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Abstract

Neoadjuvant checkpoint blockade immunotherapy (NATI) significantly prolonged outcomes for triple-negative
breast cancer (TNBC). Residual tumor cells that survive NATI represent high-risk cell populations with metastatic
potential and usually evade immunosurveillance by NK cells. Using an 82-protein panel, we here profiled single-cell
membrane proteomics of CD56+ (NCAM14) NK cells from tumor, peri-cancerous tissue, as well as peripheral blood
from 28 TNBC patients post-NATI of residual cancer burden II/Ill. Unsupervised clustering resulted in several distinct
clusters: 2 tumor-infiltrating NK (TINK) clusters with divergent functions of immune activation (TNFRSF7+4) and
suppression (SELL+); 2 immuno-suppressive peri-cancerous clusters; and 1 periphery-specific cluster. Considering
the contradiction of the 2 TINK clusters, we further tested cytokine functions of SELL+and TNFRSF7 +TINKs by
single-cell secreting proteomics using a 32-cytokine panel. Consistently, SELL+TINK clusters were characterized

by immuno-suppressive secretion patterns (IL10+). A low proportion of SELL+TINK cluster and low proportion of
IL10+secreting SELL+TINK cluster (single-cell secreting proteomics) were both associated with better progression-
free survival time. These findings were validated in an independent cohort of 15 patients during 16-month
follow-up. Overall, we identified a distinct immuno-suppressive TINK cell group, featuring IL10+ secreting and SELL

expression with a strong relation to poor survival prognosis in TNBC patients post-NATI.
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Introduction

Tripple-negative breast cancers (TNBC) lack expres-
sion of HER?2, ER, and PR, have a high risk of metastasis,
and bring about poor survival prognosis, accounting for
10-15% of invasive breast cancers [1]. Neoadjuvant ther-
apy by immune checkpoint inhibitors (NATI) is reported
as a preferred regimen for early-phase TNBC due to high
probability of achieving better resection rates which can
substantially increase pathological complete response
(pCR) and prolong survival outcomes [2, 3]. Mecha-
nism of augmented anti-tumor immunity in immune
checkpoint inhibition (ICI) relates to progression
death-1 (PD1) receptor or ligand (PDL1) blockage and
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enhanced T effector cell functions [4]. However, clinical
trial outcomes related to NATTI exhibited that a numebr
of patients could not reach pCR endpoints, suggesting
relatively high proportions of residual tumor cells post
NATI [5]. These treatment-resistant cells were clinically
relevant for high residual cancer burden (RCB), which
has been associated with poor long-term survival [6].
Residual cancer cells that survive NATI may come from
those populations with intrinsic resistance to NATI with
such potential as future metastasis and recurrence [4]. In
addition to inherent NATI resistance of tumor biology,
treatment-resistant cancer cells may exploit microenvi-
ronment for cytotoxicity evasion. The microenvironment
of early-phase TNBC resistant to NATI has not been
fully understood, particularly for those with high RCB.
Thus, a profiling investigation of immune cells associated
with high RCB may unveil potential cellular targets of
resistance to NATIL.

Effector immune cells are key elements for antitumor
immunity, which are comprised mainly of cytotoxic
CD8+T cells and NK cells [7, 8]. CD8+T cells require
MHC I coordinating with antigen epitope and other acti-
vating signals to initiate adaptive immunity and tumor
cell attack. Following PD-1 blockade, T-cell activation
causes killing of tumor cells abundant in membrane

