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Introduction: Soft tissue sarcomas (STS) are rare, heterogenous malignancies
with an unmet need for novel immunotherapies. Tumor infiltrating lymphocytes
(TILs) have been linked with favorable outcomes in STS patients, though the
contribution of natural killer (NK) cells and spatial relationships of TILs with MHC-
| expressing cells lacks detailed characterization.

Experimental design: Using archived and prospectively collected specimens, we
evaluated intratumoral NK cells by immunohistochemistry (IHC), flow cytometry,
and immunofluorescence (IF). We assessed spatial localization of NK and T cells
by multiplex IF, analyzing the effects of MHC-I expression status on NKand T cell
clustering.

Results: Both intratumoral NKp46 and CD56%™ expression were associated with
significantly improved overall survival (P=0.05), while higher infiltrates of
CD56bright NK cells predicted a worse prognosis (P=0.05). The presence of
intratumoral NK cells was inversely proportional to CD3* T cells. Spatial analyses
showed NK cells preferentially clustering close to other NK cells with sparse
CD3* T and CD8™" T cells in range (P<0.0001). Additionally, CD3* T and CD8* T
cells showed significantly greater co-localization with MHC-I* cells, compared
to NK cells (P<0.0001). After neoadjuvant radiotherapy, there was greater CD8
clustering, while after neoadjuvant chemotherapy, there was overall lower TIL
clustering.
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Conclusion: Intratumoral NK cells are prognostic in STS and localize closer to
MHC-I- cells than T cells. Although both NK and T cells are associated with
improved survival in STS, their differential distribution in the TME based on MHC-I
expression status may serve as a biomarker for improved immunotherapy

treatment selection.

KEYWORDS

NKp46, soft tissue sarcomas, tumor microenvironment, MHC-I, spatial localization,
natural killer cell, CD56¢m™, CD56brisnt

Introduction

Soft tissue sarcomas (STS) are a diverse family of mesenchymal
tumors with the potential for metastatic dissemination and
aggressive tumor biology (1). When metastases occur, treatment
options are limited and survival is poor, underscoring the need for
novel systemic therapies (2). Despite significant advances in
immunotherapies in recent years for many solid tumors, STS
have shown overall poor response rates to standard immune
checkpoint immunotherapies (ICI), such as PD-1, PD-L1, and
CTLA-4 blockade, in part due to their non-immunogenic, “cold”
nature, with generally sparse immune infiltration and low PD-L1
expression (3, 4).

The majority of the currently available immunotherapies such
as ICI and CAR-T cells act via T-cell-dependent pathways with the
end result to supply or reinvigorate the antitumor properties of T-
cells (5). In tumors such as STS, limited T cell infiltration is
therefore viewed as a mechanism of resistance to ICL. The
cornerstone of T cell activation occurs via the interaction of
somatically rearranged T cell receptors (TCR) with foreign
antigens presented by major histocompatibility (MHC) molecules
(6). Antigen presentation, particularly via MHC-I to cytotoxic
CD8" T cells, is therefore a critical step in both priming and
sensitizing T cells to recognize target cells such as tumors
harboring tumor-associated or tumor-specific antigens. Among
various immune evasion mechanisms, STS along with other
cancers such as melanoma, breast, colorectal, and cervical
cancers, have the propensity to downregulate tumor specific
MHC-I in order to facilitate immune escape, contributing to both
innate and acquired resistance to T-cell immunotherapies (7, 8).

Abbreviations: AJCC, American Joint Committee on Cancer; APC, antigen
presenting cells; FFPE, formalin-fixed paraffin-embedded; H&E, hematoxylin
and eosin; HLA-I, human leukocyte antigen-I; IF/mlIF, immunofluorescence/
multiplex immunofluorescence; IRB, internal review board; THC,
immunohistochemistry; MDSC, myeloid derived suppressor cells; MFI, median
fluorescence intensity; MHC, major histocompatibility complex; MICA/B, MHC
class T polypeptide-related sequence A and B; MFS, metastasis-free survival;
NCR, natural cytotoxicity receptor; NK, natural killer; OS, overall survival; PD-
L1, programmed cell death ligand 1; RT, radiotherapy/radiation therapy; STS, soft
tissue sarcoma; TIL, tumor infiltrating lymphocyte; TMA, tissue microarray;

TME, tumor microenvironment.
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Natural killer (NK) cells, in contrast, are a subset of innate
lymphocytes that can respond rapidly to malignantly-transformed
and virally-infected cells without prior sensitization and can
recognize tumor cells by reduced expression of MHC-I, a ligand
that is inhibitory to NK cells in contrast to CD8" T cells where it is
essential for antigen presentation (9, 10). This feature of NK cells
makes them a theoretically attractive modality of immunotherapy,
especially in T-cell resistant tumors where MHC-I downregulation
is present. While these principles appear self-evident, studies to date
have not assessed these relationships in detail, especially with
respect to co-localization of NK and T cells close to or separate
from MHC-I expressing cells and each other in the TME.

Additionally, in contrast to T cells, NK cells show greater
plasticity and diversity in their mechanisms of activation and
inhibition. NK cells are regulated by a network of activating and
inhibitory signals that are non-rearranged and germline encoded.
Key NK receptors include killer immunoglobulin-like receptors, the
NKG2 family of C-type lectin-like receptors, CD16, and natural
cytotoxicity receptors (NCR), including NKp46, NKp44, and
NKp30 (11, 12). NK cells provide rapid responses to target cells,
as they have the ability to recognize and kill stressed cells in the
absence of antigen presentation (12). NK cells have an extensive
repertoire of receptors which regulate activation and inhibition
which are heterogeneously expressed depending on environmental
signals such as the tissue of residence and the inflammatory milieu.
Although the tumor microenvironment (TME) is known to be
hypoxic and nutrient poor, which can lead to downregulation of
NKp46 and impaired effector functions (13, 14), it remains under
debate whether NK cells in the TME are activated and tumor-
reactive or are dysfunctional/exhausted because of the hostile
environment of the TME (15).

