. Evidence showed
that ductal carcinoma in situ (DCIS) had an increase in the density and
extent of immune cell infiltration in comparison to normal breast
tissue [13, 14]. The proportions of FoxP3+ cells, CD68+ and
CD68+PCNA+ macrophages, HLADR+ cells, CD4+ T cells, CD20+ B
cells, and total tumor infiltrating lymphocytes (TILs) in high-grade
DCIS are notably higher than in nonhigh-grade DCIS [15, 16]. A study
also found that stromal FOXP3, PDL1, and dense TILs were poor
prognostic factors for DCIS recurrence. Additionally, dense TILs were
independently linked to poor outcomes for both invasive (HR = 2.1, P
= 0.029) and all recurrences (HR = 7.0, P = 0.024) [17]. Notably, it
was discovered that the TME was considerably enriched for not only
promoting tumor growth but also antitumor activity, indicating the
dynamic function that immunophenotypes play in both tumor
promotion and suppression. The abnormal regulation in immune cells,
therefore, is regarded as one of the triggers for BC. Typically, an
antitumor immune response is often initiated by NK cells, CD4+and

CD8+T cells, and dendritic cells (DCs), among other immune cells. But
these cells can be recruited by various TME elements to enhance
immune evasion and become pro-tumorigenic [18, 19]. For instance,
cancer-associated fibroblasts (CAFs) secreted transforming growth
factor-β (TGF-β), which can neutralize the antitumor response of NK
cells, neutrophils, and macrophages [20]. However, the
interpretability of our findings is limited by the inherent constraints of
observational studies, including potential residual confounding and
reverse causality, as well as a restricted sample size.
Leveraging genetic variants as instrumental variables (IVs),
Mendelian randomization (MR) has become a widely adopted method
for evaluating putative causal links between risk factors and diseases
like cancer [21, 22]. This method provides a time- and cost-effective
means to explore causation from observed associations, circumventing
the need for randomized controlled trials or animal studies [23–27].
As genetic variants are randomly allocated during gametogenesis and
genotypes are often unaffected by external settings, confounding
factors, and reverse causality concerns can be substantially decreased
in MR, which is often referred to as “nature’s randomized trial” [28,
29]. Recent MR studies have shown the connection between exposure
factors (such as obesity [30], tea consumption [25], periodontitis
[31], blood metabolites [32], and depression [33]) and the risk of BC.
Considering the inadequate knowledge regarding the causal impact
of peripheral blood immune cells on BC, this study intends to establish
a causal association between immunophenotypes and BC. To further
bolster our point of view, we verified the highly correlative
immunophenotypes using lymphocyte flow-cytometry data from a
case-control study. Our analysis offered an in-depth analysis of the
relationships between circulating immunophenotypes and BC, which
includes malignant neoplasm and carcinoma in situ of the breast. Our
findings on the interactions between immune cells and BC may
provide new insights into therapeutic targets and create a plethora of
opportunities for the development of innovative treatment strategies.

Study design
Using a two-sample MR analysis, we investigated the causal
relationship between the different subsets of BC and 731
immunophenotypes. Firstly, we obtained the public genome-wide
association studies (GWAS) summary data, which included BC and
731 immunophenotypes. Three core assumptions were made to reduce
the impact of bias on the results when choosing IVs (Figure 1a): (1)
The IVs must have a strong correlation with the exposure; (2) The IVs
cannot be linked to any other confounders; and (3) The IVs selected
should act on the outcome only through exposure, without going
through any other pathways [34, 35]. Second, the causative link
between peripheral immune cells and BC was assessed using a
two-sample MR analysis. In the end, peripheral blood was obtained
from patients with BC as well as healthy volunteers. Using flow
cytometry, the quantification and phenotypic identification of highly
correlative immunophenotypes in malignant neoplasms of the breast
were subsequently validated (Figure 1b). The outline of the analytical
framework is shown in Figure 1.

Exposure and outcome data sources
The single nucleotide polymorphisms (SNPs) data of 731 peripheral
blood immunophenotypes were retrieved from the GWAS Catalog
(GCST90001391-GCST90002121) conducted by Valeria Orrù et al
from 3,757 European individuals [36]. We characterized a total of 731
immunophenotypic traits, which were profiled across seven panels
and four measurement types. Supplementary Table 1 contains the full
details. The R10 version of the FinnGen database provided the GWAS
data for the BC. In order to acquire more extensive and detailed causal
relationships, we acquired GWAS data on BC as results from 6 cohorts,
which included malignant neoplasm of breast and carcinoma in situ of
breast. Table 1 offers the comprehensive details of the datasets used in
this study. All GWAS utilized in this analysis were publicly available
and had obtained written informed consent from participants with
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approval from their respective institutional review boards.
Importantly, there was no sample overlap between the exposure and
outcome datasets.