Table 1 Clinical data from the breast cancer patient

Mean/count std/%

Age 39.29 594

Follow_up_month 12.93 3.88
Outcomes

Disease progression 20 71.43%

Stable disease 8 28.57%
RCB_score

Il 13 46.43%

Il 15 53.57%
Grade before NATI

2 15 53.57%

3 13 46.43%
Clinical stage before NATI

2 9 32.14%

3 19 67.86%
Tumor stage before NATI

2 8 28.57%

3 10 35.71%

4 10 35.71%
Node stage before NATI

1 14 50.00%

2 7 25.00%

3 7 25.00%
ICl types

PD_L1 blockers 6 2143%

PD1 blockers 22 78.57%

RCB_score, residual cancer burden score. ICl types, immune checkpoint
inhibitor types
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antigen epitopes [8]. Unfortunately, a large proportion
of tumor cells undergo immune adaptive editing to con-
ceal MHC-I-related tumor antigens to evade adaptive
immune response [9]. However, NK cells, as MHC-inde-
pendent effectors, may complement T cell function for
antitumor immunity by killing tumor cells with shrouded
antigen epitopes [9]. Also, NK cells were associated with
significant functions of immune modulation which is
largely unknown.

Importantly, immune microenvironment phenotype
analysis from resected TNBC specimens suggested
low-level infiltrating CD3+lymphocytes and poor
immunogenic response, enhancing the importance of
antigen-free recognition mechanism by NK cells [10].
Further, immune modulating functions of NK cells need
further investigation. Currently, little is known about NK
cell components or functions in the immune microen-
vironment following NATI. Further, NK cells from peri-
cancerous tissues as well as from peripheral circulation
may serve as critical reservoirs of cytotoxicity, of which
phenotypes or functions have not been fully charac-
terized so far. Thus, a deep study of NK cell subset may
reveal potential cellular targets to overcome resistance
happening in the immune microenvironment.

Results

Patient sample characteristics and NK cell clustering

By means of single-cell membrane proteomics, we evalu-
ated CD56+ (NCAM1+) NK cells in paired samples of
human TNBC post-NATI treatment from 28 patients.
Mean age was 39.29 +5.94 years, and most patients were
receiving PD-1 blockers (n=22) as NATI before surgery
(Table 1). NK cells were procured from histologically
confirmed tumor (T), adjacent breast tissue (peri-cancer-
ous tissue, AT), and peripheral blood mononuclear cells
(PBMC). These paired samples underwent single-cell
preprocessing as well as isolation for experiment, which
finally yielded 54,655 NK cells in total, including 20,207
cells from T, 18,298 cells from AT, and 16,150 cells from
PBMC. By means of unbiased clustering in Seurat pack-
ages, we grouped these cells into 11 clusters (cO~ c10)
visualized as UMAP plot (Fig. 1A), with the largest clus-
ter containing 13,462 cells and the smallest cluster con-
taining 1196 cells. All cell clusters expressed low levels
of CD56 (NCAMI, Fig. 1D, Supplementary Fig. 1A).
Chi-square tests were performed to compare between
specimen groups and clusters (Fig. 1B-C) and strik-
ing discrepancy was found for cell distributions. Clus-
ter 2 and 5 predominately represented NK cells from T
(>80% cells). Cluster 9 as well as 10 were mainly from AT,
whereas cluster 3 came mainly from the PBMC. Other
clusters were not differential among the three specimen
groups. These findings preliminarily suggested differ-
ent subclusters of cells defined by diverse compositions
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Fig. 1 Single-cell membrane proteomics-defined auto-clustering of NK cells in TNBC patients. A. Membrane proteomics-defined UMAP plot visualizing
NK cell clusters from tumor, peri-cancerous, and periphery specimen. B. Membrane proteomics-defined UMAP plot visualizing NK cells grouped by
specimen. C. Bar plot showing cell proportions of specimen group in each proteomics-defined NK clusters. D. Dot plot showing expression levels and
cell proportions in each cluster, with red marks identifying NK cell-specific markers. NCAM1 (CD56) expression across clusters in tumor (T), adjacent tis-
sue (AT), and peripheral blood (PBMC). E. UMAP plot visualizing expression of featured membrane markers in cluster 2 (related to supplementary Fig. 1)

of NK membrane markers in specimens from T, AT, and
PBMC of TNBC patients.

