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Abstract
Tumor-infiltrating lymphocytes are considered clinically beneficial in breast cancer, but the significance of natural 
killer (NK) cells is less well characterized. As increasing evidence has demonstrated that the spatial organization of 
immune cells in tumor microenvironments is a significant parameter for impacting disease progression as well as 
therapeutic responses, an improved understanding of tumor-infiltrating NK cells and their location within tumor 
contextures is needed to improve the design of effective NK cell-based therapies. In this study, we developed 
a multiplex immunohistochemistry (mIHC) antibody panel designed to quantitatively interrogate leukocyte 
lineages, focusing on NK cells and their phenotypes, in two independent breast cancer patient cohorts (n = 26 
and n = 30). Owing to the clinical evidence supporting a significant role for NK cells in HER2+ breast cancer in 
mediating responses to Trastuzumab, we further evaluated HER2- and HER2+ specimens separately. Consistent 
with literature, we found that CD3+ T cells were the dominant leukocyte subset across breast cancer specimens. In 
comparison, NK cells, identified by CD56 or NKp46 expression, were scarce in all specimens with low granzyme B 
expression indicating reduced cytotoxic functionality. Whereas NK cell density and phenotype did not appear to 
be influenced by HER2 status, spatial analysis revealed distinct NK cells phenotypes regarding their proximity to 
neoplastic tumor cells that associated with HER2 status. Spatial cellular neighborhood analysis revealed multiple 
unique neighborhood compositions surrounding NK cells, where NK cells from HER2- tumors were more frequently 
found proximal to neoplastic tumor cells, whereas NK cells from HER2+ tumors were instead more frequently found 
proximal to CD3+ T cells. This study establishes the utility of quantitative mIHC to evaluate NK cells at the single-cell 
spatial proteomics level and illustrates how spatial characteristics of NK cell neighborhoods vary within the context 
of HER2- and HER2+ breast cancers.
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Introduction
Breast cancer is the most common cancer in women, and 
although survival rates have improved, it remains a lead-
ing cause of death [1]. Based on their molecular classifi-
cation, breast cancer subtypes are largely segregated into 
basal-like, luminal A, luminal B, normal-like, and HER2+ 
breast cancer subtypes and guide therapeutic decisions 
[2]; however, even within subtypes, high heterogeneity 
is recognized. Tumor-infiltrating lymphocytes are gener-
ally accepted to be important for favorable therapeutic 
responses, but the significance of natural killer (NK) cells 
in breast cancer is less well characterized [3]. NK cells 
are cytotoxic leukocytes that can impact neoplastic cells 
through an extensive array of cell surface receptors, with 
one of the most potent activating receptors being CD16A 
(FcγRIIIA), which binds immunoglobulins and immune 
complexes, as well as tumor-targeting antibodies that 
induce tumor cell killing through antibody-dependent 
cellular cytotoxicity (ADCC) [4, 5]. In addition to their 
cytotoxic capabilities, NK cells release proinflammatory 
cytokines and chemokines to activate and recruit other 
immune cell types, including dendritic cells and macro-
phages [6, 7].

NK cell abundance and functional status are positively 
correlated with improved clinical outcomes in several 
solid tumor types, supporting the tenet that NK cells 
are critical for tumor control despite their relatively low 
frequency (reviewed in [8, 9]). In experimental mouse 
models of HER2+ breast cancer, NK cells were reported 
to significantly contribute to the efficacy of the anti-
HER2 antibody Trastuzumab by mediating ADCC [10, 
11]. Indirect evidence further supports that NK cells also 
contribute to the efficacy of Trastuzumab in patients 
with HER2+ breast cancer, as demonstrated by increased 
tumor-infiltrating NK cells following Trastuzumab ther-
apy [12–14].

Due to their cytotoxic potential and high safety profile, 
NK cells are promising candidates for adoptive cell ther-
apy [15]. However, tumor-infiltrating NK cells are fre-
quently described as dysfunctional, which might underlie 
the limited success of adoptive NK cell therapy in breast 
cancer [16]. NK cell effector functions can be inhibited 
by neoplastic tumor cells through the downregulation of 
activating ligands and the expression of inhibitory ligands 
such as HLA class I [17]. Moreover, the immunosuppres-
sive tumor microenvironment (TME) is known to nega-
tively affect NK cells via various mechanisms, including 
immunosuppressive cytokines and hypoxic conditions 
[18]. Hypoxia is frequently present in solid tumors 
and has been reported in 50% of breast cancer patients 
[19]. Compared with blood, tumor-infiltrating NK cells 
express low levels of activating receptors and have low 
cytotoxic potential, indicating that these alterations could 
be TME-mediated [20, 21].

Strategies to enhance NK cell anti-tumor responses 
include cytokine activation and NK cell-engaging mol-
ecules directed against inhibitory checkpoint molecules 
to prevent NK cell inactivation or designed to stimulate 
NK cell activation and ADCC [15]. The combination of 
anti-HER2 targeting therapy e.g., Trastuzumab, with 
NK cell-based therapy could be an approach to increase 
NK cell activity in HER2+ breast cancer [22]. In addition 
to enhancing NK cell potency, it is therefore crucial to 
understand immune cell spatial parameters the TMEs, 
including distribution of endogenous NK cells and their 
interactions with neoplastic tumor cells, as well as other 
tumor-infiltrating leukocytes. Cellular and spatial het-
erogeneity has been linked to clinical outcomes in breast 
cancer; spatial organization of immune cells within the 
TME of triple-negative breast cancers (assessed by mul-
tiplexed ion beam imaging by time-of-flight, MIBI-TOF), 
was linked to overall patient survival [23, 24]. More-
over, using multiplex immunohistochemistry [25, 26], 
we reported functional immune contextual changes in 
paired-biopsies following adjuvant therapy in polyclonal 
breast cancer metastases revealing the impact of therapy 
linked to organ-specific leukocyte heterogeneity and dis-
tribution [27]. However, little is known regarding infiltra-
tion and distribution of NK cells within heterogeneous 
breast cancer TMEs. Common to the above-described 
studies evaluating NK cells in human breast cancer, flow 
cytometry and standard single-color immunohistochem-
istry (IHC) have been utilized for leukocyte quantitation, 
but have not reported contexture of NK cell neighbor-
hoods or their NK cell functional state. Herein, to fill in 
these gaps, we utilized multiplex IHC (mIHC) method-
ology to reveal in situ phenotyping and spatial architec-
tures of diverse NK cell neighborhoods [28] utilizing a 
novel panel of antibodies to quantify leukocyte lineages, 
including deep-auditing NK cells and their phenotypes, 
as well as their spatial architecture in human HER2− and 
HER2+ breast cancers to improve strategies for NK cell-
based therapy.