Instrumental variable selection
To guarantee the precision and efficacy of the link between immune
cells and the risk of BC, we employed a set of criteria to identify IVs
that met the three MR analysis assumptions. The following are the
procedures that we employed to select IVs:
Firstly, we selected genetic instruments for the immunophenotypes

and HDP based on a genome-wide significance threshold of P < 5 ×
10−8. We set the linkage disequilibrium (LD) of SNPs that satisfied “r2

< 0.001 and kb > 10,000” to ensure the independence of the
aggregated SNPs, as the presence of LD could lead to bias.
Additionally, we calculated the F-statistic to assess the IV correlations’
strength and chose SNPs with an F-statistic > 10 for inclusion in this
MR analysis in order to prevent weak instrumental bias (MR
Assumptions 1) [37]. Subsequently, SNPs exhibiting a noteworthy
correlation with BC (P < 1 × 10−5) were excluded (MR Assumptions
2). Thirdly, we used the PhenoScanner website to search for and
remove SNPs that corresponded to confounders (MR Assumptions 3)
[38]. A total of 2,622 independent SNPs remained as the final genetic

instruments for subsequent MR analyses of immunophenotypes.

MR analysis
Numerous statistical methods, such as inverse variance weighted
(IVW) [39], MR Egger [40], Weighted median [41], Weighted mode
[42], were used in MR analysis. To ensure result correctness, the IVW
method was adopted as the principal analysis in this study, which is
frequently utilized in MR research owing to its exceptional accuracy in
effect estimation. Heterogeneity was evaluated using Cochran’s Q test
[43]. The potential bias resulting from horizontal pleiotropy was
evaluated and corrected for using MR Egger intercept analysis and
leave-one-out analysis [44]. The Benjamini-Hochberg correction,
which controls the false discovery rate (FDR), was used to adjust
multiple testing in order to account for the potential for increasing the
overall type I error during multiple comparisons. Immunophenotypes
with an adj.P value < 0.05 and have causal links with 6 cohorts of BC
were defined as “highly correlative” factors, whereas those showing a
P value < 0.05 but 0.05 < adj.P value < 0.2 were defined as
“suggestive possible” factors. We used the MR Steiger directionality
test to examine if exposure was directionally causative for the result
[45]. The “Two Sample MR” in R software 4.3.1 was used to conduct
all of the analysis [46].

Figure 1 The workflow of this study design.
(a) Flow chart of Mendelian randomization analysis; (b) Flow chart of the validation analytic workflow. GWAS, genome-wide association study;
SNPs, single nucleotide polymorphisms; BC, breast cancer.

Table 1 The GWAS datasets used for analyses
Trait/Disease Data type Consortium Sample size Case Control

Immunophenotypes Exposure GWAS Catalog 3,757 – –

Malignant neoplasm of breast Outcome Finngen 201,713 18786 182,927

Malignant neoplasm of breast, HER-positive Outcome Finngen 193,082 10404 182,678

Malignant neoplasm of breast, HER-negative Outcome Finngen 188,866 6188 182,678

Carcinoma in situ of breast Outcome Finngen 183,004 241 182,763

Carcinoma in situ of breast, intraductal Outcome Finngen 185,172 2390 182,782

Carcinoma in situ of breast, lobular Outcome Finngen 183,098 184 182,914

GWAS, genome-wide association study; HER, human epidermal growth factor receptor.
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Clinical validation of Mendelian randomization
Study population. The study was conducted at the Gansu Provincial
Maternity and Child Care Hospital from January 2024 to May 2025.
We enrolled 123 patients with BC who displayed histologically
confirmed BC but no history of malignant disease and had not yet
undergone any anticancer therapy. The control group consisted of 109
matched healthy female donors with no pathology declared, no
current medication except contraceptives or menopausal hormone
therapy. Peripheral blood samples (2 mL) were collected both from
healthy donors and from patients on the morning of their surgery
using Vacutainer EDTA tube and prepared for determining the
immune profile within 24 h. This study involves human participants
and complies with the Declaration of Helsinki’s ethical criteria and
authorized by the Ethics Committees of Gansu Provincial Maternity
and Child Care Hospital [(2023) GSFY-No.58]. Informed consent was
signed by each patient before they took part in the research.
Flow cytometry data acquisition and analysis. The
immunophenotypes selected for flow cytometry validation were
prioritized based on the strength of their MR association (P-value), the
magnitude of the effect size, their established biological relevance in
cancer immunology, and the practical availability of specific
antibodies. We selected immunophenotypes for FCM validation based
on criteria: (1) strength of MR association (using the “highly
correlative” adj.P value < 0.05) ; (2) biological plausibility and
relevance to BC based on literature; (3) practical availability of
specific antibodies for our flow cytometry panel.
Peripheral blood immunophenotypes were stained with