Cancer-specific NK cells from tumor, peri-cancerous,
and periphery exhibited mainly immuno-suppressive
phenotypes
We first examined feature markers of tumor-infiltrat-
ing NK cells (TINK, Fig. 1D-E, Supplementary Fig. 1A)
defined by single-cell membrane proteomics. We found
cluster 2, which is a large cluster, has relatively low
expression of FcyRIII (CD16) compared to other clusters,
and thus lacks typical function of antibody-dependent
cellular cytotoxicity. NK cell-specific receptors of NCR2
and NKp30 were also low-expressed in this cluster, indi-
cating a hypofunctional NK subset. In addition, this clus-
ter lacks important NK cell immune regulators, including
mainly NKB1, PDL2, and CD45RA (PTPRC). Highly
expressed membrane proteins in this cluster included
SELL (CD62L), indicating cell adhesion functions, and
VTCNI1 and CTLA4, indicating immune inhibitory sig-
nature. Overall, cluster 2 of TINK exhibited functionally
deficient phenotypes.

Another cluster specific to TINK, cluster 5, however,
exhibited high levels of markers relevant to cellular acti-
vation, including TNFRSF7 (CD27) and CD101 (Fig. 1D,

Supplementary Fig. 1B, D). These cells shared several
activating markers with cluster 0, including CD226,
CD244, and ICOS. Also, this cluster expressed several
NK-specific receptors not found in cluster 2, including
FcyRIII, NKp30, and NKB1, although NCR1 was poorly
found in this cluster. Overall, cluster 5 exhibited a high
level of immune activation which is different from cluster
2.

Clusters specific to peri-cancerous specimens, includ-
ing cluster 9 and 10, expressed high levels of immuno-
suppressive feature markers, including LILRB1 (cluster
9) and LAG3 (cluster 10), with a shared expression of
VISTA in both clusters (Fig. 1D, Supplementary Fig. 1C,
D). Functional NK receptors were deficient in both clus-
ters, including KIR2DL3 and NKp30, suggesting function
deficiency in NK cells of peri-cancerous specimens. In
addition, expression of IL12RB1 was found in all other
clusters but was lacking in cluster 10. Overall, cluster 9
and 10 were phenotypically similar with high levels of
immunosuppressive marker expression.

Cluster 3, which is specific to the periphery of TNBC
patients, was characterized by a mixed function of both
immune suppression and activation (Fig. 1D, Supple-
mentary Fig. 1C, D). Expression of TNFRSF9, which is
a feature marker of this cluster, suggested activating the
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potential of these cells. High levels of immuno-suppres-
sive markers were found in this cluster, such as VISTA
and TNFRSF18 (GITR), suggesting immune suppression
potential in NC cells from the periphery. This cluster also
featured low expression of KLRK1, suggesting functional
deficiency. Finally, based upon published information
and dataset we annotated these clusters by feature pro-
tein antibodies calculated with expression levels (Supple-
mentary Fig. 2).

Divergent secreting cytokines of tumor-infiltrating NK cell
subclusters
Considering immunophenotypes of disease-specific
TINK cells were identified as contradictory in SELL + NK,
which is immuno-inhibitory, and in TNFRSF7 + NK,
which is excitatory, we then tried to investigate the spe-
cific secreting cytokines of these 2 subsets. As such,
SELL and TNFRSF7 microbeads were employed to posi-
tively sort cells, and these sorted cells underwent single-
cell secreting proteomics in a commercial 32-protein
chip. We finally obtained 12,417 cells, including 6483
SELL+NK cells and 5934 TNFRSF7+NK cells from
these patients for unbiased clustering.