However, since NK cells are governed by a balance of activating
and inhibiting signals in the TME, it is likely that the NK cell
populations in STS as well as other tumors are heterogenous,
consisting of various phenotypes, that may respond differently to
distinct tumor targets. NK cell education is classically thought to
occur during NK cell development, however environmental
components have been shown to alter licensing of mature NK
cells (16), further highlighting the complexity and knowledge gap of
NK subsets and their interaction with the hostile TME. Some
evidence suggests that NKp46 is constitutively expressed on all
NK cells (17), while others have demonstrated a population of
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NKp46™ NK cells (18), bringing to question how those two populations
may be affected differently in the TME. CD3 CD56+ is a widely
accepted phenotypic definition of human NK cells, and these NK
cells can be further divided into CD56%"8" and CD56%™ subsets, with
CD56""8" primarily secreting cytokines and CD56"™ being
predominantly cytotoxic (19, 20). While different NK cell
phenotypes have been characterized to an extent based on known
NK cells markers, evaluation of the clinical implications of each of these
phenotypes has not been performed in detail. Closer examinations of
these relationships may shed light on the respective roles of NK subsets
in the TME and their complex interactions.

Herein, we aimed to determine the extent of intratumoral NK
cell infiltration and assess the impact of different NK cell subsets on
clinical outcomes, hypothesizing that intratumoral NK cells
represent a heterogeneous population of NK cells in the TME
with a spectrum of phenotypic and functional characteristics.
Given the complex relationship and differential regulation T and
NK cells by MHC-I, we sought to characterize the spatial
localization of these immune constituents, hypothesizing that NK
and T cells exhibit unique spatial localizations based on MHC-I
expression and proximity to other immune effector cells.

Methods
Patient cohort and clinicopathologic data

We identified patients with STS who underwent surgical
resection at the University of California, Davis, Medical Center
between 2008-2022. Retrospective analysis of archived tumor
specimens was approved per IRB Protocol #484670-4.
Clinicopathologic data were collected on 130 patients, including
age at diagnosis, sex, tumor histology subtype, tumor size, tumor
site, tumor grade, neoadjuvant therapy, and patient disease and vital
status. The primary endpoints were the occurrence of metastasis
from the time of surgery, notated as metastasis-free survival (MFS),
and the occurrence of patient death from the time of diagnosis,
notated as overall survival (OS).

Immunohistochemistry

Tissue microarrays (TMA) were constructed from formalin-fixed
paraffin-embedded (FFPE) archived tumor tissue of 100 patients as
described previously (21, 22). Immunohistochemical (THC) staining
was performed using the following antibodies: rabbit anti-human CD3
(Abcam Cat# ab16669, RRID : AB_443425), mouse anti-human CD8
(Agilent Cat# M7103, RRID : AB_2075537), mouse anti-human CD56
(Agilent Cat# M730429-2, RRID : AB_2750583), mouse anti-human
HLA Class I ABC (MHC-I) (Abcam Cat# ab70328, RRID :
AB_1269092), and rabbit anti-human NCR1 (NKp46) (Abcam, Cat#
ab224703). Tumor infiltrating lymphocyte (TIL) and IHC expression
scores were determined by a STS pathologist (MAD) in a blinded
fashion, using techniques described previously (21). TIL scores were
calculated on H&E-stained slides as follows: 3 (>20 TIL/high-power
field (hpf)), 2 (11-20 TIL/hpf), 1 (1-10 TIL/hpf), 0 (<1 TIL/hpf). IHC
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expression scores for CD3, CD8, CD56, MHC-I, and NKp46 was
calculated as follows to derive an H-score: [1x (% 1+cells)+2x(% 2
+cells)+3x(% 3+cells)] where 1+, 2+,and 3+ represent weak, moderate,
and strong stain intensity, respectively. TIL and THC expression scores
were averaged when more than one consecutive section was present for
scoring (median 3 replicate cores per patient sample).

Flow cytometry

Human tumor and blood samples (N=46) were collected
prospectively from STS patients undergoing surgery under IRB
approval at the University of California, Davis (protocol #939793-
5). Samples were processed into single cell suspensions using
lymphocyte separation for blood and mechanical digestion for
tumors as described previously (21-23). Samples were stained
using the following fluorochrome-conjugated monoclonal
antibodies: CD3-FITC (BioLegend Cat# 300305, RRID :
AB_314041), CD8-BV785 (BioLegend Cat# 301046, RRID :
AB_2563264), CD45-BV510 (BioLegend Cat# 304035, RRID :
AB_2561383), NCAM(CD56)-PE (BioLegend Cat# 318306, RRID
: AB_604101), and NKp46(CD335)-BV605 (BioLegend Cat#
331926, RRID : AB_2563855). Live/dead staining was performed
using Fixable Viability Dye 780 (eBioscience #65-0865-14). Samples
were acquired using a flow cytometer (Fortessa LSR BD Biosciences,
USA), and data were analyzed using FlowJo Software (Beckton
Dickinson, San Jose, California, USA, RRID : SCR_008520).

Multiplex immunofluorescence and
imaging analysis

Multiplex immunofluorescence (mIF) was performed on 4
microns TMA tissue sections by using Leica BondRX autostainer
(Leica). Human tonsil section was used as positive staining control,
and the staining condition without primary antibodies was used as a
negative control. The mIF optimization was performed as described
previously (24). The same primary antibodies were used as
described above for THC, and Opal 7-color Automation IHC kit
(Akoya Biosciences) was used for mIF staining. Each marker was
assigned Opal fluorophores (Akoya Biosciences) as indicated in
Supplemental Table 1, and DAPI was used for staining nuclei. The
stained slides were scanned with Vectra 3 quantitative pathology
imaging system (Akoya Biosciences), using unmixed signals on
inForm software (Akoya Biosciences). Imaging analysis was
performed on QuPath (25) to acquire cell segmentation data to
locate each nucleated cell with each marker’s intensity and the
classification of each cell type. Acquired cell segmentation data were
used to measure distances between cells with R Script.

Statistical analysis
We used Excel (Microsoft) and Prism 9 (GraphPad Software,

RRID : SCR_002798) for graph generation and statistical analysis. Data
are expressed as mean + SEM where appropriate. High versus low
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levels of marker expression scores by IHC, flow cytometry, and IF were
defined by the median. Differences between two groups were analyzed
using paired or unpaired Student’s t-test, as appropriate, for parametric
data. For analysis of three or more groups, one-way analysis of variance
(ANOVA) tests was performed with Tukey’s or Dunnett’s post-test as
appropriate. Results were considered statistically significant when P <
0.05. Kaplan-Meier analyses and log-rank (Mantel-Cox) test were used
to determine survival differences between groups. Correlations between
two continuous variables were performed with Pearson
correlation tests.