Materials and methods
Clinical samples
Cohort 1: Breast cancer tissue was obtained from Duke 
University, Durham, USA, and shipped to Oregon Health 
& Science University (OHSU), Portland OR, USA. The 
study protocol was approved by the IRB of Duke Uni-
versity (Durham, NC USA) ethics committee as appro-
priate (Pro00034242). Informed consent was obtained 
from all human subjects included in this study. Cohort 
2: Breast cancer tissue was obtained by Maastricht Uni-
versity Medical Center+, Maastricht, The Netherlands. 
The collection, storage, and use of tissue and patient data 
were performed in agreement with the “Code for Proper 
Secondary Use of Human Tissue in the Netherlands” 
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and approved by the local ethics committee (METC 
2019 − 1154). The clinical characteristics of both cohorts 
are shown in Supplementary Table S2.

Multiplex immunohistochemistry and image acquisition
Multiplex immunohistochemistry (mIHC) was per-
formed as previously described [25, 26]. Briefly, formalin-
fixed, paraffin-embedded (FFPE) tissue sections (5  μm) 
were baked in a 60 °C heat chamber for 30 min, deparaf-
finized in xylene and rehydrated in serially graded etha-
nol and placed in water. After deparaffinization, the slides 
were fixed in 10% neutral buffered formalin for 30  min 
and subsequently washed twice in PBS to prevent tissue 
from falling of the slides [29].  Tissue slides were coun-
terstained with hematoxylin (Dako, S3301) for 1  min at 
room temperature (RT), washed in water, and mounted 
with 1X TBST buffer (Boston Bioproducts, IBB-181R) 
before coverslips (Thermo Scientific, 12460  S) were 
placed on the slides. Slides were scanned using the whole 
slide digital scanner Aperio ImageScope AT (Leica Bio-
systems) at 20X magnification. Coverslips were removed 
by placing slides in TBST for a few minutes with agita-
tion. For heat-mediated antigen retrieval, slides were 
placed in 1X EDTA Decloaker (Biocare Medical, CB917) 
in a pressure cooker for 15–20  min at 115  °C for stain-
ing cycles 1 and 3, and slides were placed in 1X citrate 
buffer, pH 6.0 (Biogenex Laboratories, HK080) for 20 min 
at 95  °C for the other staining cycles (Supplementary 
Table S1). After antigen retrieval and washing in water 
and TBST, slides were incubated with dual endogenous 
peroxidase block (Dako, S2003) for 10 min at RT. Protein 
blocking was performed with 5% normal goat serum and 
2.5% BSA in PBS for 10 min at RT. Slides were incubated 
with the primary antibody for 30–60 min at RT or over-
night at 4  °C. After slides were washed, they were incu-
bated with the secondary antibody Histofine Simple Stain 
MAX PO horseradish peroxidase-conjugated polymer 
(Nichirei Biosciences, 414134–414144  F) for 30  min at 
RT in all staining rounds, except cycle 3 round 2 where 
slides were incubated for 60  min at RT with histofine. 
Information on antibodies and staining conditions is 
listed in Supplementary Table S1. Chromogenic signal 
detection was performed with AEC substrate kit, Per-
oxidase (Vector Laboratories, SK-4200) for all antibod-
ies, except the anti-PD-1 antibody that was detected with 
AMEC Red Substrate, Peroxidase (Vector Laboratories, 
SK-4285). Slides were scanned using the whole slide digi-
tal scanner and coverslips were removed, as described 
above. AEC or AMEC were removed by placing the slides 
in serially graded ethanol. For cycles with two rounds of 
antibody development, horseradish peroxidase was inac-
tivated by incubation with dual endogenous peroxidase 
block (Dako, S2003) for 10  min at RT. Protein blocking 
was repeated before each following antibody was added. 

For the following cycles, the same steps from antigen 
retrieval to slide scanning were performed as described 
above. Heat-mediated antigen retrieval stripped the anti-
bodies from the previous staining cycle. Human tonsil 
and spleen were used as controls in all staining cycles and 
a representative visualization of each antibody is shown 
in Supplementary Figure S1.

ROI selection and image processing
In cohort 1, tissue area was limited and all intact regions 
were captured in 1–6 regions of interest (ROIs). In cohort 
2, 4–13 ROIs with lymphoid aggregates, tumor-sparse 
areas and tumor-dense areas were selected. When tissue 
size allowed, several ROIs with a minimum of 0.8 mm2 
were selected to reflect tissue heterogeneity. For each 
specimen, the sum of the ROIs was used for subsequent 
calculations. Image co-registration and processing were 
performed as previously described [25, 30]. Cell percent-
ages of immune cell lineages, presented in Fig.  1, were 
quantified via image cytometry gating strategies (Supple-
mentary Figure S2).

Cellular neighborhood clustering analysis
A cellular neighborhood clustering analysis was per-
formed, following steps similar to those previously 
described [31]. Briefly, we identified all cells, excluding 
“other nucleated cells”, within a given distance threshold 
for every given seed cell phenotype across the dataset. In 
this study, we set the distance threshold to 60 μm and set 
the seed cell phenotype to be all NK cells. After comput-
ing the neighboring cells for each NK cell in the dataset, 
we then performed K-means clustering on the neighbor-
hoods, using the normalized composition of cells com-
prising the neighborhoods as the features on which to 
cluster. The elbow method was used to determine the 
optimal number of clusters to generate clusters of neigh-
borhoods, all of which possess similar cellular composi-
tions surrounding NK cells.