By means of Seurat packages, we grouped these
cells into 9 clusters (cO~c8) visualized as UMAP plot
(Fig. 2A), which were annotated by feature protein
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antibodies calculated with expression levels, with the
largest cluster containing 2842 cells and the smallest clus-
ter containing 1196 cells. Striking discrepancy was found
for cell cluster, cell count, and grouping, indicating func-
tional discrepancy of SELL + NK and TNFRSF7 + NK cells
(Fig. 2B). Specifically, cluster 2, 4, and 7 were mainly from
the secretome of SELL + NK cells, whereas cluster 5, 6,
and 8 came mainly from the secretome of TNFRSF7 + NK
cells (Fig. 2C). Other clusters were not group-specific
(cluster 0,1, and 3). We then annotated these clusters by
the highest-secreting protein. We found that cluster 2, 4,
and 7 were featured by high levels of immuno-suppres-
sive cytokines, including IL4, IL10, and TGFp1, suggest-
ing that secretome of SELL +NK cells were associated
immuno-suppression activity in tumor microenviron-
ment. Cluster 5 and 6 featured high levels of immuno-
activating cytokines, including IL7, suggesting that the
secretome of TNFRSF7 +NK cells were activating other
immune cells. Interestingly, we identified that cluster
8 was a multi-functional cell that co-secreted 5 types
of effecting cytokines, including GZMB, IFNG, TNFA,
PRF1, and CCL3 (Fig. 2D).
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Fig. 2 Single-cell secreting proteomics-defined auto-clustering of tumor-infiltrating SELL+and TNFRSF7 +NK cells in TNBC patients. A. Single-cell se-
creting proteomics-defined UMAP plot visualizing secreting tumor infiltrating SELL +and TNFRSF7 +NK cell clusters. B. Single-cell secreting proteomics-
defined UMAP plot visualizing cells grouped by specimen (SELL +sorted and TNFRSF7 +sorted cells). C. Bar plot showing cell proportions of specimen
group in each cluster. D. Dot plot showing single-cell cytokine levels and cytokine-secreting cell proportions in each cluster. E. UMAP plot visualizing

expression of featured cytokines in each cluster
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Tumor-infiltrating IL10-secreting SELL + NK cell is
independently associated with poor survival prognosis in
both development and validation cohort

To this end, we illustrated the immunophenotypes of NK
cells in the peripheral blood, peri-cancerous, and tumor
tissues, in which tumor tissue featured primarily inhibi-
tory phenotypes in membrane proteins and cytokine
patterns. Prior research suggested that such inhibitory
NK phenotypes were associated with poor response to
checkpoint blockade therapy [11, 12], but to which extent
these microenvironments were associated with patient
prognosis has not been reported. Here, we made an asso-
ciation analysis of our findings with the progression-free
survival (PFS) time of patients from development and
validation cohort (see demographics of validation cohort
in Table 2) to illustrate the clinical implications of single-
cell clustering.

Overall, these 28 patients from development cohort
were followed up for 18 months, with 20 patients (71.4%)
reaching the endpoint of progression and 8 patients not
progressing during follow-up. As either single-cell secret-
ing proteomics or membrane proteomics was unbiased
in each cluster, we first made a binary classification of
proportions of clusters and did univariate association

Table 2 Clinical data in validation cohort

Mean/count std/%

Age 5540 7.99

Follow up (month) 10.60 393
Outcomes

Disease progression 8 53.33%

Stable disease 46.67%
RCB score

Il 8 53.33%

Il 7 46.67%
Grade before NATI

2 7 46.67%

3 8 53.33%
Clinical stage before NATI

2 8 53.33%

3 7 46.67%
Tumor stage before NATI

1 1 6.67%

2 6 40.00%

3 5 33.33%

4 3 20.00%
Node stage before NATI

1 7 46.67%

2 5 3333%

3 3 20.00%
ICl types

PD_L1 blockers 5 33.33%

PD1 blockers 10 66.67%

RCB_score, residual cancer burden score. ICl types, immune checkpoint
inhibitor types
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analysis of these cluster proportions as well as clinico-
pathological data with PFS in survival analysis (Fig. 3A-
C). We found that, in single-cell membrane proteomics,
cluster 2 proportion was the only cluster associated with
PFES (Fig. 3A). Specifically, lower proportions of cluster 2
were associated with better PFS (median time of PFS: 18
months versus 12 months, Fig. 3D). This finding was fur-
ther validated in multivariate COX proportional models
in which clinicopathological data were set as covariates
(HR=0.26, Fig. 3E). Combined with prior findings, this
result suggested that inhibitory membrane phenotype
was associated with poor patient prognosis.

