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Simple Summary

Doctors currently lack a simple, minimally invasive way to identify which patients with early 
breast cancer are at higher risk of relapse or worse outcomes. This study examined whether 
the levels of a specific immune cell in the blood, called an activated natural killer cell, 
measured before surgery, were linked to more advanced disease, cancer relapse, or death. 
The researchers also studied tumor tissue to look for genetic patterns that might explain this 
link. They found that lower blood levels of these activated immune cells were associated 
with worse outcomes, and a related gene pattern in tumors was linked to survival in a large 
cancer database. These early results suggest that a simple blood test measuring immune 
activity could one day help identify higher-risk patients earlier, but larger, well-designed 
studies are still needed before such a test could be used in everyday clinical practice.

Abstract

Objectives: Minimally invasive biomarkers for risk stratification in early breast cancer 
are lacking. We examined whether pretreatment circulating natural killer (NK)-cell sub-
sets, specifically CD107a+  NK cells, are associated with clinicopathological features and 
outcomes of early breast cancer and whether tumor transcriptomes reflect NK-cell subset 
levels. Materials and Methods: Circulating NK-cell subsets were quantified by flow cy-
tometry in 94 patients with stages I–III breast cancer prior to surgery and systemic therapy 
(median follow-up 42.6 months; 10 relapses, 7 deaths). Associations across 12 immune 
subsets were corrected for multiple comparisons (Benjamini–Hochberg false-discovery rate, 
FDR). Matched tumor RNA-sequencing (n = 25) informed a weighted CD107a-associated 
tumor-expression score that was examined for an association with survival in TCGA-BRCA 
(n = 1096). Results: Low circulating CD107a+  NK-cell levels were associated with clin-
ically node-positive disease (cN1–3, raw p = 0.048), increased relapse rate (p = 0.003), 
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and death (p < 0.001). Of 96 association tests, only the CD107a+  NK-cell level and overall 
survival approached significance after FDR correction (q = 0.096); the clinical nodal-stage 
association did not survive correction (q = 0.93). Exploratory multivariable models were 
unstable given the few events. Immunoglobulin lambda genes, the dominant contributors 
to the tumor-expression score, separated survival in TCGA-BRCA (log-rank p = 0.0096), 
confirming a tumor signature rather than validating circulating CD107a+  NK cells as a 
biomarker. Conclusions: Low circulating CD107a+  NK cells were associated with, but 
do not yet establish, higher-risk early breast cancer. The findings of the present study are 
hypothesis-generating and do not confirm biomarker status of CD107a+  NK cells in early 
breast cancer. Prospective, adequately powered, externally validated studies are required 
before prognostic or therapeutic use.

Keywords: natural killer cells; breast cancer; immune-cell subsets; CD107a+  NK cell; clinical 
nodal stage; prognosis

1.  Introduction
Tumor recurrence following primary treatment for early breast cancer is a major predic-

tor of breast cancer-specific mortality and is a leading cause of cancer deaths worldwide [1,2]. 
The immune system eliminates residual cancer cells; and recurrence risk rises when tumor 
cells evade antitumor immune responses.

Natural killer (NK) cells are cytotoxic innate lymphoid cells that recognize and elimi-
nate cancer cells without prior antigen sensitization [3], thereby lysing transformed cells, 
promoting the infiltration of other cytotoxic immune cells, and responding to stress-induced 
ligands on cancer cells [4]. NK cells are defined by CD56 overexpression and the absence 
of the CD3–T-cell receptor complex [5] and comprise a predominant cytotoxic CD56dim 
CD16+  subset and a smaller cytokine-producing CD56bright  CD16dim/−  subset [6,7]. On 
degranulation, CD107a (LAMP-1), a lysosomal-associated membrane protein, is transiently 
expressed at the cell surface and serves as an activation marker [8]. Unlike lineage or 
abundance markers, CD107a reflects functional degranulation: patients with similar total 
NK-cell counts can differ substantially in cytotoxic engagement, which a simple NK-cell 
count cannot capture. NK cytotoxicity is governed by the balance between activating cells 
(NKp30/CD337, DNAM-1/CD226, 2B4/CD244, NKG2D/CD314) and inhibitors (killer 
immunoglobulin-like receptors, NKG2A/CD159a) [9].

Circulating immune cells may provide an alternative approach for assessing host–
tumor immunity in early-stage cancer before an immunosuppressive microenvironment is 
established [10]. Pretreatment circulating NK cells or lymphocyte levels correlate modestly 
with tumor-infiltrating lymphocytes (TILs) [11], but tumor-derived immunosuppressive 
proteins reduce degranulation of circulating NK cells and alter T/B-cell profiles [12]. Cir-
culating immunophenotype should therefore be interpreted as a distinct, complementary 
compartment of host anti-tumor immunity, not as a surrogate for tumor-infiltrating im-
munity. Reports on circulating NK-cell subsets in breast cancer are inconsistent: mature, 
cytotoxic subsets are associated with improved overall survival (OS) in triple-negative 
disease [13], immature or non-cytotoxic NK cells are predominant in advanced disease [14], 
and some studies found no associations between NK cells and cancer stage [15]. Therefore, 
the prognostic value of specific NK-cell subsets and their associations with tumor-derived 
protein expression remain unresolved.