Statistical analysis
Mann-Whitney-U tests were used to determine statisti-
cally significant differences for comparisons between two 
groups, and Benjamini-Hochberg correction was used to 
account for multiple hypothesis testing. Kruskal-Wallis 
tests were used to determine statistically significant dif-
ferences for comparisons between multiple groups and 
p-values were adjusted for multiple comparisons via 
Dunn’s adjustment. p-values < 0.05 were considered sta-
tistically significant and are reported as * p < 0.05 and ** 
p < 0.01. Spearman correlation coefficient was used to 
determine correlations of cell densities. Statistical analy-
sis was performed using GraphPad software (version 
9.2.0).
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Fig. 1 Overview of identified cell types and human breast cancer specimens. (A) Cell types and corresponding markers that were used to identify the 
cell types. (B) Breast cancer cohorts evaluated in this study. HER2 status was assessed by IHC (cohort 1) or FISH (cohort 2). (C) Example images of H&E sec-
tions, CD45, and PanCK staining with the selected ROIs represented by the green boxes. Depending on tissue size, 1–6 ROI per specimen were analyzed 
in cohort 1, and 1–11 ROI per specimen were analyzed in cohort 2. In all images, scale bar = 1.0 mm. H&E = hematoxylin and eosin, ROI = region of interest
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Fig. 2 (See legend on next page.)
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Results
Immune cell context in human breast cancer specimens
To identify NK cells and their phenotypes in human 
breast cancer, we used a previously validated mIHC plat-
form and antibody panels designed to elaborate leuko-
cyte lineages, including the presence and effector status 
of NK cells. A single FFPE tumor section per patient was 
sequentially stained with the mIHC panel, consisting of 
20 well-validated antibodies (Suppl. Table S1). Chromo-
genic detection of antibodies in their respective cycles in 
the mIHC panel is shown in Suppl. Figure S1. Scanned 
images were quantitatively analyzed by image cytometry 
and identified cell types, alongside their functional bio-
markers, are depicted (Fig. 1A, Suppl. Figure S2) [25, 26].

Based on the evidence for NK cells in HER2+ breast 
cancer [10–14], we profiled NK cells in HER2- and 
HER2+ tumor specimens from two independent patient 
cohorts, presented as cohort 1 consisting of both HER2- 
and HER2+ specimens classified by standard IHC, and 
cohort 2 comprising solely HER2+ therapy-naive breast 
cancer specimens, classified as HER2-amplified by FISH 
during diagnostic procedures (Fig. 1B). Patient character-
istics of both cohorts are provided in Suppl. Table S2. We 
analyzed regions of interest (ROI) in tumor tissue areas 
that remained after all staining cycles were completed, 
and due to tissue availability, more ROIs were analyzed in 
cohort 2 (Fig. 1C, Suppl. Table S3). On average 12.5 mm2 
per tumor specimens were available for analysis in cohort 
1, whereas 38.7 mm2 per tumor specimens were available 
for analysis in cohort 2, including areas with high leuko-
cyte density potentially reflecting lymphoid aggregates 
(Fig. 1B-C).

We first evaluated CD45+ leukocytes, pan-cytokeratin 
(PanCK)+ epithelial cells and other nucleated cell densi-
ties. In cohort 1, the most abundant cells in HER2- speci-
mens reflected PanCK+ epithelial cells, as compared to 
the median of HER2+ specimens, where PanCK+ epi-
thelial cells represented comparable density to other 
nucleated cells (Fig.  2A). Variability in cell density was 
observed between specimens and ROIs, and no signifi-
cant difference was found between HER2- and HER2+ 
specimens from cohort 1 (Fig. 2A, Suppl. Figure S3A-B). 

In cohort 2, comprising HER2+ specimens, CD45+ leuko-
cytes were abundantly present, with a median cell density 
comparable to PanCK+ epithelial cells (Fig.  2A, Suppl. 
Figure S4A-B). A greater leukocyte density was observed 
in cohort 2 compared to both groups in cohort 1 likely 
due to differences in the tissue areas available for analysis 
(Figs. 1C and 2A) or due to variations in specimen acqui-
sition at different collection sites.

Paucity of NK cells in breast cancer specimens independent 
of HER2 status
We next investigated general leukocyte subset heteroge-
neity by quantifying the densities of T cells (CD45+ CD3+ 
cells), myeloid cells (CD45+ CD3- CD56- NKp46- cells, 
identified by CD11b, CD68 or CD11c), other CD45+ cells, 
as well as total NK cells (CD3- CD56+ NKp46- cells, CD3- 
CD56+ NKp46+ cells, and CD3- CD56- NKp46+ cells). 
Intra- and intertumoral heterogeneity was observed, 
and NK cells were present in low abundance (Fig.  2B, 
Suppl. Figure S3C-D). CD3+ T cells represented the most 
abundant immune subset in both the HER2- and HER2+ 
specimens in cohort 1, followed by other CD45+ cells 
and myeloid cells with no significant differences between 
HER2- and HER2+ disease in any of the evaluated cell 
populations (Fig. 2B, Suppl. Figure S3C-D). In cohort 2, 
CD3+ T cells remained the densest immune cell popula-
tion (Fig. 2B, Suppl. Figure S4C-D), consistent with pre-
viously published immune cell compositions in breast 
cancer cohorts [32, 33]. Further subset analysis within 
CD3+ T cells revealed that CD4+ and CD8+ T cell subsets 
were found at comparable cell densities within both the 
HER2- and HER2+ specimens in cohort 1 (Fig.  2C). As 
for total CD3+ T cells, cell densities of CD4+ and CD8+ 
T cell subsets were greater in cohort 2 than in cohort 1, 
but CD4+ and CD8+ T cell densities were found at com-
parable ratios, which was consistent with the findings in 
cohort 1 (Fig. 2C). Within the myeloid cell fraction, the 
antibody panel allowed identification of CD11b- CD11c+ 
and CD11b+ CD11b- dendritic cells, CD11b+ CD68+ or 
CD11b- CD68+ myelomonocytic cells, and other CD11b+ 
cells, such as granulocytes; the myeloid subsets revealed 