We then made a similar analysis in single-cell secret-
ing cell clusters in SELL+and TNFRSF7+sorted NK
cells in tumor tissues. We found that cluster 2 (featured
by secreting IL10 cytokine) proportion was associated
with PES prognosis (Fig. 3B). A lower proportion of clus-
ter 2 in secreting proteomics was associated with bet-
ter PFS in univariate and multivariate survival analysis
(Fig. 3F-G). These findings were further verified in valida-
tion cohort of single-cell proteomic analysis and subse-
quent 16-month follow-up in 15 patients (Supplementary
Fig. 3—4). Our finding overall highlighted that the inhibi-
tory immune environment, illustrated as both membrane
phenotype and secreting cytokines at single-cell level,
was associated with poor survival prognosis in TNBC
patients (Fig. 4).

Discussion

By means of single-cell membranous as well as secret-
ing proteomic experiments, we mainly profiled mem-
brane markers and secreting cytokines of NK cell subsets
in tumoral tissue, peritumoral tissues, and peripheral
blood samples of high-risk TNBC patients after neoad-
juvant checkpoint blockade. Importantly, we identified a
tumor-infiltrating IL10-secreting SELL + NK cell subset,
as an immuno-inhibitory player in tumor microenviron-
ment, which was associated with poor survival progno-
sis during an 18-month follow-up, which was further
validated in an independent clinical cohort. This finding
corroborated previous research hypothesis that cytotoxic
cell functionally deficiency and inhibitory immuno-envi-
ronment may strongly affect immunotherapy outcomes
[13], and further pointed out specific functions of NK cell
subsets with a relatively large sample size. Considering
the immunologically “cold” NK cell may relate to cell sur-
vival and metastasis of treatment-resistant cancer cells
in TNBC residual lesions [4], our preliminary landscape
of NK cell phenotype may shed light on future research
insights.

Research suggested that breast cancer cells evade NK-
mediated anti-tumor activity through down-regulating
NK cytotoxicity [14], resulting partially into functionally
as well as phenotypically naive NK cells. Consistently, we
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Fig. 3 Survival analysis associated with single-cell membrane and secreting proteomics. A. Univariate survival analysis (Cox proportional hazards model)
showing hazards ratio (HR) and 95% confidence interval (95%Cl) of progression-free survival (PFS) time in 18-month follow-up, associated with single-cell
membrane proteomics-defined cluster proportion (%) in each patient, with MO_low to M10_low indicating low %each cluster (e.g. MO_low indicates
lower %cluster 0). B. Univariate survival analysis showing HR and 95% Cl of PFS time, associated with single-cell secreting proteomics-defined cluster
proportion in each patient, with S_0_low to S_8_low indicating low %each cluster (e.g. S_0_low indicates lower %cluster 0). C. Univariate survival analysis
(Cox proportional hazards model) showing HR and 95% Cl of clinicopathological covariates. D. Kaplan-Meier Survival curve stratified by median patient
proportions of single-cell membrane proteomics-defined cluster 2 (M2). E. Multivariate survival analysis (Cox proportional hazards model) showing HR
and 95% Cl of PFS time, testing M_2_Low?9% as an independent variate adjusting for clinicopathological covariates. F. Kaplan-Meier Survival curve stratified
by patient median proportions of single-cell secreting proteomics-defined cluster 2 (S_2). G. Multivariate survival analysis showing HR and 95% Cl of PFS
time (18-month follow-up), testing S_2_Low9% as an independent variate adjusting for clinicopathological covariates

found that NK cells specific to tumor specimen (cluster
2) lacked expression of many classic markers of NK cell
functions, such as NKB1, NCR2, and NKp30, suggesting
an immuno-inhibitory role of such NK cluster [4]. How-
ever, according to single-cell transcriptomic research
findings in previous research, featured protein in mem-
brane proteomics of these NK cell clusters exhibited sub-
stantially different levels of expression, indicating high
levels of phenotypic heterogeneity in NK cells [4, 13, 15].
Similarly, we found that functionally activated NK cell
was present inside tumor specimen with differentially
high levels of many functional markers (cluster 5), sug-
gesting immune activation state of such cluster.