EDTA-whole blood in this study. In brief, 100 μl of peripheral blood
was mixed with monoclonal antibodies and incubated in the dark at
room temperature for 15 min. Staining protocols are presented in
detail in Supplementary Table 2. Following that, samples were then
lysed with 1×FACS lysing solution (BD Biosciences) at room
temperature for 15 min. Before acquisition, the lysed samples were
washed and centrifuged twice at 300 g for 5 min to get rid of extra
antibody, lysed RBCs, and platelets. Flow cytometry was performed on
the leftover cell pellet by resuspending it in 0.5 mL of PBS.
FACSLyricTM flow cytometers (BD Biosciences, USA) were used to
acquire the data, and BD FASCSuitTM software (BD Biosciences) was
used for analysis. The panel of immunophenotypic characterization
was assessed according to the research conducted by Orrù et al [36].
To improve consistency in data processing, the same researcher
manually gated the cell populations.

Statistical analysis
In the case-control study, we used an independent samples t-test and a
Mann-Whitney U test to assess differences in the proportions of
immune cells in healthy controls versus BC patients. If the data passed
the normality test, an independent samples t-test was performed; if the
data failed to pass the normality test, a Mann-Whitney U test was
used. P < 0.05 was considered statistically significant. The statistical
significance of differences between patient groups was performed
using R software (v.4.2.2) package “ggpubr” and “ggplot2”. P < 0.05
was denoted by *, P < 0.01 by **, P < 0.001 by ***, P < 0.0001 by
****. Additionally, the ROC curve model was performed to explore the
performance of absolute count, relative count, and MFI to distinguish
BC patients from normal females. The ROC curves were generated
using R software (v.4.2.2) package “pROC” [47].

Causal association between immunophenotypes and BC risk
In our exploration of immunophenotypes’ causal effects on BC, 2622
SNPs associated with immunophenotypes were found in this study,
after the selection of IVs. We utilized the IVW method as the principal
analysis in a two-sample MR analysis. In total, 83 suggestive possible
immunophenotype traits (124 pairs, P value <0.05, 0.05< adj.P
value <0.2, Figure 2, Supplementary Table 3) were associated with
BC in 6 cohorts. After conducting multiple test adjustments via the
FDR method, 24 highly correlative immunophenotypes (26 pairs,

adj.P value < 0.05, Figure 3) were detected. When the highly
correlative immunophenotypes were classified in 7 panels, 8 pairs
belonged to B cells, 6 from T cells, B cells and NK cells (TBNK), 5 from
Treg, 3 from the maturation stages of T cells, and 4 from monocytes.
For illustrating the trends in immunophenotypes under the four MR
methods, scatter plots were created (Supplementary Figure 1).
The IVW method indicated a causal association of 35
immunophenotypes with malignant neoplasm of breast, among which
16 traits were highly correlative factors (Figure 3). Compared to other
panels, the B cell panel demonstrated the greatest number of
significant correlations for BC. CD20 was the one whose expression
was most frequently seen in the immune cells of our study. The MFI of
CD20 on B cell (OR = 0.878, 95% CI: 0.823–0.937, P = 7.89E-05),
IgD+ CD24– (OR = 0.904, 95% CI: 0.848–0.964, P = 0.002), IgD+

CD38br (OR = 0.902, 95% CI: 0.852–0.954, P = 3.64E-04), IgD+

CD38dim (OR = 0.926, 95% CI: 0.882–0.972, P = 0.002),
naive-mature B cell (OR = 0.92, 95% CI: 0.869–0.974, P = 0.004),
IgD+ (OR = 0.912, 95% CI: 0.86–0.967, P = 0.002), and transitional
B cell (OR = 0.891, 95% CI: 0.825–0.963, P = 0.004) were negative
association with BC. Similarly, the increase of CD8dim %T cell (OR =
0.868, 95% CI: 0.777–0.97, P= 0.013), lymphocyte AC (OR = 0.822,
95% CI: 0.745–0.908, P= 1.05E-04), T cell AC (OR = 0.827, 95% CI:
0.752–0.91, P= 9.49E-05), CD8dim %leukocyte (OR = 0.861, 95% CI:
0.765–0.968, P = 0.013), CD28 on CD45RA+ CD4+ (OR = 0.899,
95% CI: 0.827–0.978, P = 0.013), and CD28 on CD28+ CD45RA+