(See figure on previous page.)
Fig. 2 Immune cell contexture in HER2- vs. HER2+ breast cancer specimens. (A) Cell densities (cells/mm2) of CD45+ leukocytes, PanCK+ epithelial cells, 
and other nucleated cells in cohort 1 (HER2- & HER2+) and in cohort 2 (HER2+). (B) Leukocyte densities of CD3+ T cells, NK cells (CD3- CD56+ NKp46- cells, 
CD3- CD56+ NKp46+ cells, and CD3- CD56- NKp46+ cells), myeloid cells (comprising the five cell types detailed in D) and other CD45+ leukocytes. (C) CD8+ 
and CD4+ T cell densities (left) and their ratio (right). (D) Dendritic cells (CD11b+ CD11c+ cells, CD11b- CD11c+ cells), myelomonocytic cells (CD11b+ CD68+ 
cells, CD11b- CD68+ cells), and other CD11b+ myeloid cells. Kruskal-Wallis test with Dunn correction was used to determine differences in cell population 
densities in the three specimen groups. Bars indicate the mean ± SEM per cell population. Statistical significance between cohort 2 and both groups of 
cohort 1. (E) Pseudocolored image of one HER2+ specimen (cohort 2) with a comparatively high density of NK cells, identified by either NKp46 or CD56 
(upper panels). Density of CD3+ T cells and CD11b+ myeloid cells of the same region in lower panels, together with PanCK+ epithelial cells and nuclear 
stain (Hematoxylin) in both images. Scale bars are 50 μm. (F) NK cell densities with one dot representing one tumor specimen. Per specimen, the sum of 
1–11 ROIs per mm2 was calculated. G-H) One dot represents one tumor specimen. Those with < 20 events are indicated by cyan color. In one specimen 
(open circle), no NK cells were detected. Sum of NK cell events from all analyzed ROIs (G). Expression of NK cell markers as % of total NK cells (H). I) Image 
with a CD56+ NKp46- NK cell, CD56- NKp46+ NK cells, and CD56+ NKp46+ double-positive NK cells, scale bar = 50 μm (left). The three identified NK cell 
subpopulations are depicted as % of total NK cells (right)
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neither significant differences between HER2- and HER2+ 
specimens in cohort 1, nor between cohorts (Fig. 2D).

The NK cell density in comparison with that of CD3+ 
T cells and CD11b+ myeloid cells is illustrated in Fig. 2E. 
The NK cell density ranged from 0 to 16 NK cells/mm2 
in HER2- specimens and 0–53 NK cells/mm2 in HER2+ 
specimens of cohort 1 (median of 8 NK cells/mm2 in both 
groups, Fig. 2F, Suppl. Figure S3C-D). The cell densities of 
NK cells in HER2+ specimens were comparable in cohort 
2, where we detected 0–68 NK cells/mm2 (median of 6.6 
NK cells/mm2, Fig.  2F, Suppl. Figure S4C-D). NK cell 
presence was thus not associated with HER2 status, nor 
with other known tumor characteristics (tumor grade, 
lymph node status, hormone receptors ER and PR), neo-
adjuvant treatment status, or CD3+ or myeloid cell densi-
ties (Suppl. Table S4).

NK cells lack indicators of cytotoxicity
We next evaluated the NK cell phenotype and functional 
status in HER2- and HER2+ specimens. Notably, the NK 
cell events were extremely low in some specimens, where 
the sum of total NK cell events from the three NK cell 
subsets and from all ROIs per specimen was less than 
20 events in seven of the 18 specimens in cohort 1, and 
in three of the 30 specimens in cohort 2 (Fig. 2G). Thus, 
specimens with fewer than 20 events are indicated with a 
different color, demonstrating that they did not skew the 
NK cell phenotype data (Fig. 2H).

Among the assessed activating receptors and functional 
markers, CD16 (FcγRIIIA) was prominently expressed, 
although widespread CD16 expression was detected 
(2–88% of NK cells). The activating receptor NKG2D, the 
maturation marker CD57, and the functional markers 
Granzyme B (GRZB) and Ki67 were expressed but in a 
lower frequency of NK cells (average of 0–14%), indicat-
ing that tumor-infiltrating NK cells were neither highly 
cytotoxic nor strongly proliferative. To test whether low 
GRZB levels correlated with functional exhaustion, we 
examined NK cell positivity for TIM-3 and PD-1. Few NK 
cells expressed either TIM-3 (14–20%), or PD-1 (0–23% 
PD-1+ NK cells), independent of HER2 status in the two 
cohorts (Fig. 2H). Overall, these results indicate that NK 
cells in breast cancer display a rather mature (CD16+), 
but not terminally-differentiated nor exhausted phe-
notype combined with low GRZB and Ki67 expression, 
indicating a non-cytotoxic/proliferative profile. Of note, 
we observed no distinction between HER2- and HER2+ 
specimens for any of the evaluated biomarkers.

The majority of NK cells in the tumor stroma were 
identified as CD56- NKp46+ NK cells
NK cells are frequently identified as CD3- CD56+ or 
NKp46+ cells owing to the majority of NK cells in the 
periphery expressing both CD56 (NCAM1) and the 

activating receptor NKp46. However, neither is sufficient 
alone to identify NK cells, as CD56- and NKp46- NK cell 
subsets have been reported [34–38]. To capture a major-
ity of NK cells, we used both CD56 and NKp46 and 
identified CD56+ NKp46-, CD56- NKp46+, and CD56+ 
NKP46+ NK cells. All three NK cell populations were 
found in the three specimen groups with CD56- NKp46+ 
NK cells being the most abundant population (Fig.  2I). 
Interestingly, highly similar distributions of NK cell frac-
tions were detected in both HER2+ specimen groups: A 
trend towards a larger fraction of CD56+ NKp46- NK 
cells observed in HER2+ specimens of both cohorts com-
pared to HER2- specimens of cohort 1, indicating that the 
CD56+ NKp46- NK cell subset tended to correlate with 
HER2 status rather than with the cohorts. Further analy-
sis for the three NK cell subsets was not performed due 
to low NK cell counts (Fig. 2G).