Because tumor-derived factors can impair the cytotoxic function of circulating NK cells 
without necessarily reducing their numbers [7,12], we hypothesized that a functional marker 
such as CD107a might capture differences in host anti-tumor immunity that total NK-cell 
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counts or receptor-defined subsets do not. This prospective cohort study therefore examined 
associations between pretreatment circulating NK-cell subsets, including CD107a+  NK cells, 
and clinical nodal stage, relapse and survival in early breast cancer. We also explored 
whether tumor transcriptomes reflect circulating NK-subset levels, as a first step towards 
identifying candidate biomarkers.

2.  Methods
2.1.  Ethical Considerations

This study was conducted in accordance with the Declaration of Helsinki. The study 
protocol was reviewed and approved by the Institutional Review Board of MacKay Memorial 
Hospital (Approval numbers: 18MMHIS050, Approval date: 22 August 2018; Approval 
numbers: 21MMHIS069e, Approval date: 20 April 2021). Signed informed consent was 
received from all patients.

2.2.  Study Design and Participants
Figure 1 summarizes the study population selection and CONSORT-style patient flow. 

This single-center, prospective observational cohort study enrolled 96 patients between 
1 September 2018 and 30 September 2022. Eligible patients had histologically confirmed 
invasive breast cancer, clinical stage I–III at diagnosis, no prior anticancer treatment at 
enrollment, and the capacity to provide informed consent. Two patients who did not 
complete the predetermined standard treatment were excluded, leaving 94 patients for flow 
cytometric analysis. Pretreatment tumor RNA-sequencing required separate consent and 
sufficient residual tissue. Twenty-seven patients consented, and two samples failed quality 
control, leaving 25 patients (26.6% of 94) for analysis (Table S10). This subset was therefore 
not a random sample of the cohort.

Figure 1. Study population selection and CONSORT-style patient flow.

Baseline evaluations (complete blood count, differential white blood count, NK subtype 
analysis) preceded anticancer treatment. All patients underwent surgery with adjuvant 
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or neoadjuvant chemotherapy; HER2-positive patients received trastuzumab concurrently 
with adjuvant or neoadjuvant chemotherapy, followed by trastuzumab monotherapy every 
3 weeks for up to 1 year. Patients with hormone receptor (HR)-positive tumors received 
adjuvant endocrine treatment until relapse or for up to 10 years, whichever occurred first. 
Clinical and pathological data were obtained by chart review, including demographic 
data, pathology type, tumor histological grade, tumor–node–metastasis (TNM) stage, 
estrogen receptor (ER), progesterone receptor (PR), HER2, Ki67 proliferation index, date 
of relapse, and death. TNM staging followed the American Joint Committee on Cancer 
(AJCC) Cancer Staging Manual, 8th edition (2017) [16]. Patients were followed until death 
or 30 September 2024.

2.3.  Flow Cytometry
Pretreatment circulating NK-cell subsets were quantified by flow cytometry, as previ-

ously described [6]. The gating strategy and representative dot plots for NK-cell subsets 
are shown in Figure S1. Peripheral blood mononuclear cell (PBMC) suspensions were 
stained with the following antibodies: fluorescein isothiocyanate (FITC)–CD3, peridinin–
chlorophyll-protein/cyanine 5.5 (PerCP/Cy5.5)–CD16, and phycoerythrin (PE)–CD56 (NK-
cell identification). FITC–CD4, PE–CD19, and PerCP-CD8 were stained in separate tubes 
for lymphocyte subset identification. NK-cell receptors were detected with allophycocyanin 
(APC)–CD158 (KIR2D L1/S1/S3/S5), APC–CD158e1 (KIR3DL1), APC–CD159a (NKG2A), 
APC–CD226 (DNAM-1), APC–CD244 (2B4), APC–CD314 (NKG2D), and Alexa Fluor 
647–CD337 (NKp30) (all BioLegend, San Diego, CA, USA), and eFluor660-CD107a (eBio-
science, San Diego, CA, USA). Briefly, peripheral blood was collected in EDTA tubes (BD 
Vacutainer, BD Biosciences, Franklin Lakes, NJ, USA) before any anticancer treatment, and 
peripheral blood mononuclear cells (PBMCs) were isolated by density-gradient centrifu-
gation (Ficoll-Paque PLUS, Cytiva, Uppsala, Sweden) within 6 h of collection. For each 
tube, 5 × 105  PBMCs were stained with the antibody combination for 30 min at 4 °C in the 
dark, washed, fixed with 4% paraformaldehyde for 20 min, washed twice with phosphate-
buffered saline (PBS) and acquired on a BD FACSCalibur (BD Biosciences, Franklin Lakes, 
NJ, USA) with CellQuest Pro software recording at least 10,000 lymphocyte-gated events 
per tube. Because the BD FACSCalibur has a limited number of fluorescence detectors and 
the APC-region fluorochromes (APC, Alexa Fluor 647, and eFluor 660) overlap spectrally, 
each of these markers was acquired in a separate tube together with CD3, CD56 and CD16, 
so that only one APC-region fluorochrome was present per tube. Co-expression of dif-
ferent receptors on the same cells could therefore not be assessed. NK cells were defined 
as CD3− CD56+  cells within the lymphocyte gate (forward/side scatter) and divided into 
CD56dim CD16bright and CD56bright CD16dim subsets. Unstained cells and single-stained 
cells were used to set compensation and the positivity thresholds. CD107a (LAMP-1) was 
measured by direct surface staining of unstimulated PBMCs and therefore reflects baseline 
surface expression, not stimulation-induced degranulation. A doublet-exclusion gate and a 
viability dye were not used (see Strengths and Limitations).