CD8br (OR = 0.921, 95% CI: 0.865–0.982, P= 0.011) were associated
with a reduced risk of BC in TBNK and Treg panel. Conversely, CCR7
on naive CD8br (OR = 1.128, 95% CI: 1.027–1.239, P = 0.012) and
CD40 on monocytes (OR = 1.038, 95% CI: 1.01–1.066, P = 0.007)
had an association with an elevated risk of BC. In HER+BC, we found
clear associations between T cells, Tregs, B cells, and the occurrence of
BC. Three highly correlative traits, including Lymphocyte AC (OR =
0.816, 95% CI: 0.718–0.928, P= 0.002), T cell AC (OR = 0.813, 95%
CI: 0.719–0.921, P= 0.001), and CD20 on IgD+ CD38br (OR = 0.891,
95% CI: 0.827–0.959, P = 0.002), were identified. In addition to
these, 24 suggestive possible immunophenotypes were found. CD8br

and CD8dim %leukocyte (OR = 1.267, 95% CI: 1.065–1.509, P =
0.008), CD4 on EM CD4+ (OR = 1.091, 95% CI: 1.009–1.18, P =
0.029), and CD45RA on naive CD8br (OR = 1.128, 95% CI:
1.021–1.247, P= 0.018) may increase the risk of HER+BC. When MR
analysis was performed with 731 immunophenotypes as exposure and
HER–BC as outcome, we did not find any immunological
characteristics at a significance level of 0.05, even after multiple test
adjustments via the FDR method. However, at a significance threshold
of 0.20, we found 31 suggestive possible factors, such as B cells, Tregs,
monocytes, and dendritic cells.
To obtain a more thorough and coherent conclusion, we involved 3
cohorts with carcinoma in situ of the breast, including intraductal and
lobular carcinoma in situ of the breast. By FDR correction (adj.P <
0.05), we found 7 highly correlative immunophenotypes linked to
lobular carcinoma in situ of the breast (Figure 3). Four traits were
confirmed to be positively correlated with BC risk: CD40 on CD14+

CD16– monocyte (OR = 1.414, 95% CI: 1.075–1.86, P = 0.013),
CD40 on CD14+ CD16+ monocyte (OR = 1.431, 95% CI:
1.117–1.833, P = 0.005), CD40 on monocytes (OR=1.472,
95%CI:1.151–1.883, P = 0.002), CD8 on CD28+ CD45RA+ CD8br (OR
= 1.452, 95% CI: 1.092–1.931, P = 0.01). On the contrary, CD25hi

%CD4+ (OR = 0.379, 95% CI: 0.174–0.823, P = 0.014), CD25 on
CD45RA– CD4 not Treg (OR = 0.36, 95% CI: 0.166–0.781, P= 0.01),
and CD45RA on naive CD8br (OR = 0.395, 95% CI: 0.192–0.815, P=
0.012) were confirmed to be protective factors against lobular
carcinoma in situ of breast. However, there were no significant highly
correlative factors (adj.P < 0.05) found in intraductal carcinoma in
situ of the breast. Nonetheless, we discovered 9 suggestive possible
variables, including B cells, Tregs, and NKT cell, at a significance level
of 0.20.

Sensitivity analysis
Sensitivity analysis was done to evaluate the robustness of the results

Results
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between the identified immune cells and BC because the IVW
approach is prone to weak instrumental bias. The robustness of our
results was demonstrated by the lack of heterogeneity detected by
MR-Egger (Supplementary Figure 2) and Cochran’s Q test
(Supplementary Table 4). The stability of the data was further
demonstrated using scatterplots (Supplementary Figure 1) and funnel

plots (Supplementary Figure 3). Furthermore, Supplementary Figure 4
presents the result of the leave-one-out analysis. All P-values were
greater than 0.05 and the intercepts of the MR-Egger regression did
not substantially differ from 0, suggesting that there was no horizontal
pleiotropy. Supplementary Table 5 also revealed no indication of
reverse causality in the MR Steiger directionality test.

Figure 2 Summary of associations of genetically predicted immunophenotype traits with BC.
The numbers in the box are the odds ratios for associations of exposure for breast cancer. BC, breast cancer.

Figure 3 The significant causal effect of immunophenotypes on BC.
OR, odds ratio; Cl, confidence interval; SNP, single nucleotide polymorphism; AC, absolute cell; HER, human epidermal growth factor receptor; CD,
cluster of differentiation; BC, breast cancer.
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Validation of mendelian randomization
Baseline characteristic
The study involved 232 participants, of whom 123 were BC patients
and 109 were healthy females (Table 2). The mean age of the BC
group was 53.02 ± 8.81 years, and the mean age of the control group
was 51.72 ± 8.03 years. There were no significant differences
between the two groups in terms of age, body mass index, age at
menarche, breastfeeding, number of births, and menopausal status (P
> 0.05).
Immunophenotype traits are associated with the risk of BC.
Mendelian randomization was used to confirm the direction of the
causal links, and then we could use the case-control study to validate
our findings. Using multiparametric flow cytometry, we verified the
highly correlative immunophenotype traits. We investigated the
TBNK, maturation stages of T cell, Treg, and B cell panels in patients
with BC and healthy controls. Figure 4 displays the gating strategies of
flow cytometry plots for highly correlative immunophenotypes.
Based on flow-cytometry data of lymphocytes from peripheral