Results

Presence of NKp46+ NK cells in the
sarcoma TME is associated with superior
overall survival by immunohistochemistry

As depicted in Table 1, our cohort included 130 STS patients
undergoing surgery. 90 (69.3%) patients received preoperative
radiotherapy. Overall, the cohort comprised locally advanced
patients with mean tumor size of 12.8 cm (range 0.9 - 38.2), and
99 (76.2%) patients were classified as AJCC stage III. In order to
assess the frequency and prognostic significance of established
lymphocyte subsets, we stained TMA specimens from 100

TABLE 1 Patient cohort and clinicopathologic characteristics.

10.3389/fimmu.2023.1230534

patients (Supplemental Table 2) for the presence of TILs as well
as CD3, CD8, CD56, and NKp46 subsets. Representative
photomicrographs are shown in Figure 1A. Overall, expression of
these immune markers was low, but with broad ranges (Figure 1B).
Median H-score for CD3 was 6.6 (range 0-84), CD8 was 3.7 (range
0-110), CD56 was 0 (range 0-200), and NKp46 was 0 (0-67).
Notably, the expression of CD3 was significantly higher than
NKp46 (P=0.02). We then analyzed overall TIL scores, observing
the majority of patients had low TILs with median score of 0.92
(range 0-3), consistent with prior studies (26) (Figure 1C). TIL
scores >2 were associated with significantly improved survival
(P=0.03) (Figure 1D). We then examined the prognostic
significance of individual TIL subsets. As shown in Figure 1E, we
observed superior OS among patients with CD3 expression above
the median (P=0.05). OS was also higher among patients with high
CD8 expression (P=0.01) (Figure 1F). As shown in Figure 1G, we
observed a strong positive correlation between CD3 and CD8
expression scores (P<0.0001, r=0.71). We then examined the
prognostic significance of NK markers, observing that differences
in CD56 expression were not associated with differences in OS for
either high or low values (P=0.8) (Figure 1H). In contrast, NKp46
expression was linked with prognosis with higher NKp46
expression associated with improved OS (P=0.04) (Figure 1I).
Notably however, the expression of CD56 and NKp46 revealed a
positive correlation with a P-value of 0.05 and an r of 0.71 (data not

Characteristics Number (N=130) %

Sex Male 53 40.8%
Female 77 59.2%

Age at diagnosis, (mean + SD) 602 +17.6

Maximal tumor size, cm, (mean + SD) 12.8 + 84

Tumor site Extremity 83 63.9%
Retroperitoneal 28 21.5%
Trunk 18 13.8%
Head and neck 1 0.8%

Histology Undifferentiated pleomorphic sarcoma 36 27.7%
Liposarcoma® 28 21.5%
Myxofibrosarcoma 25 19.2%
Synovial sarcoma 13 10.0%
Leiomyosarcoma 10 7.7%
Other® 18 13.8%

Tumor grade High 112 86.2%
Intermediate 6 4.6%
Low 12 9.2%

Neoadjuvant therapy Radiotherapy 72 55.4%
Upfront surgery 35 26.9%
Chemoradiation 18 13.9%
Chemotherapy only 5 3.8%

Progression to metastases 61 46.9%

Vital status Alive without evidence of disease 50 38.4%
Alive with disease 40 30.8%
Died 40 30.8%

“Includes 18 dedifferentiated liposarcoma, 6 myxoid liposarcoma, 2 well-differentiated liposarcoma, and 2 pleomorphic liposarcoma.
“Includes 3 rhabdomyosarcoma, 3 malignant peripheral nerve sheath tumor, 3 Ewing Family of tumors, 2 myxoid chondrosarcoma, 2 epithelioid sarcoma, 2 angiosarcoma, 1 fibromyxoid

sarcoma, 1 solitary fibrous tumor, and 1 desmoplastic small round cell tumor.
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Presence of NKp46+ NK cells in the TME are associated with superior overall survival in STS. (A) Representative immunohistochemical
photomicrographs of high and low staining for CD3, CD8, CD56, NKp46, and representative H&E staining for tumor infiltrating lymphocytes (TIL).
(B) Distribution of mean expression scores for CD3, CD8, CD56, and NKp46 in the cohort (N=100). (C) Distribution of mean TIL scores. (D) Kaplan-
Meier analysis of overall survival (OS) stratified by TIL scores showing survival benefit with higher TILs. (E, F) Kaplan-Meier analysis of OS stratified by
median (E) CD3 and (F) CD8 expression scores. (G) Strong positive correlation of CD3 and CD8 expression scores (P<0.0001, r=0.71). (H) CD56
stratified by median expression score does not show an association with OS by Kaplan-Meier analysis. (I) Kaplan-Meier analysis of OS stratified by
median NKp46 shows superior OS in patients with high NKp46 expression scores (P=0.04). (3) Distribution of NKp46 expression scores by histologic
subtypes. DDPLS, dedifferentiated liposarcoma; LMS, leiomyosarcoma; TIL, tumor infiltrating lymphocyte; UPS, undifferentiated pleomorphic
sarcoma; *, P<0.05.

shown). Subgroup sizes for Figures 1D-F, H, I are available in
Supplemental Table 3. Given the heterogeneity of STS types (27), we
also evaluated NKp46 expression by histology, observing no
significant differences among the most common subtypes
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(Figure 1J) despite the highest numerical staining in UPS tumors.
Taken together, these data demonstrate NK and T cell numbers are
generally low in STS, but carry prognostic significance, with
differences in NK subsets either because of biological factors
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related to differences in CD56" versus NKp46™ NK cells or technical
factors related to IHC.