Notably, membrane profiling of NK cells from differ-
ent specimen sites in these 28 TNBC patients gave us
an opportunity to subclassify NK cells into multiple cell
clusters at protein expression and cytokine secretion lev-
els in different sites. These cells were clustered and com-
pared at specimen level to yield specimen-specific and
common NK cells, in which two functionally divergent

cell clusters, SELL+and TNFRSF7+TINK cells, were
identified to be of prognostic value. SELL + NK cells may
play critical role in migration to tumor environment but
their functions may be inhibited by inhibitory cytokines
within tumor microenvironment [16]. TNFRSF7 may
thus salvage the inhibited functions by creating accel-
erator functions for anti-cancer immunity and may be
potential target for cancer immunotherapy [17]. This is
why we designed another experiment in which secreting
functions of two types of NK cell subtypes, and did cor-
relative analysis with patient outcomes during 18-month
follow-up.

Our findings suggested that high levels of IL10-secret-
ing SELL + NK cells were associated with poor outcomes,
indicating inhibitory functions within tumor microen-
vironment. IL10 is a key immuno-inhibitory cytokine in
normal tissues to prevent autoimmunity by inhibiting
activity of T cells and NK cells [18]. In tumor microen-
vironment IL10 thus represent one of the most strong
inhibitory cytokines against immunotherapy [18, 19].
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Fig. 4 Schematic figure of proposed model of how the different NK cell populations relate to PFS

High levels of IL10 were associated in prior research with
escape from immune attack and poor outcomes [20].
While TNFRSF7 + TINKSs secreted IL13, a cytokine tradi-
tionally linked to Th2-mediated immune activation, IL13
has dual roles in cancer. It may promote tumor growth
by inducing fibroblast activation and extracellular matrix
remodeling [21]. On the other hand, it may suppress anti-
tumor immunity via macrophage polarization, leading to
an immunosuppressive tumor microenvironment that
supports tumor growth [22]. Further research is needed
to clarify how IL-13 from TNFRSF7+TINKs balances
these effects in TNBC. Further research may involve
modulating functions of SELL + NK cells, especially mod-
erating IL secretion or targeting TNFRSF7 to achieve
better immune activation.

In addition, prior studies of neoadjuvant chemotherapy
in TNBC exhibited that immune activation in the periph-
ery may be associated with high residual disease state
[23]. However, in this study, most clusters in the periph-
ery and peritumoral tissues were functionally deficient
but were not associated with patient outcomes during
our 18-month follow-up, probably due to low statistical
power. As such, future research is encouraged to deci-
pher interactions of patient outcomes associated with NK
cells from periphery or peritumorous tissue.

Also, single-cell cytokine profiling demonstrated that
these cells potently secrete functional cytokines consis-
tent with cell phenotypes in SELL + and TNFRSF7 + cells.
How these two functionally divergent NK subsets

interact within the tumor microenvironment encour-
ages future research to illuminate future therapeutic
targets. Furthermore, previous research in the single-
cell transcriptomic analysis of pan-cell types of cancer
specimens evidenced that NK cell mainly functions as
potent immune surveillance [24]. However, our findings
in TNBC patients suggested energetic or inhibitory NK
cell clusters were the main subtypes specific to either
tumor or periphery, featured by loss of typical NK cell
receptors, including Nkp30, KLRK1, and FcyRIIL. This
preliminary finding answered treatment resistance and
poor outcomes in TNBC patients, and future mechanis-
tic research is encouraged.