Single-cell spatial organization of NK cells revealed distinct 
NK cell phenotypes associated with proximity to neoplastic 
tumor cells and HER2 status
Although NK cells were found in low numbers in most 
tumor specimens, we observed that some NK cells infil-
trated tumor nests, whereas other NK cells were more 
distal to neoplastic tumor cells, which were surrounded 
by other cells in the TME. An example of a tumor speci-
men with high NK cell counts illustrates that NK cells are 
distributed throughout the depicted ROI (Fig. 3A).

Since NK cells were found within PanCK+ tumor nests, 
as well as distal to PanCK+ cells, we further examined 
their spatial distribution and asked how NK cells inside 
or outside tumor nests differ. For this spatial analysis, 
total NK cells (CD3- CD56+ NKp46- cells, CD3- CD56+ 
NKp46+ cells, and CD3- CD56- NKp46+ cells) from all 
patients, and of both cohorts were analyzed on a sin-
gle cell level. As PanCK+ neoplastic epithelial cells can 
negatively affect NK cells, we first investigated whether 
proximity of the PanCK+ cells to NK cells affects NK cell 
phenotypes. Given that NK cells are 5–10  μm and that 
breast cancer cells can reach ~ 30  μm, we considered 
a 20  μm distance for PanCK+ cells to interact with NK 
cells and grouped them based on presence or absence 
of PanCK+ cells within the set distance of 20 μm. Thus, 
NK cells were placed into the “proximal” (< 20 μm) group 
when at least one PanCK+ cell was located within a radius 
of 20 μm from its cell nucleus. NK cells were placed into 
the “distal” (> 20  μm) group when no PanCK+ cell was 
present within the 20 μm radius.

NK cells were detected in both spatial groups (proximal 
and distal) in a majority of specimens, further illustrat-
ing that not all NK cells were located outside neoplas-
tic tumor nests but that a proportion of NK cells were 
located in close proximity to PanCK+ neoplastic epithe-
lial cells (Suppl. Figure S5A-C). We found that NK cells 
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Fig. 3 Single cell analysis of NK cells results in distinct phenotypes related to the proximity to tumor cells and HER2 status. A) Scatterplot of a specimen 
with, compared to other analyzed specimens, high density of NK cells, identified by either NKp46 or CD56 (left). Pseudocolored image in higher magnifi-
cation with NK cells, PanCK+ cells and nuclei (Hematoxylin) with yellow arrows highlighting NK cells in tumor nests; scale bar = 50 μm (right). B-D) Single 
cell distance analysis: Each NK cell from all specimens was placed into either of the two distance groups, based on the distance threshold (20 μm) of each 
NK cell from PanCK+ cells. Expression of phenotypic and functional markers of all NK cells, grouped as close (< 20 μm) and far (> 20 μm) from PanCK+ cells 
(B). Those markers that were significantly different in (B) were split into HER2- specimens (C) and HER2+ specimens (D). One dot represents one specimen 
and the % is calculated of the sum of ROIs per specimen. Boxes represent Q1-Q3 with the line showing the mean and whiskers the smallest and largest 
data point within the quartile range
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Fig. 4 (See legend on next page.)
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close to PanCK+ cells tended to be Ki67+, reflecting their 
proliferative status, and expressed the checkpoint mol-
ecule PD-1, but fewer expressed TIM-3 (Fig. 3B).

We next questioned whether differences in expression 
of functional indicators on NK cells proximal or distal to 
PanCK+ cells related to HER2 status. We split NK cells 
based on HER2 status of the original specimen where NK 
cells were identified and assessed the functional status 
of the two NK cell spatial groups (proximal and distal) 
separately. Interestingly, increased numbers of NK cells 
expressing both Ki67 and PD-1 proximal to PanCK+ cells 
were observed in HER2+ specimens (Fig.  3C-D). More-
over, an increased density of NK cells expressing TIM-3 
was observed in cells distal to PanCK+ cells in HER2- 
specimens, whereas the difference trended in HER2+ 
specimens (Fig. 3C-D). Although the modest sample size 
for the HER2- group limited definitive conclusion, these 
findings do reveal that NK cells localizing inside and out-
side tumor nests are phenotypically distinct, and may be 
additionally related to HER2 status. To further investigate 
the impact of proximal neoplastic tumor cells to NK cells, 
we subsequently interrogated the neoplastic tumor cell 
phenotype and leukocyte composition correlating with 
spatial proximity to NK cells.

PanCK+ neoplastic cells exhibit extensive heterogeneity 
and retain high HLA class I expression when in close 
proximity to NK cells
Because the phenotype of PanCK+ neoplastic cells may 
influence susceptibility to NK cell-mediated killing, we 
evaluated HLA class I expression as a major inhibitory 
ligand for NK cells, cell proliferation (Ki67), the immune 
checkpoint ligand PD-L1 and hypoxia (carbonic anhy-
drase IX, CAIX) on PanCK+ neoplastic cells (Fig. 4A). We 
observed large variations in HLA-I expression between 
the individual tumor specimens in all three specimen 
groups, with slightly increased HLA class I-positive 
PanCK+ cells in HER2+ specimens (Fig. 4A-B). Prolifera-
tion of PanCK+ neoplastic cells was observed in a small 
fraction of cells in HER2- specimens (average of 6%). In 
comparison, higher densities of Ki67+ neoplastic cells 
were observed in both HER2+ groups (average of 14% 
cohort 1 and 25% cohort 2), but without significant differ-
ences between HER2- and HER2+ specimens in cohort 1. 
The percentage of CAIX+ neoplastic cells varied between 
specimens, and hypoxic areas were detected in a major-
ity of specimens, independent of HER2 status. PD-L1 

expression was not observed on the PanCK+ cells in any 
of the conditions, indicating that the PD-1+ NK cells are 
likely not inhibited through epithelial PD-L1 (Fig. 4A).