CD56%™ NK cells predominate in the
sarcoma TME and are associated with a
survival benefit

Given the prognostic significance of NKp46™ NK cells and the
limitations of single color THC, we sought to further analyze the
intratumoral NK cell phenotype and its impact on survival in STS
using flow cytometry. Among our cohort of 130 patients, samples
were prospectively collected for flow cytometry analysis for 46
patients (Supplemental Table 2). Figure 2A shows representative
flow cytometry gating from STS tumor tissue obtained at the time of
surgery. The frequency of immune infiltrates as a percent of total
cells obtained from the surgical specimen is shown in Figure 2B,
with generally low NK and T cells with some variability, consistent
with our THC data. CD3'CD56" NK cells comprised 3.8% of total
live cells (range 0.03-22.3%), CD3" T cells comprised 9.0% (range
0.1-57.5%), and CD8" T cells comprised 3.1% (range 0.03-18.8%).
As shown in Figure 2C, CD3" T cells were the most abundant
intratumor lymphocyte (21.7% * 3.7%), followed by CD3 CD56"
NK (8.4% + 2.6%) (P=0.004) and CD8" T cells (7.4% + 1.1%)
(P=0.003). We then performed paired analysis of intratumoral and
peripheral blood immune frequencies. Intratumoral CD3 CD56"
NK and CD3" T cells as percent of live CD45" cells demonstrated
an inverse relationship with higher NK cells corresponding to
significantly lower T cells in the tumor and vice versa (P=0.005,
Figure 2D).We also observed a comparable inverse relationship
among paired samples of NKp46 and CD3 expression scores by
IHC (Supplemental Figure 1). Paired analysis of CD3 CD56""&"
and CD3 CD56%™ cells as a percentage of total CD56" cells revealed
significantly greater CD56%™ frequencies in both tumor and blood
(P<0.0001) (Figures 2E-G). Interestingly, although of CD56"&"
NK cells were enriched in STS tumors and the intratumoral
frequency higher compared to blood (P=0.0006) (Figure 2F),
CD56%™ NK cells remained the significant majority of
intratumoral NK cells (80.9% + 2.6%) (Figure 2G). Notably,
higher levels of CD3°CD56""8" NK cells in the tumor, when
stratified by the median percentages, demonstrated significantly
worse MFS compared to lower levels of CD3 CD56"" NK cells
(P=0.05) (Figure 2H). Conversely, higher levels of intratumoral
CD3°CD56%™ NK cells were associated with superior MFS
compared to lower levels (P=0.05) (Figure 2I), suggesting that the
specific subset of NK cells does have a significant impact on the
biology and prognosis in STS. Overall, the frequency of
intratumoral CD3'CD56" NK cells was also associated with
significantly greater MFS (Figure 2J), although we observed no
difference in OS when stratified by high and low overall CD3
CD56" NK frequencies, perhaps reflecting the shorter duration of
median follow up of our flow cytometry cohort (30.7 + 2.6 months)
(Figure 2K). We then evaluated expression of the activation marker
NKp46 on CD56" NK cells (Figure 2L) which demonstrated a
strong positive correlation with both OS (P=0.0003, r=0.79)
(Figure 2M) and MFS (P=0.0008, r=0.75) (Figure 2N). Similarly,
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we analyzed the correlations of NKp46 median fluorescence
intensity (MFI) of CD3°CD56" NK cells in blood and tumor. No
differences in NKp46 MFI between blood and tumor were noted,
but we observed significant positive correlations of NKp46 MFI in
blood and tumor with both OS and MFS (Supplemental Figure 2).
However, our sample size of patients with flow data on NKp46" NK
cell expression was limited (N=16), thereby precluding meaningful
Kaplan-Meier survival analyses for this subset. Given the
importance of histology in governing outcomes in STS, we
analyzed the breakdown of intratumoral CD56™8"/4™ NK cells
by histology (Supplemental Figure 3). Overall, CD56"™ NK cells
comprised the vast majority of intratumoral STS NK cells with no
significant differences among histologies in our cohort. Taken
together, these data demonstrate that CD56%™ NK cells
predominate in the STS tumor microenvironment with a more
favorable impact on outcomes among CD56™ NK cells
than CD56"7¢™,

Spatial analysis of STS immune infiltrate by
immunofluorescence demonstrates distinct
localization of NK and T cells

Given the potential for NK cells to respond to different
activating and inhibitory signals than T cells (in particular MHC-
I), we then sought to characterize the relative spatial organization of
our effector cells of interest (CD3, CD8, and NKp46) in the STS
TME from 71 patients (Figure 3A; Supplemental Table 2) to
investigate the implications of potential local interactions of
immune subsets within the TME. As illustrated by the graphic in
Figure 3B, we used cell segmentation data derived from QuPath
imaging analyses to measure spatial cell-cell associations of target
cells (blue) within a 30um radius of an index center cell (green) in
the sarcoma TME. We first evaluated the spatial localization of each
marker with respect to itself (Figure 3C), observing that CD8" T
cells had the greatest clustering with themselves, with an average of
61 CD8" T cells (range 0-255) around each center CD8" T cell,
followed by CD3" T cells with an average of 37 CD3" T cells (range
0-219) around each center CD3" T cell (P<0.0001). NK cells, as
determined by NKp46 expression, had an average of 14 NK cells
(range 0-39) clustered around each center NK cell, though overall
NK cell infiltration was lower compared to that of T cells
(P<0.0001). We then investigated the relative spatial localization
of T and NK cells with respect to these counterpart cells
(Figure 3D). CD8" T cells showed the greatest clustering around
CD3" T cells, with an average of 36 CD8" T (range 0-258) per CD3™
T cell, and this clustering was markedly higher (P<0.0001) than that
of either CD3™ T or CD8" T cells localizing around center NK cells,
with an average of 6 (range 0-66) CD3" T cells and 3 (range 0-85)
CD8" T per center NK cell, respectively (Figure 3D). Comparing the
number of CD3" T and CD8" T cells to the number of NK cells in
30um radius to NK center cells, we observed significantly greater
clustering of NK cells with other NK cells than with CD3" T
(P<0.0001) and CD8" T cells (P<0.0001) (Figure 3E). To further
examine the spatial relationship between NK and T cells, we
performed a paired analysis of the number of NK and CD3" T
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CD569™ NK cells predominate in the TME with prognostic implications. (A)
of NK and T cells in STS TME. (B) Composition of the tumor immune infiltra

Representative flow cytometry showing gating strategy for identification
te as a percent of total cells, showing CD3°CD56* NK, CD3* T, and

CD8" T cells. (C) Proportion of CD3°CD56" NK, CD3" T, and CD8" T cells as a percent of live CD45" cells. (D) Paired analysis of CD3°CD56" NK and
CD3* T cells as a percent of live CD45" cells (P=0.005). (E) Paired analysis of CD56°"9" and CD56%™ intratumoral NK cells as a percent of total
CD56" cells (P<0.0001). (F, G) Paired analysis of (F) %CD56°"9" and (G) %$CD56%™ of total NK cells in peripheral blood and tumor. (H, 1) Kaplan-

Meier analysis of metastasis-free survival (MFS) stratified by median (H) CD3
of (J) MFS and (K) overall survival (OS) stratified by median CD3 CD56" freq