2.4.  RNA-Sequencing and Differential Expression
RNA extraction, library preparation, cluster generation, and sequencing were per-

formed on Illumina HiSeq2500 (Illumina, San Diego, CA, USA) using the SureSelect XT 
HS2 mRNA Library Preparation kit (Agilent Technologies, Santa Clara, CA, USA), as previ-
ously described [17]. Two of the 27 tumor samples were excluded from subsequent analyses 
because they did not meet the RNA quality requirements, with either an insufficient RNA 
input amount (<10 ng) or an RNA integrity number (RIN) < 8. FASTQ files were gener-
ated from the sequencing data using Illumina’s basecalling program bcl2fastq v2.20. Raw 
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reads were subjected to quality control using fastp v1.3.2 and FastQC v0.12.1 and were 
quality-trimmed and filtered using Trimmomatic v0.36 (PMID: 24695405) (ILLUMINA-
CLIP:1:10:4, LEADING:20, TRAILING:13, SLIDINGWINDOW:5:20, MINLEN:30), with 
adapter sequences and low-quality bases removed. A median of 68.70 M reads (range, 
34.88–155.62 M) passed filtering. The filtered reads were aligned to the GRCh38.p13 refer-
ence genome using HISAT2 [18]. An average of 66.58 million clean reads per sample (range, 
32.54–153.14 million) were retained, with a mean alignment rate of 97.56%. Gene expression 
was quantified with StringTie v2.1.4 [19], normalized to transcripts per million (TPM), and 
subsequently log2-transformed as log2(TPM + 1) for differential expression analysis.

To identify differentially expressed genes (DEGs) associated with circulating NK-
cell subset levels (CD107a+ , CD226+ , CD244+ , CD314+ , CD337+ , CD158+ , CD158e1+ , 
and CD159a+  NK-cells) as well as B (CD19+ ) and T (CD4+  and CD8+ ) lymphocytes, the 
transformed expression data from 25 breast tumor samples were analyzed using the limma 
R package v3.62.2 [20]. Lowly expressed genes were filtered, and p values were adjusted 
for multiple testing using the Benjamini–Hochberg method. Batch effects were assessed by 
principal component analysis and PERMANOVA. Samples did not cluster by sequencing 
run or library preparation date (PERMANOVA p = 0.38 and p = 0.42, respectively), and 
no principal component was associated with either variable (Supplementary Figure S2). 
Therefore, no batch correction was applied [21]. Genes with missing gene symbols were 
excluded, and the remaining genes were annotated as upregulated (log2 foldchange [FC] > 1 
and p. adj < 0.05), downregulated (log2 FC < −1 and p. adj < 0.05), or not significant. Gene 
set enrichment analysis (GSEA) and over-representation analysis used clusterProfiler R 
package v4.14.4 with Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes 
(KEGG), Disease Ontology, and Reactome pathways [22]. Given the small discovery set 
(n = 25, with subtype subgroups as small as n = 3), these transcriptomic analyses were 
considered exploratory and hypothesis-generating.

2.5.  Public Database Acquisition and Construction of a Prognostic Model
To build a compact, reproducible signature from a small discovery cohort for testing 

in a much larger independent cohort, we used the top five upregulated and downregulated 
genes (by absolute fold change) from the CD107a+  NK-cell comparison as the signature. A 
weighted tumor expression score (NK-CD107a Tx score) was computed for each Cancer 
Genome Atlas Breast Carcinoma Project (TCGA-BRCA) patient (n = 1096) using the log2 FC 
of each signature gene as its weight, and patients were split at the median for Kaplan–Meier 
and Cox analyses. TCGA does not contain circulating NK-cell subset measurements; this 
analysis therefore confirms a tumor-expression signature and does not validate the NK-cell 
subset as a circulating biomarker. Sensitivity analyses varying signature size and using an 
immunoglobulin-gene-only score are planned (see Strengths and Limitations).