Since close contact between NK cells and their target 
cells is crucial for NK cell-mediated killing, we subse-
quently asked how tumor cell phenotypes differed with 
regards to NK cell proximity (Fig.  4C). Using the same 
distance threshold of 20 μm as for NK cells, each single 
PanCK+ tumor cell was placed either in the “proximal” 
(< 20  μm) group when at least one NK cell was located 
within a 20 μm radius, or they were placed in the “distal” 
(> 20  μm) group when no NK cells were within 20  μm. 
Although HLA-I expression was highly heterogenous in 
both groups, the analysis revealed a significantly higher 
percentage of HLA-I expressing PanCK+ cells proximal 
to NK cells (Fig.  4C). The expression of Ki67, PD-L1, 
and CAIX-positive cells was not significantly different 
between neoplastic tumor cells proximal or distal to NK 
cells.

Based on the observations of increased presence of 
HLA class I-expressing cells in HER2+ specimens, and 
that these tended to be proximally located to NK cells, 
we evaluated the difference in HLA-I+ cells to NK cells 
based on HER2 status directly. The number of HLA-I+ 
neoplastic cells proximal to NK cells tended to increase 
in HER2- specimens (Fig. 4D) but was significantly higher 
in HER2+ specimens (Fig.  4E). Although a larger frac-
tion of PanCK+ neoplastic cells expressed HLA-I within 
the HER2+ cohort, neoplastic cells close to NK cells 
expressed HLA-I in higher fractions in both cohorts. 
These results indicate that HLA-I expression on neoplas-
tic tumor cells is related to spatial proximity of NK cells, 
and may be impacted by HER2 status. As HLA-I mole-
cules are major inhibitory ligands for NK cells, our find-
ing of HLA-I+ tumor cells close to NK cells supports that 
HLA-I expression may be a mechanism by which breast 
cancer cells escape NK cell-mediated killing.

NK cells reside in distinct spatial cellular neighborhoods, 
which are associated with HER2 biology
Having analyzed the pairwise interactions between NK 
cells and neoplastic epithelial cells, we sought to iden-
tify cells surrounding NK cells beyond 20 μm, to include 
neoplastic cells as well as other leukocyte subsets. Thus, 
we performed a cellular neighborhood analysis and set 
the distance threshold to 60  μm allowing for inclusion 
of cells close enough to directly touch NK cells, and also 

(See figure on previous page.)
Fig. 4 Single-cell analysis of neoplastic PanCK+ epithelial cells illustrate heterogeneity and high HLA class I expression close to NK cells. (A) Expression 
of phenotypic markers on PanCK+ cells. (B) Pseudocolored images showing two examples with heterogeneous staining patterns of HLA class I, Ki67, 
and CAIX in combination with nuclear staining (Hematoxylin). Higher magnification is displayed on the right without PanCK. Scale bars = 100 μm. C-E) 
Distance analysis: PanCK+ cells were placed into either of the two groups based on the distance threshold (20 μm) of each PanCK+ cells from NK cells. 
Expression of phenotypic markers of all PanCK+ cells, grouped as proximal (< 20 μm) or distal (> 20 μm) from NK cells (C). Significantly different HLA-I 
expression was split into HER2- specimens (D) and HER2+ specimens (E). One dot represents one specimen and the % is calculated as sum of ROIs per 
specimen. Boxes represent Q1-Q3 with the line showing the mean and whiskers the smallest and largest data point
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Fig. 5 (See legend on next page.)
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accounting for neighboring cells interacting with NK 
cells through cytokine signaling (Fig.  5A) [39, 40]. All 
NK cells, identified by either CD56 or NKp46 expression, 
were considered for this analysis. Any NK cell that did 
not have a neighbor within the distance threshold was 
removed from downstream analyses. After the cellular 
neighborhoods were calculated, k-means clustering was 
used to group the neighborhoods into five clusters, each 
with unique cellular compositions (Fig. 5B). On average, 
neighborhoods assigned to cluster 1 and cluster 2 con-
sisted mainly of T cells; cluster 1 neighborhoods were 
dominated by CD8+ T cells (representing ~ 50% of the 
cellular makeup), whereas cluster 2 neighborhoods were 
characterized by a majority of CD4+ T cells as neighbor-
ing cells. Cluster 3 neighborhoods were mainly defined 
by other CD45+ leukocytes, not further characterized in 
this study. Neighborhoods in clusters 4 and 5 were pre-
dominantly PanCK+ neoplastic cells, although differing in 
proportion. Cluster 4 neighborhoods represented a mix-
ture of neoplastic tumor cells and immune cell subsets, 
whereas Cluster 5 neighborhoods contained the largest 
proportion of neoplastic tumor cells (> 80% of neighbors). 
No cluster was dominated by NK cells, and NK cells were 
rarely found neighboring each other, but instead dis-
tributed across tissue regions. Despite this broad spatial 
localization of NK cells across a given region, NK cells 
localized in the T cell dominant neighborhood clusters 1 
and 2 were often found outside of tumor nests, whereas 
NK cells in the tumor-immune cluster 4 were predomi-
nantly observed at the tumor-stroma border (Fig. 5C).

The distribution of neighborhood clusters revealed that 
no single cluster was dominant and that all five clusters 
were represented in comparable proportions (Suppl. Fig-
ure S7A). Moreover, most clusters were present in every 
specimen (Fig. 5D) and in every ROI (Suppl. Figure S7B), 
thus indicating that no cluster was driven by the spatial 
organization of a single tumor or region. Interestingly, 
we observed a negative correlation between the presence 
of the neoplastic tumor dominant neighborhood cluster 
5 and the T cell dominant neighborhood clusters 1 and 
2 (Fig.  5D-E). This finding indicates that NK cells are 
unlikely to have both neoplastic tumor cells and T cells as 
neighbors. Other cluster combinations did not correlate 
(data not shown). The cellular densities of NK cells were 
not strongly correlated with densities of other identified 

immune cell types (Suppl. Fig. S6), supporting the notion 
that the described neighborhood clusters are a result of 
the cellular spatial organization and that the neighbor-
hood clusters are not driven by just the mere presence of 
the identified immune cell types.