“CD56°"9" and (1) CD3"CD569™ frequencies. (J, K) Kaplan-Meier analysis
uencies, showing MFS benefit with high CD3"CD56™ frequencies but no

difference in OS. (L) Representative flow cytometry gating showing expression of NKp46 in the CD56" NK cell population (left) and control FMO
staining (right). (M) Strong positive correlation of %NKp46 of CD56% NK cells with OS (P=0.0003, r=0.79). (N) Strong positive correlation of %NKp46
of CD56™ NK cells with MFS (P=0.0008, r=0.75). PBMC, peripheral blood mononuclear cell; **, P<0.01; *** P<0.001, **** P<0.0001; N=46

cells in range of center NK cells, which demonstrated a significantly
inverse relationship between the two cell types (Figure 3F). When
NK cells were highly clustered around a center NK cell, the same
center NK cell had low number of CD3" T cells in range, and when
higher number of CD3" T cells were present, the same center NK
cell had low clustering with other NK cells. With an average of 14
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(range 0-39) NK cells as compared to 6 (range 0-66) CD3" T cells
within range of the center NK cells, this analysis further emphasizes
that NK cells have greater spatial localization with other NK cells
compared to CD3" T (P<0.0001). Similar to our IHC data
(Figure 1I), greater NKp46 expression by immunofluorescence,
stratified by above or below the median, was associated with
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FIGURE 3

Spatial analysis of STS immune infiltrate by immunofluorescence demonstrates distinct localization of NK and T cells. (A) Representative
immunofluorescence (IF) photomicrographs of CD3 (yellow), CD8 (green), NKp46 (pink), and overlay of the three markers in soft tissue sarcoma
(STS) tumor microenvironment (TME), with nuclear staining by DAPI in blue. (B) Graphic illustrating spatial analysis of target cells (blue) within 30um
radius of a center cell (green). Cells out of radius (red) were not considered in-range. (C) Number of CD3™ T, CD8™ T, and NKp46™ NK cells within
30um radius of index effector cell of interest. (D) Number of CD3™ T, CD8" T, and NKp46™ NK cells in 30um radius to center cells (CD3™ T and
NKp46™ NK cells), showing significantly greater number of CD3" T and CD8" T cells in range to CD3" T center cells than to NKp46™ NK cells

(E) Number of CD3* T, CD8"* T, and NKp46* NK cells in 30um radius to NKp46* NK center cells, showing significant clustering of NKp46* NK

with other NKp46™ NK compared to T cells, with a further zoomed-in view indicated by the dotted boxes and lines. (F) Paired analysis of the number
of NK and CD3" T cells in range, showing an inverse relationship between the presence of NK and CD3™ T cells around a center NK cell

(G) Kaplan-Meier analysis of OS stratified by median NKp46 expression on IF showing superior OS in patients with high NKp46 expression

**Ex P<0.0001; N=71

statistically superior OS (Figure 3G; Supplemental Table 3) and a
similar overall trend in MFS (Supplemental Figure 4), further
reinforcing the prognostic significance of NKp46* NK cells in STS.
Taken together, these data demonstrate that NK cells and T cells have
distinct spatial localization patterns in the sarcoma TME with NK cells
appearing to preferentially localize among other NK cells with sparse
neighboring CD3" T and CD8" T cells and vice versa.
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Impact of neoadjuvant radiotherapy
and chemotherapy on intratumoral
NK and T cell clustering

Given the potential for variability in treatment sequencing for

STS patients with localized disease, we analyzed patients according
to type of initial cancer therapy, comparing intratumoral immune
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cell spatial localization in patients receiving upfront surgery,
neoadjuvant radiotherapy (RT), and neoadjuvant chemotherapy
(either as monotherapy or as chemoradiation) (Figures 4A-C,
respectively). Overall, we observed similar patterns of cell
clustering across treatment types, with CD3" and CD8" T cells
showing the greatest clustering with themselves and each other,
while NK cell clustering among other NK cells or with CD3" and
CD8" T cells was significantly lower. However, despite these broad
similarities in NK and T cell clustering, we did observe some
significant differences with potential clinical significance.
Neoadjuvant radiotherapy, for example, was associated with
overall greater cell clustering of CD3" and CD8" T cells with each
other, with significantly lower clustering of NK cells with other NK
cells (Figures 4B, F). We also observed that overall immune cell
clustering was lower among patients receiving neoadjuvant
chemotherapy, though the general pattern of immune cell
clustering remained constant (Figure 4C). Further statistical
analyses for Figures 4A-C are available in Supplemental Table 4.
We evaluated spatial relationships of immune cells with themselves
by treatment groups. We observed significantly greater clustering of

10.3389/fimmu.2023.1230534

CD3" T cells with other CD3™ T cells and CD8" T cells with other
CD8" T cells in patients receiving neoadjuvant RT compared to
upfront surgery and chemotherapy (Figures 4D, E, respectively).
We also observed significantly lower clustering of NK cells with
other NK cells (Figure 4F), suggesting differential effects of
neoadjuvant RT on the lymphocyte population in the STS TME.
Finally, patients receiving neoadjuvant chemotherapy had
significantly less clustering of all 3 lymphocyte populations
(Figures 4D-F), potentially due to the cytotoxic effects of
chemotherapy, also suggesting differential effects of neoadjuvant
chemotherapy on NK and T cell infiltrates in the STS TME.

MHC-I" cells show greater clustering with
T cells than NK cells by spatial analysis

Given the distinct spatial localization and clustering of NK cells
and T cells in the STS TME, we sought to evaluate the impact of
MHC-I expression on these results considering the principles of the
“missing-self” hypothesis and the role of MHC-I expression in both
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FIGURE 4