2.6.  Statistical Analysis
No formal a priori sample size or power calculation was performed. This was an 

exploratory, hypothesis-generating biomarker cohort based on feasible single-center enroll-
ment over a defined period rather than a target effect size. Pretreatment NK-cell subsets 
were divided into two distinct parts of the relevant denominator labeled Low (<20%) 
versus Not Low (≥20%); denominators are footnoted per table (NK-cell receptor subsets as 
a proportion of CD3− CD56+  NK cells; total NK cells as a proportion of lymphocytes; T/B 
lymphocytes as a proportion of total blood cells).

The 20% cutoff was selected using a minimum-p-value approach [23] because data-
driven cutoff selection inflates the Type I error rate, which is noted as a limitation. Associ-
ations between categorical pretreatment NK data and age, clinical TNM staging, relapse, 
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and death were assessed. Continuous variables are presented as the median (interquartile 
range, IQR) and compared using the Mann–Whitney U test, except for the variables in 
Table 1, which are reported as the median (minimum–maximum). Categorical variables 
are presented as numbers (percentages) and were analyzed using the Chi-square (χ2 ) or 
Fisher’s exact test, with Cramer’s V for effect size. Because 12 immune-cell subsets were 
tested against multiple clinicopathologic and outcome variables (96 association tests in 
total; 72 within the clinicopathologic family), p-values were adjusted for multiple compar-
isons using the Benjamini–Hochberg false-discovery-rate (FDR) method, and adjusted (q) 
values are reported alongside raw p-values. Significant NK-cell subset data were further 
analyzed using multivariate Cox regression, adjusted for clinicopathological variables (age, 
T stage, and N stage). Because this study was not powered for the relapse and survival 
endpoints, and only 10 relapses and 7 deaths occurred (below the conventional ≥ 10 events-
per-variable threshold; see Strengths and Limitations), these multivariable models and 
the resulting hazard ratios are exploratory, not confirmatory. All statistical analyses were 
performed using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA). A two-sided p < 0.05 
was established as statistical significance unless otherwise specified. For analyses involving 
multiple comparisons, statistical significance was determined using Benjamini–Hochberg 
FDR-adjusted q-values < 0.1, while raw p-values are also reported.

Table 1. Patients’ demographic and clinical characteristics (94 patients).

Value

Age, median (range) 53.1 (range: 33.8–76.3)
Stage I/II/III 22 (23.4%)/60 (63.8%)/12 (12.8%)

Clinical nodal stage
cN0/cN1–3 51 (54.3%)/43 (45.7%)

Tumor subtypes
HR+/HER2-/HER2+/TNBC 48 (51.1%)/28 (29.8%)/18 (19.1%)

Adjuvant treatment
Neoadjuvant/adjuvant chemotherapy 32 (34.0%)/62 (66.0%)

Relapse/death 10/7
CD3− CD56+  NK-cell percentage *,

median (IQR) 17.0% (11.3–25.1%)

CD107a+  percentage ¥ , median (IQR) 56.4% (24.4–69.6%)
* The proportion of the total lymphocyte count; ¥  the proportion of CD3− CD56+  NK-cell count; 
Abbreviations: HR, hormone receptor; HER2, human epidermal growth factor receptor 2; IQR: 
interquartile range; TNBC: triple-negative breast cancer.

3.  Results
3.1.  Associations Between NK-Cell Subsets and Clinical Parameters

The study cohort comprised 94 patients with stages I–III breast cancer (median age 
53.1 years; 63.8% stage II; 51.1% HR-positive/HER2-negative; 34.0% neoadjuvant chemother-
apy). The median follow-up was 42.6 months (IQR 32.8–53.2); 10 patients relapsed, and 7 
died (Table 1).

Each NK-cell subset was tested against age, clinical T and N stage, tumor subtype, 
HR status, HER2 expression, relapse and survival (Supplementary Tables S1–S8). Patients 
with low circulating CD107a+  NK cells were more likely to have clinically node-positive 
disease (cN1–3; Cramer’s V = 0.204, raw p = 0.048, χ2  test) (Table S3). Patients with low 
levels of inhibitory CD158e1+  (KIR3DL1) NK cells were significantly younger (50.82 vs. 
57.52 years, p = 0.048, Pearson correlation test) (Table S1). No associations were found 

https://doi.org/10.3390/cancers18223633

https://doi.org/10.3390/cancers18223633


Cancers 2026, 18, 3633 7 of 15

between NK cells and clinical T stage, subtype, or HR/HER2 status (Tables S1–S6). Patients 
who relapsed had greater nodal involvement at diagnosis (N1–3: 80% vs. 41.7%, Cramer’s 
V = 0.237, raw p = 0.04, Fisher’s Exact test) and lower levels of CD107a+  NK cells (60% 
vs. 14.3%, Cramer’s V = 0.358, raw p = 0.003, Fisher’s exact test) (Table S7). Patients with 
low levels of circulating CD107a+  NK cells had higher mortality than those with higher 
CD107a+  NK-cell levels (85.7% vs. 13.8%, Cramer’s V = 0.480, raw p < 0.001, Fisher’s exact 
test) (Table S8).