Finally, we examined whether the proportion of NK 
cells assigned to each of the neighborhood clusters varied 
between HER2− and HER2+ patients. Significant differ-
ences were observed for the CD8+ T cell dominant cluster 
1, the CD4+ T cell dominant cluster 2, and the PanCK+ 
tumor cell-dominant cluster 5 (Fig.  5F). A larger frac-
tion of NK cells was attributed to neighborhood cluster 
5 in HER2− patients than in HER2+ patients, indicating 
that NK cells in HER2− patients were more common near 
neoplastic tumor cells. In HER2+ patients, we observed 
a higher fraction of NK cells within the two T cell-dom-
inant clusters (Cluster 1 and 2), implying that the NK 
cells in HER2+ patients were more often surrounded by 
CD8+ and CD4+ T cells than were the NK cells in HER2− 
patients. As we detected a higher density of CD3+ T cells 
in cohort 2 than in cohort 1, we repeated the comparison 
of HER2 status using only cohort 1 patients and found 
the same trends (Suppl. Figure S7C), supporting the 
notion that NK cell spatial neighbors may be related to 
HER2 status.

Overall, we revealed that distinct cellular neighbor-
hoods surrounding NK cells exist in human breast can-
cer. Each neighborhood contained unique compositions, 
with NK cells localizing more frequently in the tumor-
dominant neighborhood cluster in the HER2- specimens, 
whereas NK cells localized in the two T cell-dominant 
neighborhood clusters more often in the HER2+ speci-
mens (Fig.  6). Altogether, these results suggest to con-
sider the spatial architecture of TME cells surrounding 
NK cells when planning breast cancer therapy. Based on 
our results, we further hypothesize that immunothera-
pies leveraging the coordinated anti-tumor function of 
both NK cells and T cells may be beneficial for HER2+ 
patients especially, given the spatial proximity of T cells 
to NK cells in these specimens.

Discussion
An improved understanding of NK cells and their spatial 
distribution in the TME of breast cancer can guide future 
design of successful NK cell-based immunotherapies. 

(See figure on previous page.)
Fig. 5 Cellular neighborhood clustering of NK cells. (A) Cellular neighborhood definition. A circle of 60 μm radius was drawn around each NK cell, identi-
fied by either NKp46 or CD56. The cells inside the circle were counted as neighbors of NK cells. (B) All specimens were pooled and analyzed for NK cell 
neighborhood clusters. The average cellular composition of each of the five NK cell neighborhood clusters is shown. (C) Left: Scatterplots of two speci-
mens with comparatively high NK cell counts to illustrate the distribution of the NK cell neighborhoods clusters. PanCK+ cells are shown in grey together 
with all NK cells, which are colored by the cluster they were assigned to. Right: Corresponding pseudocolored mIHC images of each NK cell neighborhood 
cluster. Scale bars = 60 μm. (D) The average proportion of each NK cell neighborhood cluster is shown for each patient, except for one patient of cohort 
1, in which no NK cells were detected. Specimens are sorted by proportions of cluster 5 and color of specimen ID represents HER2 status (HER2- in blue, 
HER2+ in red). (E) Negative correlation of the T cell dominant clusters 1 and 2 and the tumor dominant cluster 5. (F) Cellular composition of the NK cell 
neighborhood clusters for HER2- and HER2+ specimens of both cohorts
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In this study, we developed an mIHC panel focused on 
NK cells to evaluate density, phenotype and spatial orga-
nization in relation to neoplastic tumor cells and other 
tumor-infiltrating leukocytes. The mIHC methodology 
enabled quantification of immune cell populations and 
phenotypes at the single-cell level, while maintaining tis-
sue spatial architecture. In this study, CD3+ T cells were 
by far the most dominant leukocyte present in all ana-
lyzed groups with immune cell contexture largely com-
parable with the immune cell compositions reported 
previously in breast cancer by flow cytometry analysis 
[32, 33, 41].

Results herein indicate that in two breast cancer 
cohorts where HER2 status was known, NK cell density 
was not found to correlate with HER2 status, or with 
other parameters including neoadjuvant treatment or 
ER/PR status. In a different study, we did observe that 
in polyclonal metastatic breast cancer adjuvant therapy 
significantly impacts both immune contexture and state 
[27]. Based on those results, and published reports [42, 
43], we anticipate that neoadjuvant therapy similarly 
would be impactful, but based on cohort size, we were 
not able to include that parameter herein. That said, hor-
mone receptor-positive breast cancers tend to be less 
infiltrated by immune cells as compared to triple-nega-
tive and HER2+ subtypes [44]. Similarly, ER expression 
is reported to negatively correlate with NK cell presence 
where higher NK cell densities were detected in ER- 
tumors as compared to ER+ tumors [45, 46], underlining 
that association with HER2 status alone as performed 
in the present study is likely not the only tumor feature 
impacting NK cell localization in human breast cancer 
[44].

To detect NK cells, we evaluated the expression of 
CD56 and the activating receptor NKp46 and found that 
the majority of NK cells expressed both, consistent with 
a report describing that NKp46 was largely retained in 
several solid tumors [47]. The activating receptor CD16, 
generally expressed on mature CD56dim NK cells, was 
expressed on all specimens except two, but with rather 
low frequency in some. Identification of both CD16+ and 
CD16- NK cells inside tumors has been reported previ-
ously [47, 48]. Preferred recruitment of CD16- CD56bright 
NK cells to breast tissues might be one possibility for the 
observed heterogeneous CD16 expression on tumor-
infiltrating NK cells [9]. Alternatively, the receptor can be 
cleaved by metalloproteases following NK cell activation 
[49]. The heterogeneous expression of CD16 could have 
consequences for effectiveness of ADCC-mediating anti-
bodies since CD16 levels were reported to positively cor-
relate with the potency of ADCC [50]; and for therapeutic 
purposes, the underlying mechanism of heterogeneous 
CD16 expression should be unraveled. Further, NK cells 
were not terminally differentiated in this study based on 
low detection of CD57. It was reported that CD57+ NK 
cells were reduced in breast cancer tissue compared to 
peripheral blood, indicating limited homing to tumor or 
decreased survival of CD57+ tumor-infiltrating NK cells 
[51]. Moreover, NK cells in the cohorts evaluated herein 
did not abundantly express GRZB and Ki67, indicating a 
lack of cytotoxicity and proliferative capacity. Our image 
analysis approach detected GRZB expression when the 
signal was associated with the cell; GRZB could there-
fore have been released into the TME before tumor tissue 
resection. Alternatively, NK cells could be non-cytotoxic 
as a consequence of the immunosuppressive TME in 
breast cancer. Accordingly, various NK cell subsets have 