blood, we observed that BC patients had lower absolute counts of
lymphocytes (P = 1.5E-08, Figure 5A) and T cells (P = 9.4E-11,
Figure 5B). However, there was no difference in the levels of CD8dim T
cells between BC patients and healthy individuals (Supplementary
Figure 5A, 5B). Next, we conducted an investigation of maturation
stages of T cell and Treg panel. The results revealed that the CCR7
level on naive CD8br T cell (CD45RA+CCR7+) of BC patients was
significantly higher than that of healthy females (P = 4.5E-09, Figure
5D), and CD45RA+CD8br T cell was lower (P= 1.2E-07, Figure 5C). In
Treg panel, the percentage of CD45RA+CD4+ and CD28+CD45RA+

CD8br was lower in BC patients compared with healthy controls, but

the difference was not statistically significant (Supplementary Figure
5C). Meanwhile, the MFI of CD28 on CD45RA+ CD4+ (P= 0.021) and
CD28+CD45RA+ CD8br (P= 4.7E-05) T cells were significantly higher
than that of healthy females (Figure 5E). At last, we checked the
proportion of B cell subsets and CD20 expression on B cells. The BC
patients had a lower amount of IgD+ CD38br (P = 6.7E-15, Figure 5F)
and transitional B cell (P= 0.008, Figure 5F). Additionally, there was
a significant increase in the CD20 level on IgD+ (P = 6.7E-04), IgD+

CD24– (P = 0.0014), and IgD+CD38dim (P = 0.0015) B cells in BC
patients when compared to the control group (Figure 5G).
The study employed the analysis of receptor characteristics (ROC)
to facilitate discrimination between the BC patients and the healthy
control group. The absolute count, relative count, and MFI can be
relevant parameters to distinguish BC patients from normal females,
according to the area under the ROC curve (AUC). As Figure 5H
illustrates, the AUC demonstrated acceptable accuracy for the absolute
count of lymphocytes (AUC = 71.548%), T cells (AUC = 74.648%),
and CD45RA+CD8+T cells (AUC = 70.146%). 1,545 was found to be
the best cutoff value for T cell absolute count with a sensitivity of
61.468% and a specificity of 71.544% to distinguish the BC patients
and the healthy control group. The best cutoff values of lymphocyte
absolute count and CD45RA+CD8+T cell absolute count were 943.47
and 132.79 separately (Supplementary Table 6). Analyzing the
relative count of IgD+CD38br B cell produced analogous results; at the
cutoff value of 2.63, the AUC reached with 94.495% sensitivity and
60.163% specificity. Additionally, at the cutoff value of 35018.5, the
AUC for CCR7 on naive CD8+ T cells (CD45RA+CCR7+) was 72.320%,
indicating 90.826% sensitivity and 57.724% specificity (Figure 5H,
Supplementary Table 6).

Table 2 Characteristics of BC cases and controls

Characteristics BC (n = 123) Controls (n = 109) P

Age (years), mean ± SD 53.02 ± 8.81 51.72 ± 8.03 0.244

Body mass index (kg/m2), mean ± SD 23.96 ± 2.60 23.88 ± 2.42 0.810

Age at menarche (years), mean ± SD 13.97 ± 0.85 13.90 ± 0.89 0.550

Breastfeeding, n (%)

No 7 (5.69) 7 (6.42) > 0.999

Yes 116 (94.31) 102 (93.58)

Number of births, n (%)

0 7 (5.69) 7 (6.42) 0.982

1 37 (30.08) 34 (31.19)

2 39 (31.71) 35 (32.11)

≥ 3 40 (32.52) 33 (30.28)

Menopausal status, n (%)

Premenopausal 66 (53.66) 65 (59.63) 0.433

Postmenopausal 57 (46.34) 44 (40.37)

Hypertension diagnosis, n (%) 20 (16.26) 8 (7.34) 0.06

Type II diabetes diagnosis, n (%) 7 (5.69) 5 (4.59) 0.935

History of cancer,n (%) 0 (0) 0 (0) -

Ever smokers, n (%) 4 (3.25) 1 (0.92) 0.442

Second-hand smoke exposure, n (%) 69 (56.10) 61 (55.69) > 0.999

Alcohol consumption, n (%) 3 (2.44) 1 (0.92) 0.701

BC, breast cancer.
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Figure 4 Flow cytometry gating strategy of this study.
(a) TBNK panel; (b) maturation stages of T cell panel; (c) Treg panel; (d) B cell panel. Treg, regulatory T cells; TBNK, T cells, B cells and NK cells.