3.2.  Multiple Comparisons Correction
Benjamini–Hochberg FDR correction was applied to the 96 association tests (12 immune 

subsets × 8 clinicopathologic/outcome comparisons) (Table S9). Only the CD107a–overall-
survival association approached significance after FDR correction (raw p < 0.001, q = 0.096) 
and the CD107a–relapse association gave q = 0.144. The CD107a–clinical-nodal-stage 
association (raw p = 0.048) did not survive correction (q = 0.93), nor did the CD158e1–age 
association (q = 0.93) (Table 2), suggesting that the nodal-stage association is consistent with 
a chance finding under this many comparisons and should be interpreted as exploratory; 
the association of low CD107a+  NK cells with poorer survival was the most robust signal in 
the dataset.

Table 2. Associations between NK-cell subsets and clinical–pathologic parameters.

Association
(Immune Subset × Variables) Cramer’s V Raw p BH-Adj. p (q) Survives FDR

(q < 0.10)

CD107a-Low × Overall survival 0.480 <0.001 0.096 Yes
CD107a-Low × Relapse 0.358 0.003 0.144 No

CD107a-Low × Clinical nodal stage 0.204 0.048 0.93 No
CD158e1 (KIR3DL1)-Low × age - 0.048 0.93 No

NK cells: natural killer cells; Low: defined as <20% of CD3− CD56+  NK-cell count; 96 tests total: 
12 NK subsets × 8 clinicopathologic outcome comparisons; BH-adj. p (q): False discovery rate 
(FDR)-adjusted p-value calculated using the Benjamini–Hochberg procedure or Benjamini–Hochberg 
q value.

3.3.  Circulating CD107a+  NK Cells, Tumor Transcriptome and Outcomes
Comparison of tumor transcriptomes and circulating CD107a+  NK-cell levels iden-

tified the top differentially expressed genes (Figure 2). The five most upregulated were 
immunoglobulin lambda genes (IGLV3-9, IGLV9-49, IGLV2-18, IGLV5-45, IGLJ7); the five 
most downregulated were MUC6, CP, CYP4F8, LBP and SLPI. Over-representation analysis 
showed enrichment of lipid biosynthetic process, blood vessel morphogenesis, cellular 
response to growth factor, and oxidoreductase activity gene sets in tumors with suppressed 
circulating CD107a+  NK cells (Figure 2C, left). KEGG gene-set enrichment analyses linked 
reduced circulating CD107a+  NK cells to MAPK, TNF, IL-17 and PPAR signaling (Figure 2C, 
right). A detailed list of the top 10 DEGs for each NK-cell subset is shown in Figures S3–S7. 
These transcriptomic associations are exploratory and hypothesis-generating; they were 
derived from 25 tumors and do not establish causation (see Section 4).
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Figure 2. Differential tumor gene expression by circulating CD107a+  NK-cell levels. (A) Top 10 
differentially expressed genes; (B) volcano plot; (C) gene-set enrichment (GO/KEGG) linking reduced 
circulating CD107a+  NK cells to MAPK, TNF, IL-17 and PPAR signaling.

3.4.  Tumor Expression Score for Circulating CD107a+  NK Cells Is Associated with 
Survival Outcome

The NK-CD107a Tx score used the top five upregulated (IGLV3-9, IGLV9-49, IGLV2-18, 
IGLJ7, and IGLV5-45) and downregulated genes (MUC6, CP, CYP4F8, LBP, and SLPI) 
ranked by absolute FC (Figure 2), applied as a weighted sum in TCGA-BRCA (n = 1096). 
Selecting a small, fixed number of the most differentially expressed genes by fold change is 
a pragmatic way to build a compact, reproducible signature from a small discovery cohort 
(n = 25) for testing in a much larger cohort (TCGA-BRCA, n = 1096), as with the 14-gene 
B-cell/immunoglobulin signature [24]. Whether the signal is specific to CD107a+  NK-cell 
biology still requires an immunoglobulin-gene-only sensitivity analysis and cross-validated 
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discrimination, which are planned (see Section 4). Patients with low NK-CD107a Tx scores 
had worse survival (p = 0.0096 by log-rank test; Figure 3).

Figure 3. Kaplan–Meier survival curves comparing high- and low-tumor expression scores for 
CD107a+  NK cells (NK-CD107a Tx score) in each patient group analyzed using the log-rank test.