Fig. 6 NK cells reside in unique spatial niches in the tumor microenvironments of human breast cancer. Depicted are the significantly different findings 
for NK cell localization and phenotype, associated with HER2 status in this study
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been identified in recent pan-cancer RNA-sequencing 
studies, including non-cytotoxic NK cells susceptible to 
immunosuppression [52, 53]. The NKp46+ NK cells may 
also belong to the group of non-cytotoxic innate lym-
phoid cells type 1 (ILC1) [54]. The conversion of NK cells 
to ILC1 has been reported as a tumor immune evasion 
strategy, although functions of ILC1 are highly variable, 
depending on the cytokines present in the TME [54, 55]. 
Additional makers would be required to distinguish NK 
cell subsets and ILCs in our study.

Previous studies also reported that NK cells can be 
confined to tumor stroma rather than infiltrating neo-
plastic cell nests [56, 57]. We observed that NK cells 
were located either “proximal” (< 20  μm) or “distal” to 
neoplastic tumor cells (> 20  μm). Higher densities of 
proliferating and PD-1+ NK cells, and fewer expressing 
TIM-3 “proximal” to PanCK+ cells as compared to NK 
cells “distal” to PanCK+ neoplastic cells indicate the likeli-
hood that the TME shapes NK cell phenotype and spa-
tial organization. On PanCK+ neoplastic cells, we found 
not only HLA class I expression with large intertumoral 
heterogeneity, in line with previous publications [58, 59], 
but also increased presence of HLA class I-expressing 
cells close to NK cells. This finding indicates that neo-
plastic tumor cells may retain HLA class I expression 
in areas where NK cells are localized, potentially as an 
immune escape mechanism. Our observation provides 
rationale for interfering with HLA class I-mediated inhi-
bition e.g., by selecting donor NK cells lacking the cor-
responding KIR receptor for the HLA type expressed by 
breast tumors (KIR-HLA ligand mismatched NK cells). 
Alternatively, sufficient NK cell activating signals must be 
provided to overcome HLA-mediated inhibition. Given 
the low abundance of NK cells in many solid tumors, as 
observed herein, therapeutic innovations targeting NK 
cells generally include strategies to enhance NK cell num-
bers, e.g. by cytokine stimulation, ex vivo expansion, or 
strategies to enhance migration and/or survival of NK 
cells in the TME, e.g. by multispecific NK cell engag-
ers and/or genetic modification of NK cells, aiming to 
overcome TME resistance mechanisms [15, 60]. Similar 
to the heterogeneous HLA-I expression, heterogeneous 
CAIX expression indicated that hypoxia occurred in local 
areas of all tumor tissues examined. The result that NK 
cells close to neoplastic tumor cells were not associated 
with higher CAIX expression indicates that NK cells can 
infiltrate independently of hypoxia. However, NK cell 
functions are known to be influenced negatively by the 
presence of hypoxia and should therefore be considered 
for NK cell-targeting therapies [61]. PD-L1 expression 
was not detected on PanCK+ cells, in agreement with 
published data showing that PD-L1 expression on neo-
plastic tumor cells was not a prominent feature of human 
breast cancer [62, 63].

We further set out to understand the cellular spatial 
organization surrounding NK cells, beyond directly adja-
cent neoplastic tumor cells, and identified five distinct 
NK cell neighborhood clusters. Most strikingly was the 
observed negative correlation between NK cell neighbor-
hoods consisting of predominately CD3+ T cells (cluster 
1 and 2) and the neoplastic tumor neighborhood (clus-
ter 5) indicating that NK cells are predominantly sur-
rounded by neoplastic tumor cells or T cells but not both, 
thus a tumor feature in need of consideration for either 
NK cell- or other immune cell-based immune therapy. In 
breast cancers where NK cells reside close to neoplastic 
cells, this feature trended more with HER2- tumors, thus 
NK cell-engaging molecules that promote direct cyto-
toxic function (e.g. immune checkpoint blockade and 
enhancing ADCC) may be beneficial, whereas in breast 
cancers with NK cells near T cells, a potential therapeu-
tic approach could aim to stimulate cytokine production 
by NK cells to subsequently orchestrate an adaptive T 
cell-mediated immune response. Our findings support 
the conclusions by Namara et al., that reported NK cells 
mostly reside in tumor areas, while T cells predominantly 
reside in surrounding TME of treatment-naive breast 
cancer [64]. Supporting this, a study in HER2+ disease 
where patients received Trastuzumab reported that both 
NK cells and T cells are major contributors to observed 
anti-tumor responses [14]. Since NK cells and T cells are 
both cytotoxic effector cells, future studies may aim to 
interrogate the spatial distribution from the perspective 
of T cells.

In conclusion, spatial analyses reported herein reveal 
that NK cells occupy unique spatial neighborhoods in 
breast cancer microenvironments. While correlations of 
NK cell spatial organization with HER2 status are based 
upon evaluation of over 10,000 NK cells, the number of 
HER2- specimens (n = 8) in the present study was low. 
Thus, future studies will need to evaluate larger patient 
cohorts with equal group sizes to validate our current 
findings. Despite this limitation, this study provides an 
in-depth analysis of NK cells in relation to surrounding 
neoplastic tumor cells and leukocyte subsets in HER2+ 
and HER2- breast cancer. Upon additional validation in 
larger cohorts, the spatial architecture of NK cells in the 
TME may be a feature to consider for patient stratifica-
tion or for design of NK cell-targeted therapeutic innova-
tions tailored to HER2- or HER2+ breast cancer.
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