Limitations

There are several limitations in our study. As mentioned,
although we procured enough cell counts for pheno-
type profiling at a single-cell level, the patient number
remained low for robust statistical calculation, such as
log-rank test. NK cell counts per patient remained rela-
tively low. NK cells were challenging to isolate due to
biological rarity, sampling obstacles, and lost cells from
single-cell protocols. In addition, membrane or cytokine
profiling was limited by antibodies adopted in our study.
The panels encompassed 82 membrane proteins and 32
cytokines for analysis at protein levels, but other cyto-
kines or membrane markers are yet to be profiled, limit-
ing sub-cluster identification.
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Methods
Human participants and settings
Patients were enrolled for development cohort in the
Affiliated Cancer Hospital of Shantou University Medi-
cal College and the Hainan Hospital of PLA General
Hospital from 2022.4 to 2023.3. In the validation cohort,
patients were enrolled in the First Affiliated Hospital of
Fujian Medical University from 2023.1 to 2023.9. The
human participant study followed Institutional Review
Boards at the Cancer Hospital of Shantou University
Medical College with approved protocols and required
informed consent by all participants of the study. All
sampling procedures were performed according to the
Helsinki Declaration. Information related to demo-
graphic variables and treatment history of participants
were obtained from electronic medical records at each
research setting as de-identified data. Reporting adhered
to Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE) checKklist for cohort studies.
The primary aim of the research was to profile NK cell
sub-clusters in the context of NATI-resistant TNBC, and
the secondary aim was to find associations between cell
clusters in each patient and follow-up outcomes. Thus, a
pathology review was performed to exclude patients with
PCR or RCB-I disease, of whom prognosis would have
been excellent. Key inclusion criteria were as follows: (a)
female patients aged 18 to 60 years; (b) TNBC patients
with RCB II/III diagnosis (c) T2 and T3 cancer stage,
or N1 to N3 nodal stage, or high grade (grade 3) before
NATI. Key exclusion criteria were follow-up data not
complete for study endpoint evaluation or volunteered
withdrawal from follow-up or the current study. Patients
were followed up in outpatient and inpatient services as
routine medical checkups. Imaging studies as well as lab
tests would be involved if necessary to determine disease
progression, defined according to RECIST 1.1 (Response
Evaluation Criteria in Solid Tumors). Follow-up was car-
ried out on a 1-3-month basis for half a year after surgery,
and on a 3-6-month base afterward until 18 months after
surgery in both cohorts. For the current study, we evalu-
ated progression-free survival (PFS) since no patient died
at the end of follow-up (as of 2024.9). PFS was calculated
from surgery to disease progression or censored to last
follow-up, which was defined as the primary endpoint of
the clinical research part. Degree of disease was evalu-
ated with RECIST 1.1 according to clinical exams, lab
tests, and/or imaging studies of ultrasound, mammogra-
phy as well as MRL

Isolation of NK cells from surgery specimen samples

Fresh TNBC samples and para-cancerous samples were
collected as surgical specimens from the Department
of General Surgery. Samples were minced and incu-
bated into a RPMI-1640 medium (Gibco, #11875093),
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including 10% heat-inactivated fetal bovine serum (FBS)
(Gibco, #10099141), Normocin (10 pg/ml) (InvivoGen,
#ant-nr-1), DNAse I (2 pg/ml) (Roche, #4716728001),
and collagenase IV (1 mg/ml) (Worthington Biochem,
#1.S004186). The mix was shaken at 37 °C for 30 min.
The cell suspension was then filtered into a 70-pm filter
and washed up by RPMI-1640 media. Cells were then
resuspended in a 37.5% Percoll density gradient medium
(Cytiva, #17-0891-01) and centrifuged (690 g, 25 min,
room temperature) to obtain lymphocytes. PBMCs
were purified with Ficoll-Paque plus gradient (Cytiva,
#17144003) and LeucoSep tubes according to the manu-
facturer manual (Greiner Bio-One, #227290). Cells were
then washed in flow cytometry buffer (PBS with 2%
FBS and 2 mM EDTA) at 4 °C and blocked with human
Fc Block (1:100, flow cytometry buffer; Miltenyi Biotec,
#130-059-901). Viable cells were purified from dead cells
with Ficoll-Paque Plus medium (GE Healthcare). Human
NK cells were enriched by positive selection with CD56
(NCAM1) microbeads (Miltenyi Biotec, #130-097-042).
Human IL-10 ELISA kits were purchased from JinYiBai
(Nanjing, China) and were measured according to the
manufacturer protocol.