Neoadjuvant radiotherapy and chemotherapy have differential effects on intratumoral immune cell clustering. (A—C) Number of CD3* T, CD8* T,
and NKp46* NK cells within 30um radius of effector cell of interest in patients that received (A) upfront surgery, (B) neoadjuvant radiotherapy, and
(C) neoadjuvant chemotherapy. (D) Number of CD3* T cells in range of other CD3™ T cells by treatment group, showing the highest clustering of
CD3* T cells in the radiotherapy group. (E) Number of CD8" T cells in range of other CD8" T cells by treatment group, showing the highest
clustering of CD8" T cells in the radiotherapy group. (F) Number of NKp46* NK cells in range of other NKp46* NK cells by treatment group,
showing significantly lower clustering in the radiotherapy and chemotherapy groups compared to upfront surgery, with a further zoomed-in view

indicated by the dotted boxes and lines. **** P<0.0001; **, P<0.01.
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NK and T cell target recognition. Figure 5A depicts representative
photomicrographs of MHC-I expression by IF with overlay of CD3,
CD8, and NKp46. As shown in Figure 5B, clustering of CD3" and
CD8" T cells was significantly higher around MHC-I" cells
compared to NKp46" NK cells (P<0.0001 for both). In contrast,
although clustering around MHC-I" cells was numerically lower
among all 3 effector cells (CD3", CD8", NKp46") compared to
MHC-I" cells, NK cells demonstrated significantly greater
clustering around MHC-I" cells than CD8" T cells and a trend for
significantly greater clustering compared to CD3" T cells (P=0.07).
We then analyzed the correlation of MHC-I expression with the cell
density of CD3" T cells, CD8" T, and NKp46" NK cells
(Figures 5C-E, respectively), observing a moderate positive
correlation between both CD3" T cells and MHC-I" cells
(P<0.0001, r=0.55) and CD8" T cells and MHC-I+ cells
(P<0.0001, r=0.056). In contrast, we observed no association
between MHC-I expression and NKp46" NK cell density (P=0.4,
r=0.06). To evaluate MHC-I further, we analyzed MHC-I
expression by IHC (Figure 5F) and noted improved MFS among
patients with MHC-I expression above the median, but this was not
statistically significant (Figure 5G). Lastly, we evaluated survival
outcomes using IHC marker expression of NKp46, CD8, and MHC-
I stratified into 4 groups by two of these three markers, with further
subgroup sizes and statistical analyses in Supplemental Tables 3, 5,
respectively. As shown in Figure 5H, high expression of both
NKp46 and CD8 showed significantly greater OS compared to
NKp46 low/CD8 high and NKp46 low/CD8 low, respectively
(P=0.01) with the NKp46 high/CD8 low subgroup having
insufficient number of patients for analysis. When analyzing CD8
expression as a function of MHC-I, we observed that patients with
high CD8 and either high or low MHC-I expression had improved
OS compared to patients with low CD8 expression and either high
or low MHC-I expression (P=0.04) (Figure 5I). Finally, when
analyzing NKp46 expression as a function of MHC-I, we
observed that patients with high expression of NKp46 and low
expression of MHC-I had 100% event-free survival, compared to
the other subgroups, although this result was not statistically
significant (P=0.16) (Figure 5]). Notably, %CD69" NK cells, a
recognized marker of activation, were higher in patients with low
MHC-T expression compared to high MHC-I expression, though
this did not reach statistical significance (P=0.07) (Supplemental
Figure 5). Collectively, these results indicate that MHC-I" cells
preferentially localize among CD3" T and CD8" T cells in contrast
to NK cells, reinforcing distinct localization patterns of NK and T
cells in the STS TME, and that the pattern of NKp46, CD8, and
MHC-I expression in the sarcoma TME has prognostic significance.
Although spatially distinct, our data also suggest a synergistic
relationship between NKp46™ NK cells and CD8" T cells in
the TME.

Discussion

Recent breakthroughs in cancer immunotherapy have focused
on amplifying T-cell-mediated pathways. However, successes with
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immunotherapy in STS treatment have been limited, emphasizing
the unmet need for the development of novel immunotherapies for
STS. Although NK cells are exciting as a cancer therapeutic and
have been shown to be prognostic in multiple solid tumor types (28,
29) including STS, successes to date have been scant and a better
understanding on the phenotype and function of intratumoral NK
cells is needed. Using multiple assays, we demonstrate the
prognostic significance of NK cells in STS. Despite overall low
intratumoral immune cell infiltration, higher levels of NK cells
provide a survival benefit in STS patients across multiple readouts.
Similar findings have been demonstrated in other solid tumors,
such as gastric, colorectal, lung, and head and neck cancers (30, 31),
thus augmentation of NK cell numbers and effector functions
remain a promising approach to improve clinical outcomes in
solid tumors, such as STS.

However, the NK cell population remains diverse, consisting of
various subsets likely with differing roles in the TME (32). Here, we
showed by IHC that high expression of NKp46, a recognized
marker of NK cell activation (33), is associated with improved
OS, while CD56 expression by IHC does not correlate with better
survival outcomes, suggesting differences in NK effector functions
between NKp46™ and CD56" NK cells. Our analysis of CD3"CD56"
NK cells by flow cytometry showed that greater infiltration of CD3"
CD56" NK cells is associated with improved metastasis-free survival
in STS, but not with superior OS. When stratified by CD56right
versus CD56™ sub-populations, we observed that CD56%™ NK
cells, the more cytotoxic subset compared to its CD56""&"
counterpart, were the predominant intratumoral NK cell in STS
and were associated with improved MFS, an association that has
also been observed in squamous cell head and neck cancers but not
in invasive bladder cancer (34, 35). Furthermore, data by Mukherjee
et al. linked high infiltration of CD56""8" NK cells with improved
survival in invasive bladder cancer (35) while our data, in
concordance with studies in Ewing sarcoma, neuroblastoma, and
thyroid papillary cancer, showed that high levels of CD56°"¢" NK
cells are associated with worse prognosis (36-38). On balance,
CD56"8" versus CD56%™ NK cell subsets appear to play
different roles in the TME, although there is a lack of consensus
regarding subset effects on outcomes. Ultimately, our data support a
survival benefit for CD56"™ NK cells and an unfavorable effect for
CD56"8" NK cells in STS. Moreover, our finding of greater
CD56%™ NK cells in the STS TME is counter to the findings of
Carrega et al. and underscores the importance of better delineation
of tumor-reactive versus dysfunctional NK cells in the TME to help
unlock the potential of NK cells in solid cancers (39).