In exploratory multivariable Cox models, low circulating CD107a+  NK cells were 
associated with relapse (adjusted HR = 4.49, 95% CI: 1.19–16.87, p = 0.026; Table 3) and 
mortality (adjusted HR = 16.15, 95% CI: 1.72–151.76, p = 0.015; Table 4). These HRs are 
unstable given only 10 relapses and 7 deaths (see Section Strengths and Limitations) and 
are reported as exploratory. The TCGA analysis confirms the tumor-expression signature 
and does not validate circulating NK cells as a biomarker.

Table 3. Crude and adjusted HRs for relapse according to clinical parameters and NK-cell subsets.

Factors Crude HR
(95% CI) p-Value Adjusted HR

(95% CI) p-Value

Age 1.02 (0.96–1.08) 0.510 1.03 (0.97–1.10) 0.319
T2–4 vs. T1 1.64 (0.42–6.35) 0.475 1.75 (0.44–6.95) 0.426
N1–3 vs. N0 4.97 (1.05–23.41) 0.043 * 3.25 (0.64–16.41) 0.154

NK with activating 
surface markers

NK107a: Low vs. Not Low 5.69 (1.59–20.38) 0.008 * 4.49 (1.19–16.87) 0.026 *
CD226 (DNAM-1): Low vs. Not 

Low 0.47 (0.06–3.75) 0.479

CD244 (2B4): Low vs. Not Low 0.97 (0.21–4.59) 0.973
CD314 (NKG2D): Low vs. Not 

Low 1.21 (0.26–5.74) 0.808

CD337 (NKp30): Low vs. Not 
Low 1.19 (0.25–5.62) 0.828

NK with inhibitory 
surface markers

CD158 (KIR2DL1): Low vs. Not 
Low 1.11 (0.24–5.25) 0.893

CD158e1 (KIR3DL1): Low vs. 
Not Low 2.06 (0.53–7.97) 0.296

CD159a (NKG2A): Low vs. Not 
Low 2.20 (0.56–8.59) 0.257

T lymphocytes CD4: Low vs. Not Low 1.05 (0.22–4.97) 0.948
CD8: Low vs. Not Low 0.54 (0.07–4.26) 0.555

B lymphocytes CD19: Low vs. Not Low 1.99 (0.54–7.26) 0.300
* p < 0.05; Abbreviations: HR, hazard ratio; CI, confidence interval; NK, natural killer.
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Table 4. Crude and adjusted HRs for mortality stratified by clinical parameters and NK-cell subsets.

Factors Crude HR
(95% CI) p-Value Adjusted HR

(95% CI) p-Value

Age 1.02 (0.95–1.10) 0.589 1.03 (0.95–1.12) 0.474
T2–4 vs. T1 1.13 (0.25–5.07) 0.875 1.63 (0.35–7.54) 0.535
N1–3 vs. N0 2.78 (0.54–14.37) 0.222 1.12 (0.19–6.44) 0.902

NK cells with 
activating surface 

markers

NK107a: Low vs. Not Low 15.63 (1.84–132.71) 0.012 * 16.15 (1.72–151.76) 0.015 *
CD226 (DNAM-1): Low vs. Not 

Low 1.01 (0.12–8.70) 0.994

CD244 (2B4): Low vs. Not Low 0.58 (0.07–4.87) 0.615
CD314 (NKG2D): Low vs. Not 

Low 1.02 (0.12–8.63) 0.982

CD337 (NKp30): Low vs. Not 
Low 2.04 (0.39–10.57) 0.398

NK cells with 
inhibitory surface 

markers

CD158 (KIR2DL1): Low vs. Not 
Low 2.32 (0.44–12.25) 0.321

CD158e1 (KIR3DL1): Low vs. 
Not Low 1.82 (0.35–9.42) 0.475

CD159a (NKG2A): Low vs. Not 
Low 3.75 (0.83–16.89) 0.085

T lymphocytes CD4: Low vs. Not Low 1.91 (0.37–9.90) 0.442
CD8: Low vs. Not Low 0.92 (0.11–7.76) 0.939

B lymphocytes CD19: Low vs. Not Low 0.65 (0.11–3.65) 0.623
* p < 0.05; Abbreviations: HR, hazard ratio; CI, confidence interval; NK cells, natural killer cells.

4.  Discussion
In this exploratory prospective prognostic tumor marker cohort study, low circulating 

CD107a+  NK cells were associated with greater clinical nodal stage and higher rates of 
relapse and mortality, suggesting a role for innate immunity in tumor progression. After 
correction for multiple comparisons, survival was the most robust association, whereas 
the association with nodal stage did not survive and is regarded as hypothesis-generating. 
Matched tumor RNA-sequencing linked reduced circulating CD107a+  NK cells to im-
munoglobulin expression and to MAPK/TNF pathway enrichment, and a tumor-expression 
score derived from these genes was consistent with survival in TCGA-BRCA.