https://orcid.org/0000-0002-7784-9788


ARTICLE
Cancer Advances 2025;8:e25024. https://doi.org/10.53388/2025825024

8Submit a manuscript: https://www.tmrjournals.com/cancer

Figure 5 Differences in immunophenotypes distribution in healthy controls and BRCA patients.
The horizontal line in the boxes denotes the median value (50th percentile), while the box contains the 25th to 75th percentiles of the dataset. The
whiskers mark the 5th and 95th percentiles, and the values of individuals were marked with dots. *P < 0.05; **P < 0.01; ***P < 0.001. (a)
lymphocyte absolute count; (b) T cell absolute count; (c) CD45RA+ CD8br absolute count; (d) CCR7 on naive CD8br; (e) CD28 on T cells; (f) B cell
relative count; (g) CD20 on naive-mature B cell; (h) receiver operating characteristic curves for prediction capacity of absolute count, relative
count, and MFI. BRCA, breast cancer; AUC, area under the curve; MFI, median fluorescence intensity.

BC is a heterogeneous disease in which heterogeneous tumor cells,
infiltrating immune cells, and cancer-associated fibroblasts shape the
microenvironment of BC [48]. The immunological systems mediating
dual functions in tumors have been the subject of extensive study for
decades. It is commonly known that the immune system not only
protects against tumor development by eliminating immunogenic
tumor variations. It also promotes tumor growth by modifying tumor
immunogenicity through a process called “immunoediting” [49],
which involves both genetic and environmental factors. In order to
improve the completeness and precision of the study, we used MR
analysis in conjunction with a case-control study to evaluate the
causal links between immunological imbalance and BC. The MR
analysis covered six BC cohorts (including malignant neoplasm of
breast and carcinoma in situ of breast). Through taking advantage of
the most extensive GWAS datasets currently accessible for peripheral
blood immunophenotyping, our work substantially expands the
breadth of previous research and improves understanding of the
relationships between immune cells and BC [36]. Drawing from an
enormous variety of publicly available genetic data, we evaluated
genetically predicted biomarkers of immunophenotypes and
discovered 83 (124 pairs) suggestive possible (0.05 < adj.P value <
0.2) immunophenotype traits and 24 (26 pairs) highly correlative

(adj.P value < 0.05) ones linked to BC. We used flow cytometry to
corroborate the outcome in a case-control study after MR analysis had
established the causal relationship between the highly correlative
factors and BC. The differences in absolute count, relative count, and
MFI in some highly correlative lymphocytes between BC patients and
healthy controls were effectively confirmed, and the performance of
these parameters mentioned above was evaluated by drawing the ROC
curve and calculating AUC. To facilitate public comprehension of the
outstanding results, we have additionally plotted a schematic
summary graph in Figure 6. This study provides interesting
conjectures about the molecular functions of these immunological
markers in BC. Overall, the investigation yielded more evidence than
we had anticipated for the comprehensive and consistent etiology of
immunophenotype in BC.
Tumor infiltrates contain a heterogeneous population of immune
cells frequently dominated by T cells [8, 10]. As demonstrated by a
recent study with the single-cell RNA sequencing, cells are the
maximal immune cell cluster infiltrated in BC. According to Ding et
al., there was an enrichment of exhausted CD8+ T cells in triple
negative breast cancer (TNBC), and a portion of the cytotoxic CD8+ T
cells seemed to be in a transition state towards exhaustion, suggesting
limited tumor-cytotoxic activity [11].
In our study, patients with BC had a significantly lower amount of T
cells and CD45RA+CD8br than the normal control group, which was in
line with a previous study [50]. The study demonstrated that BC
patients had a tendency for having more CD45RO+T cells and less

Discussion
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CD45RA+T cells. Additionally, tumor burden may be related to this
tendency [50]. As we know, naive CD45RA+T cells are mature T cells
that have not been activated by antigens, while memory CD45RO+T
cells are a type of T cell that produce a faster and stronger immune
response after antigen stimulation. The presence of tumor cells
continuously may cause CD45RA+T cells to become CD45RO+T cells,
which would change the trend between these two T-cell subgroups
[50]. C-C chemokine receptor type 7 (CCR7) is a member of the C-C
chemokine receptor family, expressed on the membrane of endothelial
and immune cells [51]. By MR analysis, we found that CCR7 on naive
CD8br (OR = 1.128, 95% CI: 1.027–1.239, P = 0.012) had an
association with an elevated risk of BC the result of the case-control
study also revealed that CCR7 level on naive CD8br T cell
(CD45RA+CCR7+) of BC patients was significantly higher than that of
healthy females. The result suggested a causal promoting effect of
CCR7 expression on naive CD8+ T cells. CCR7 is a central regulator of
T-cell migration to lymphoid organs [52, 53]. One plausible
mechanism is that higher CCR7 expression might sequester naive T
cells within lymph nodes, impairing their recruitment to the tumor
site and thus facilitating immune evasion. This hypothesis is supported
by studies showing that altered T-cell trafficking is a feature of the
immunosuppressive microenvironment [54, 55]. Research has
revealed a favorable correlation between elevated levels of CCR7
expression and larger tumor size, deeper lymphatic invasion, and
lower survival rate, which indicates that CCR7 is a potential
biomarker to predict lymph node metastasis in BC [56, 57]. Another
investigation discovered that cytoplasmic CCR7 expression is linked to
a more aggressive tumor and a higher risk of tumor recurrence in
patients with TNBC [58].
Cancer was inhibited by the tumor-specific T-cell response, which