Although prior studies have characterized the spatial
organization of NK cell and T cell subsets in pancreatic,
colorectal, and lung cancers, the emphasis of these studies was on
the proximity of immune populations to various tumor
compartments such as the invasive margin, the stroma, or the
tumor core (40-43). To our knowledge, a spatial analysis of NK and
T cell subsets in STS and how they cluster with each other and with
MHC-I" cells has not been investigated to date. Our spatial analyses
of immune infiltrates in STS, including NKp46*© NK cells,
demonstrated that NK cells are increasingly clustered amongst
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FIGURE 5

MHC-I* cells show greater clustering with T cells than NK cells by immunofluorescence spatial analysis. (A) Representative immunofluorescence

photomicrographs of MHC-I and overlay with CD3 (yellow), CD8 (green), and NKp46 (pink). (B) Number of CD3

T, CD8" T, and NKp46™* NK cells in

30um radius to MHC-1" and MHC-I" cells. (C—E) MHC-I expression correlates significantly with (C) CD3* T cell density (P<0.0001, r=0.55) and (D)
CD8" T cell density (P<0.0001, r=0.56), but not with (E) NK cell density (P=0.4, r=0.06). (F) Representative immunohistochemical photomicrographs
of high and low staining for MHC-I. (G) Kaplan-Meier analysis of metastasis-free survival (MFS) stratified by median MHC-1 expression score showing
improved MFS in patients with high MHC-I expression scores which is not statistically significant. (H-J) Kaplan-Meier analyses of overall survival (OS)
stratified by high and low expression scores determined by the median of (H) NKp46 and CD8 (P=0.01), (I) CD8 and MHC-I (P=0.04), and (J) NKp46
and MHC-I (P=0.16). **** P<0.0001; **, P<0.01; N=71 for immunofluorescence; N=100 for immunohistochemistry

other NK cells with sparse clustering to CD3* T and CD8" T cells.
Additionally, we revealed an inverse relationship between NK and T
cell localizations, indicating that NK cells and T cells have distinct
spatial localization patterns in the STS TME. This relationship likely
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stems, at least in part, due to the different effects of MHC-I
expression on NK and T cells in the TME. MHC-I acts as an
inhibitory signal for NK cells and MHC-I downregulation
contributes to the activation of cytotoxic NK cell effector
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functions. In contrast, CD3" and CD8" T cells respond to antigen
presentation by MHC-I, and MHC-I downregulation has been
associated with T cell suppression and resistance to ICI (44).

Further analysis of the spatial localization of MHC-I" and
MHC-T cells with respect to immune infiltrate revealed high
clustering of CD3" T and CD8" T cells with MHC-I" cells,
while NK cells showed greater clustering with MHC-I" cells than
either T cell subset. This finding was further strengthened with
significant correlations between CD3" T and CD8" T cells with
MHC-I, while NK cells did not show an association.
Downregulation of MHC-I in multiple cancers, including STS, is
a well-established mechanism of evasion of the immune system,
especially that of cytotoxic CD8" T cells (45-48). However, these
effects may have regional roles in the TME. Our data suggest that
overall, the presence of CD8" T cells and NK cells in the STS TME
are each beneficial for clinical outcomes, but it has not been well
defined whether NK and T cells cooperate in anti-tumor responses
or substitute for one another depending on the cellular and
molecular signals. We observed improved survival outcomes of
patients with high levels of either NKp46 or CD8 cells in the
sarcoma TME, but also an inverse relationship with NK cells being
more prevalent when T cells were low and T cells more prevalent
when NK cells were low. Ultimately, these data reinforce the
impression that that NK cells and CD8" T cells play separate but
interconnected roles in the STS TME, with evidence for micro-
clustering of NK around other NK cells and CD8" T cells around
other CD8" T cells and around MHC-I" and MHC-I" cells,
respectively, but not around each other. A similar phenomenon
was described where CD8" T cells were observed attacking MHC-
I" antigen presenting cells, while NK cells attacked cells with
downregulated MHC-I expression, in their respective
microregions (49). Overall, spatial analysis via multiplex
immunofluorescence has allowed us to take a step further than
single color IHC allows, consequently shed light on possible
interactions within the TME, their implications on patient
outcomes, and the potential for biomarkers of prognosis and
immunotherapy treatment selection.

Despite the interesting findings described here within, it is
important to recognize the limitations of our work. Although our
overall sample size included 130 patients, prospective tumor
collection for flow cytometry analyses was limited to a cohort of
46 patients, decreasing the power of our conclusions. Given the
nature of prospective studies and the relatively shorter follow-up
time for prospective patient cohorts, fewer events were present for
survival analysis from this subset regarding the impact of CD56%™
NK cell infiltration on overall survival. Our analysis of co-
expression of NKp46™ by CD56" NK cells was similarly limited
by sample size and overall follow up time. Nevertheless, considering
the rare nature of STS, prospective enrollment of 46 patients for
analysis compares favorably to other studies. Similarly, although we
recognize that STS consists of over 70 histologic subtypes (50) with
inherent differences between subtypes in the immune TME, subtype
specific analyses are challenging even for multi-institutional studies
given the rare nature of STS, and we did not observe significant
differences in NK infiltration among the various histologies in
our cohort.
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In summary, we identified both NKp46 and CD56%™ a5
markers of intratumoral NK cells associated with a favorable
prognosis in STS, highlighting the clinical relevance of
heterogeneous subsets of intratumoral NK cells. Localization
analyses revealed distinct micro-environments of NK cells and T
cells primarily clustered by the presence or absence of MHC-I
expression, reinforcing the importance of this fundamental immune
recognition complex in regulating anti-tumor responses.
Ultimately, a better understanding of the complex factors
regulating NK infiltration, phenotype, and function in the STS
TME could lead to more effective immunotherapies, especially in
“cold” tumors like STS, which have historically demonstrated poor
responses to T-cell-dependent immunotherapies.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and
approved by University of California, Davis, Institutional Review
Board. The patients/participants provided their written informed
consent to participate in this study.

Author contributions

SC, §J, and RC designed the study. SC, CS, SJ, MD, KI, LF, CD,
AG, HM, and RC conducted the experiments and collected the
data. SC, CS, SJ, MD, AG, HM, and RC analyzed the data. SC and
RC wrote the manuscript. All authors, including ML, AR, JP, ST,
AM, and WM, provided critical reviews of the manuscript. All
authors contributed to the article and approved the
submitted version.