CD107a, a lysosomal-associated membrane protein expressed on the NK-cell surface 
upon target recognition, is a recognized marker of NK activation [25]. As detailed in 
the Section 2, CD107a positivity in this study was assessed by direct staining of unstimu-
lated PBMCs and therefore reflects baseline, spontaneous NK-cell activation in vivo rather 
than maximal degranulation capacity after ex vivo restimulation—a distinction relevant 
to interpreting the relatively low proportion of CD107a-positive cells observed at rest. 
The tumor microenvironment and host immunity are increasingly central to breast can-
cer prognosis. Immune checkpoint inhibitors (ICIs) in chemotherapy are standard for 
early-stage TNBC [26] and show benefits in high-risk, early-stage HR-positive/or HER2-
negative breast cancer [27,28]. Beyond programmed death-ligand 1 (PD-L1), high TIL 
levels, particularly CD8+  lymphocytes, are associated with better immunotherapy response 
and prognosis [29,30]. However, stromal TILs are limited by interobserver variability, lack 
of a universal cutoff, tumor heterogeneity, and lack of functional resolution [12,31] and are 
generally low in most early-stage tumors [26,32–35]. So, a blood-based measure of host 
anti-tumor immunity would have substantial practical value. Circulating immune cells 
may thus offer a complementary, minimally invasive approach to assessing host–tumor 
immunity in early breast cancer.
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Among all subsets tested, only low circulating CD107a+ NK cells were associated with 
clinical aggressiveness and relapse. Many NK-cell receptors have overlapping, combined 
functions, so loss or gain of one receptor may be compensated for by others, and several 
are broadly expressed across inflammatory conditions and may lack cancer specificity [36], 
possibly explaining the lack of association with other NK-cell subsets.

The TCGA-BRCA analysis confirmed a tumor gene-expression score and did not 
validate circulating CD107a+ NK cells as a biomarker, which TCGA does not measure. The 
inferential chain (blood NK activity → 25-sample tumor DEG signature → TCGA survival 
→ back to circulating NK biology) is indirect and partly circular. Moreover, the top five 
upregulated signature genes are all immunoglobulin lambda genes (IGLV/IGLJ). A B-
cell/immunoglobulin signature is already an established prognostic marker in breast cancer, 
independent of NK-cell biology—for example, a 14-gene B-cell/immunoglobulin signature 
correlates with OS independent of subtype, stage, or nodal status [24,37], suggesting that 
the TCGA survival separation reiterates this known immunoglobulin signal rather than 
reflecting CD107a+  NK-cell activity specifically. An immunoglobulin-gene-only sensitivity 
analysis and cross-validated discrimination are needed to resolve this, and these analyses 
are planned as future work (see Strengths and Limitations).

The immunoglobulin and pathway findings are associations with the CD107a-defined 
groups and do not demonstrate biological causation. The following interpretations of 
possible underlying mechanisms are derived from over-representation/GSEA on 25 tumors 
without functional or protein-level validation and without single-patient association with 
the circulating CD107a+  phenotype and are suggested only as hypotheses, not as established 
mechanisms. Chronic TNF exposure reduces NK-cell cytotoxic efficiency and promotes 
immune exhaustion [38], and IL-17-enriched microenvironments recruit myeloid-derived 
suppressor cells that impair NK-cell function [39,40]. MAPK signaling promotes prolifer-
ation and immunosuppressive cytokine release [41], and PPAR signaling (i.e., crosstalk 
with MAPK) integrates lipid/glucose metabolism with inflammation to shape the tumor 
microenvironment and immune-cell balance [42–44]. Tumor-derived immunoglobulins 
have been reported to downregulate NK-cell cytotoxicity in advanced-disease or in vitro 
models [45], whereas in early-stage tumors, immunoglobulin-high status has been associ-
ated with tertiary lymphoid structures and B/T-cell polyclonality [37]. How tumor-derived 
immunoglobulins interact with systemic CD107a+  NK-cell responses is unknown.

Strengths and Limitations
The strengths of the present study include the prospective pretreatment sampling 

before surgery and systemic therapy, integration of the circulating immunophenotype with 
matched tumor transcriptomes, and correction for multiple comparisons.