was impacted by both costimulatory and coinhibitory signals [59].
Cluster of differentiation 28 (CD28), as a crucial T-cell costimulatory
molecule, CD28 enhanced the activation and proliferation of T cells
when combined with its ligand B7-1 (CD80) or B7-2 (CD86) [60]. By
the IVW method in MR analysis, we found that the increase of CD28
on CD45RA+ CD4+ (OR = 0.899, 95% CI: 0.827–0.978, P = 0.013),
and CD28+ CD45RA+ CD8br (OR = 0.921, 95% CI: 0.865–0.982, P =
0.011) led to decreased BC incidence rates. However, in our
case-control study, the MFI of CD28 on CD45RA+ CD4+ and CD28+

CD45RA+ CD8br T cells were significantly higher than that of healthy
females. Clearly, the findings of the MR analysis and the case-control
study were not consistent. We tried to explain away our conflicting
findings. This may reflect the critical distinction between a lifelong
genetic predisposition and the acquired state of T cells in established
cancer. MR infers lifelong, developmental effects of genetic
predisposition. A genetically determined higher baseline of CD28
expression might confer a long-term protective effect against BC
initiation by maintaining a robust naive T cell pool. In contrast, FCM
measures the current state in established patients. The elevated CD28
in patients could be a reactive, compensatory mechanism of the tumor

immune microenvironment or a marker of specific T cell subsets.
Chronic antigen exposure in tumors drives T cell exhaustion, a
dysfunctional state characterized by the altered expression of
costimulatory molecules, including CD28 [61, 62]. Therefore, the
elevated CD28 we measured in patients could be a marker of a specific
exhausted or activated subset, a consequence of the disease rather
than its cause. The distinct populations in the two studies could be a
possible explanation. In this study, the MR analysis explored the
genetic association in the European group (Sardinians/Finnish),
whereas the case-control study investigated the differences in
immunophenotype in the Asian population (Chinese). There could be
genetic heterogeneity among various groups in BC. Additionally, in
comparison to European populations, the sample size of the Chinese
population (123 cases and 109 controls) may not be large enough. The
study conducted by Yan et al. indicated a positive association between
the rs3116496 polymorphism of the CD28 (genotype CC vs. genotype
TT) and the elevated risk of BC (OR = 2.15, P = 0.044) in Chinese
women [60]. This result somewhat validates the reliability of our
research findings, which showed that CD28 on T cells played an
important role in BC.
Tumor-infiltrating lymphocytes have a significant impact on tumor
growth and the immunotherapy response. Whereas B cells’ function is
less understood in relation to T cells, when it comes to solid tumors.
Pursuant to recent views, B cells may have protumor or antitumor
effects, depending on their phenotype, the TME in which they are
found, and the antibodies they release [63]. In our study, the B cell
panel had 7 highly correlative immunophenotypes (8 pairs), which is
the largest number among other panels. CD20 was the one whose
expression was most frequently seen in the immune cells of our study.
The result of MR analysis revealed that CD20 on B cell, IgD+ CD24–,
IgD+ CD38br, IgD+ CD38dim, naive-mature B cell, IgD+, and transitional
B cell were associated with the risk of BC. Additionally, there was a
significant difference in the CD20 level on IgD+, IgD+CD24, and
IgD+CD38dim B cells between BC patients and the control group. There
is disagreement about the prognostic value of plasma cells and B cells
in BC: some research indicated a negative correlation with the BC
prognosis [64], while other studies indicated a positive correlation
[65]. According to a study, invasive BC have higher levels of
tumor-infiltrating B cells (TIL-B) than normal breast tissues, and this
difference is especially obvious in extensively infiltrated tumors.
Furthermore, there is a significant correlation between TIL-B and the
histological grade, proliferating cell nuclear antigen (Ki67), estrogen
receptor (ER), and progesterone receptor (PR) status [66]. Schmidt et
al. found that the B-cell metagene was correlated with survival and
showed an independent prognostic information in carcinomas with
high proliferative activity (HR, 0.66; 95% CI, 0.46–0.97) [67]. The
results of Schnellhardt et al.’s research demonstrated that CD20+ cells
mainly infiltrated in tumor epithelium and stroma. High densities of
CD20+ B cells in both the invading front (IF) and core tumor (CT)
regions were correlated with lower disease-free survival (DFS) [68].