Single-cell membrane proteomics and single-cell secreting
proteomics

The aim of single-cell membrane proteomics was to
define membranous phenotypes of NK cells isolated
from paired samples. As NK cell phenotypes in TNBC
has largely been unknown so far, we designed a panel
of 82-membrane marker antibody panel using Abseq
platform by reference of previous NK cell phenotype
research as well as other research adopting high-dimen-
sional analysis [25-27]. Also, considering that CD56
(NCAM1) may encompass most NK lineages and cell iso-
lation challenges in tissue specimen, we adopted CD56+
(NCAM1+) microbeads for NK cell sorting. For secreting
proteomics, the primary goal was to profile 32 cytokines
at a single-cell level for NK cell subset of interest after
analysis of single-cell membrane proteomics.

Isolated cells were labeled with Single-Cell Multiplex-
ing Kit (# 633781, BD Biosciences) as well as BD AbSeq
Ab-Oligos for 2 h, following the manufacturer manual,
with antibodies shown in Supplementary Table 1. NK
cells were isolated and cryopreserved for single-cell
secreting proteomics. Cell samples were thawed and
cultured in a complete RPMI medium (Fisher Scien-
tific) at a density of 1*10° cells/mL, and viable cells were
purified as noted above. Cell subclusters of interest
(SELL+NK cells and TNFRSF7 +NK cells in single-cell
suspensions of tumor tissue) were isolated with SELL
microbeads (#130-091-758, Miltenyi Biotec) as well as
TNEFRSF7 + microbeads (#130-051-601, Miltenyi Biotec)
as positive selection and resuspended in complete RPMI
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media. The cell suspension was loaded onto an IsoCode
Chip (IsoPlexis) and incubated at 37 °C, 5% CO2 for 16 to
24 h. Secreted proteins from 1000 to 2000 cells were cap-
tured by 32-plex antibody barcoded chip (Supplemen-
tary Table 2) and computed with backend fluorescence
ELISA-based assay [28, 29].

Single-cell data analysis

Data cleansing and auto-clustering were performed with
the “Seurat” package on R (version 4.3.1) Statistics. Cells
without any barcoded antibody and any antibody cover-
ing < 50 cells were excluded from the analysis. Dimension
reduction was first carried out with principal component
analysis (PCA) and then with Uniform Manifold Approx-
imation and Projection (UMAP) to offer unsupervised
auto-clustering of single cells. PCA was carried out using
all available protein antibodies for analysis. In single-cell
membrane proteomics, 13 components were applied for
the UMAP plot in each analysis, with a resolution set as
0.3. In single-cell secreting analysis, 11 components of
principle components were applied for the UMAP plot,
with a resolution set as 0.1. Default-parameter “FindAll-
Markers” embedding was adopted for marker identifica-
tion in any specific cluster with a 0.25 difference from all
other clusters and the threshold for cell proportion was
set at 0.25. Global scaling was performed prior to log
transformation and centering from counts of barcoded
antibodies found by sequencing or illuminant secreting
index. Annotation of single-cell membrane proteomics-
defined cluster was performed by referencing Cellmarker
(version 2.0) [30].

Statistical calculation

Data related to grouping and cell counts were analyzed
using non-parametric tests, including Wilcoxon signed-
rank test for continuous variables and McNemar test
for categorical variables. To calculate associated risk
factors of progression-free survival (PFS) rate in the
18-month follow-up, Kaplan-Meier analytic protocols
were adopted. Univariate followed by multivariate Cox
proportional hazard test was applied for comparison of
differences in PFS rate in comparable groups. Cell clus-
ters in each patient were calculated as proportions that
entered survival analysis. Patient grouping was delineated
by median cell cluster proportions of these patients, and
“XX_low” was illustrated as patients with this cluster pro-
portion lower than median. Both single-cell membrane
proteomics of NK cells and secreting proteomics were
calculated by grouping of median proportion. Then, fac-
tors significant in univariate analysis entered multivariate
Cox models with an aim to adjust for clinicopathological
variables. The hazard ratio (95% confidence interval, CI)
was reported for each variable which was visualized as
forest plots.
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