Nevertheless, this study has several limitations. First, the cohort was small and hetero-
geneous and had very few events (10 relapses, 7 deaths); the results of the multivariable 
Cox models violate the ≥10 events-per-variable rule, and the mortality HR (16.15; 95% CI 
1.72–151.76) was severely unstable, likely reflecting near-separation. Therefore, the results 
are not interpretable as reliable effect sizes and are reported as exploratory; Firth’s penalized 
regression with minimal adjustment is planned to address these issues. Second, the key 
association between the NK cells and the clinical nodal stage was weak (Cramer’s V 0.204) 
and did not survive multiple comparisons correction (q = 0.93), so a Type I (false-positive) 
finding cannot be excluded. Third, the <20% cutoff was chosen by a minimum-p-value 
approach, increasing the Type I error rate unless corrected. Fourth, the DEG signature was 
derived from only 25 tumors using a fixed set of the five most upregulated and five most 
downregulated genes (selected by fold change as a pragmatic approach to obtaining a com-
pact, reproducible signature), weighted by discovery-cohort log2 FC, which risks overfitting. 
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Because the top genes were all immunoglobulin lambda genes, the score may reflect the 
known B-cell/immunoglobulin signal rather than CD107a+  NK-cell biology. Sensitivity 
analyses varying signature size and using an immunoglobulin-gene-only score, together 
with cross-validated discrimination, are planned. Fifth, the multivariable models were ad-
justed only for age, T stage, and N stage. Molecular subtype and treatment modality could 
not be added given the low number of events, so residual confounding cannot be excluded. 
Baseline characteristics by CD107a group are compared descriptively in Supplementary 
Table S11. In addition, aging shifts the NK-cell composition toward KIR-expressing “ma-
ture” subsets, and older patients may show reduced CD107a+  responses [46,47]. Younger 
patients in the present study cohort had lower CD158e1+  (but not CD107a+ ) NK cells, so 
residual age confounding cannot be excluded. Sixth, there was no independent external 
clinical validation cohort; the TCGA-BRCA analysis tests only the tumor-expression sig-
nature and does not validate circulating CD107a+  NK cells as a biomarker. Seventh, only 
NK-cell phenotype and the surface marker CD107a (LAMP-1) were measured; CD107a was 
measured on unstimulated cells and therefore reflects baseline surface expression rather 
than stimulation-induced degranulation, and no functional NK-cell cytotoxicity (tumor-
cell killing) assays were performed, so functional competence was not directly assessed. 
Eighth, the flow cytometry data were acquired on an older BD FACSCalibur without a 
doublet-exclusion gate or viability dye, and the original area/width parameters are no 
longer available. Positivity thresholds were set with unstained and single-stained con-
trols, not fluorescence-minus-one or isotype controls; marker percentages are therefore 
descriptive. Ninth, the 25 patients who underwent RNA-sequencing were a self-selected 
subset of the 94-patient cohort (separate consent and adequate tumor tissue were required) 
rather than a random subsample, so selection bias cannot be excluded. Larger, prospective, 
adequately powered studies are required to confirm the hypothesis-generating findings of 
this study.

5.  Conclusions
In this exploratory cohort, low pretreatment levels of circulating CD107a+  NK cells 

were associated with poorer overall survival, the only association that remained after cor-
rection for multiple comparisons, and with higher relapse rates and node-positive disease 
before correction. These findings show an association; they do not establish CD107a+  NK 
cells as a prognostic biomarker. Given the small number of events and the data-derived 
cutoff, they should be regarded as hypothesis-generating. Confirmation is needed in larger, 
multicenter, prospective cohorts using standardized flow cytometric methodology and a 
predefined (rather than data-derived) CD107a+  threshold before any prognostic or thera-
peutic application.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers18223633/s1, Table S1. Correlation between circulating 
NK subsets and age; Table S2. Correlation between circulating NK subsets and clinical T stage; 
Table S3. Correlation between circulating NK subsets and clinical N stage; Table S4. Correlation 
between circulating NK subsets and tumor subtype; Table S5. Correlation between circulating NK 
subsets and hormone receptor status; Table S6. Correlation between circulating NK subsets and 
HER2 status; Table S7. Correlation between circulating NK subsets and relapse; Table S8. Correlation 
between circulating NK subsets and survival status; Table S9. Multiple comparisons correction 
across all 96 association tests; Table S10. Characteristics of the RNA-sequencing subcohort (n = 25); 
Table S11. Baseline characteristics of patients with Low versus Not Low circulating CD107a+  NK cells; 
Figure S1. Flow cytometry gating strategy and representative plots; Figure S2. Assessment of batch 
effects in the RNA-sequencing data; Figure S3. Top 10 differentially expressed genes and volcano 
plots for circulating CD226(DNAM1) NK (A,B) and CD244(2B4) NK (C,D) cells; Figure S4. Top 
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10 differentially expressed genes and volcano plots for circulating CD314(NKG2D) NK (A,B) and 
CD337(NKp30) NK (C,D) cells; Figure S5. Top 10 differentially expressed genes and volcano plots 
for circulating CD158(KIR2DL1) NK (A,B) and CD158e1(KIR3DL1) NK (C,D) cells; Figure S6. Top 
10 differentially expressed genes and volcano plots for circulating CD159a(NKG2A) NK (A,B) and 
CD19+  B (C,D) cells; Figure S7. Top 10 differentially expressed genes and volcano plots for circulating 
CD4+  T (A,B) and CD8+  T (C,D) cells.
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