Figure 6 A schematic summary graph for the highly correlative immunophenotypes (created with figdraw)
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In this study, we genetically predicted the causality of immune cell
phenotypes on BC and validated part of the highly correlative
immunophenotypes with flow cytometry data in a case-control study.
This study presents several notable advantages. The primary
advantages of this study were its extensive and representative set of
immune cell phenotypes, its rigorous MR study design, which included
strict criteria for screening IVs and strong causal association
inferences from the main analysis that were backed by multiple
sensitivity analyses. Secondly, by using GWAS summary data from six
BC cohorts with a sizable sample size, we were able to obtain
adequate power to clarify causal relationships. Besides, compared to
comparable observational studies, our methodology worked more
statistically efficiently owing to the high sample size and thorough
coverage of immune cells. Thirdly, we focused on the heterogeneity of
highly correlative immunological traits between BC patients and
healthy controls, and the validation of the causal relationships was
performed by multiparametric flow cytometry in a case-control study
to ensure the validity of our findings. According to our results, these
immunologic factors offer potential indicators to serve as useful
biomarkers for the early diagnosis and treatment of BC in clinics and
provide tentative understanding into the potential relationship
between immune cell signatures and BC risk. The findings pave the
way for additional research aimed at deciphering the processes by
which these immune cells impact BC and creating targeted treatments.
However, our study does have several drawbacks. First of all, our

MR findings are based on European GWAS data, while the FCM
validation was conducted in a Chinese-based validation cohort.
Genetic backgrounds and allele frequencies of IVs can differ across
ethnicities, which might lead to discrepancies in causal estimates and
validation outcomes, necessitating future multi-ethnic studies [69].
Additionally, we were only able to validate a subset of the significant
MR hits due to practical constraints. The reasons for non-validation of
other signals could include false positives in the MR analysis,
insufficient power of our validation study to detect small effects, or
the fact that some genetically influenced immunophenotypes may not
be readily measurable in peripheral blood. The small sample size in
our case-control study, which should be increased in future studies, in
order to validate absolute count, relative count, and MFI of
immunophenotype as biomarkers for early cancer detection by
multiparametric flow cytometry. Future studies with larger,
independent cohorts are warranted to evaluate the diagnostic or

prognostic potential of these immunophenotypic signatures. Finally,
because our validation samples were collected prospectively and there
was insufficient prognostic data available for BC, our study was
unable to be further examined in the context of clinical prognosis or
treatment response. Given this, we anticipate that other research will
examine and confirm our findings in the future.
While our ROC analysis showed promising AUC values, its clinical
utility remains exploratory due to the small sample size. The
diagnostic performance of these immune markers should be
benchmarked against established serum biomarkers like CA15-3 and
CEA in future larger studies. Beyond single markers, the future clinical
translation may lie in developing a multi-parameter model that
integrates the most informative immunophenotypes identified here.
The logical next steps would be: (1) technical validation of these
markers in a large, independent cohort with pre-diagnostic samples to
assess their predictive potential; (2) integration with existing clinical
and molecular data to evaluate incremental value; and (3) if validated,
exploration as a liquid biopsy tool for monitoring disease progression
or treatment response.

In conclusion, our investigation revealed intriguing details regarding
the potential causality between immunophenotypes and BC, and the
causal links were partially validated with peripheral blood
lymphocyte subpopulations as categorized using flow cytometry.
Utilizing the MR analysis and multiparametric flow cytometry, we
identified highly correlative associations between immune signatures
and the risk of BC, such as lymphocyte AC, T cell AC, CD45RA+ CD8br

AC, and CCR7 on naive CD8br. These insights provide fresh
perspectives for further studies aimed at understanding the
mechanisms through which these immune cells influence BC and
developing targeted therapies.

Availability of data and materials
Summary data used for this study can be accessed through the
following links. Any additional information required to reanalyze the
data reported in this paper is available from the lead contact (Table 3).

Table 3 Details of core tools and resources in this study
Resource Source Identifier
Deposited data
GWAS summary statistics for 731 immunophenotypes Orrù et al. [36] https://gwas.mrcieu.ac.uk

GWAS summary statistics for BC The FinnGen study https://www.finngen.fi/en

Software and algorithms

R R project https://www.r-project.org

Two sample MR Hemani et al. [46] https://mrcieu.github.io/TwoSampleMR/

FlowJoTM v10.8 software BD Life Sciences N/A

BD FASCSuiteTM software BD Life Sciences N/A
GWAS, genome-wide association study.
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