Funding

This project was funded by the V Foundation (RC) and the
following National Institute of Health/National Cancer Institute
grants: R03CA270854 (RC) and R03CA252793 (RC). This work
was also supported in part by funds from the UC Davis
Comprehensive Cancer Center and the University of California
Davis Flow Cytometry Shared Resource Laboratory with funding
from the NCI P30 CA093373 (Cancer Center), and S10 OD018223
(Astrios Cell Sorter), and S10 RR 026825 (Fortessa Cytometer)
grants, with technical assistance from Ms. Bridget McLaughlin and
Mr. Jonathan Van Dyke. Specimens were provided by the UC Davis
Pathology Biorepository which is jointly funded by the UC Davis
Comprehensive Cancer Support Grant (CCSG) awarded by the
National Cancer Institute (NCI P30 CA093373) and the UC Davis
Department of Pathology and Laboratory Medicine.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1230534
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Cruz et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Gamboa AC, Gronchi A, Cardona K. Soft-tissue sarcoma in adults: An update on
the current state of histiotype-specific management in an era of personalized medicine.
CA Cancer ] Clin (2020) 70:200-29. doi: 10.3322/caac.21605

2. Casali PG, Abecassis N, Bauer S, Biagini R, Bielack S, Bonvalot S, et al. Soft tissue
and visceral sarcomas: ESMO-EURACAN Clinical Practice Guidelines for diagnosis,
treatment and follow-upt. Ann Oncol (2018) 29:iv51-67. doi: 10.1093/annonc/mdy096

3. Starzer AM, Berghoff AS, Hamacher R, Tomasich E, Feldmann K, Hatziioannou
T, et al. Tumor DNA methylation profiles correlate with response to anti-PD-1
immune checkpoint inhibitor monotherapy in sarcoma patients. J Immunother
Cancer (2021) 9:¢001458. doi: 10.1136/jitc-2020-001458

4. Tawbi HA, Burgess M, Bolejack V, Tine BAV, Schuetze SM, Hu J, et al.
Pembrolizumab in advanced soft-tissue sarcoma and bone sarcoma (SARC028): a
multicentre, two-cohort, single-arm, open-label, phase 2 trial. Lancet Oncol (2017)
18:1493-501. doi: 10.1016/S1470-2045(17)30624-1

5. Gajewski TF. The next hurdle in cancer immunotherapy: Overcoming the non-T
cell-inflamed tumor microenvironment. Semin Oncol (2015) 42:663-71. doi: 10.1053/
j.seminoncol.2015.05.011

6. Halle S, Halle O, Forster R. Mechanisms and dynamics of T cell-mediated
cytotoxicity. In Vivo Trends Immunol (2017) 38:432-43. doi: 10.1016/j.it.2017.04.002

7. Taylor BC, Balko JM. Mechanisms of MHC-I downregulation and role in
immunotherapy response. Front Immunol (2022) 13:844866. doi: 10.3389/
fimmu.2022.844866

8. Eulo V, Van Tine BA. Immune checkpoint inhibitor resistance in soft tissue
sarcoma. Cancer Drug Resist (2022) 5:328-38. doi: 10.20517/cdr.2021.127

9. Bern MD, Parikh BA, Yang L, Beckman DL, Poursine-Laurent J, Yokoyama WM.
Inducible down-regulation of MHC class I results in natural killer cell tolerance. J Exp
Med (2018) 216:99-116. doi: 10.1084/jem.20181076

10. Myers JA, Miller JS. Exploring the NK cell platform for cancer immunotherapy.
Nat Rev Clin Oncol (2021) 18:85-100. doi: 10.1038/s41571-020-0426-7

11. Freud AG, Mundy-Bosse BL, Yu J, Caligiuri MA. The broad spectrum of human
natural killer cell diversity. Immunity (2017) 47:820-33. doi: 10.1016/
jimmuni.2017.10.008

12. Hudspeth K, Silva-Santos B, Mavilio D. Natural cytotoxicity receptors: broader
expression patterns and functions in innate and adaptive immune cells. Front Immunol
(2013) 4:69. doi: 10.3389/fimmu.2013.00069

13. Tong L, Jiménez-Cortegana C, Tay AHM, Wickstrom S, Galluzzi L, Lundqvist
A. NK cells and solid tumors: therapeutic potential and persisting obstacles. Mol Cancer
(2022) 21:206. doi: 10.1186/s12943-022-01672-z

14. O’Brien KL, Finlay DK. Immunometabolism and natural killer cell responses.
Nat Rev Immunol (2019) 19:282-90. doi: 10.1038/s41577-019-0139-2

15. Judge SJ, Murphy WJ, Canter R]. Characterizing the dysfunctional NK cell:
assessing the clinical relevance of exhaustion, anergy, and senescence. Front Cell Infect
Microbiol (2020) 10:49. doi: 10.3389/fcimb.2020.00049

16. Tu MM, Mahmoud AB, Makrigiannis AP. Licensed and unlicensed NK cells:
differential roles in cancer and viral control. Front Immunol (2016) 7:166. doi: 10.3389/
fimmu.2016.00166

17. Barrow AD, Martin CJ, Colonna M. The natural cytotoxicity receptors in health
and disease. Front Immunol (2019) 10:909. doi: 10.3389/fimmu.2019.00909

18. Freud AG, Zhao S, Wei S, Gitana GM, Molina-Kirsch HF, Atwater SK, et al.
Expression of the activating receptor, NKp46 (CD335), in human natural killer and T-
cell neoplasia. Am J Clin Pathol (2013) 140:853-66. doi: 10.1309/
AJCPWGG69MCZOWMM

19. Maskalenko NA, Zhigarev D, Campbell KS. Harnessing natural killer cells for
cancer immunotherapy: dispatching the first responders. Nat Rev Drug Discov (2022)
21:559-77. doi: 10.1038/s41573-022-00413-7

Frontiers in Immunology

13

10.3389/fimmu.2023.1230534

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1230534/
full#supplementary-material

20. Moretta L. Dissecting CD56dim human NK cells. Blood (2010) 116:3689-91.
doi: 10.1182/blood-2010-09-303057

21. Judge SJ, Darrow MA, Thorpe SW, Gingrich AA, O’Donnell EF, Bellini AR, et al.
Analysis of tumor-infiltrating NK and T cells highlights IL-15 stimulation and TIGIT
blockade as a combination immunotherapy strategy for soft tissue sarcomas. J
Immunother Cancer (2020) 8:¢001355. doi: 10.1136/jitc-2020-001355

22. Perry LM, Cruz SM, Kleber KT, Judge S], Darrow MA, Jones LB, et al. Human
soft tissue sarcomas harbor an intratumoral viral microbiome which is linked with
natural killer cell infiltrate and prognosis. ] Immunother Cancer (2023) 11:¢004285.
doi: 10.1136/jitc-2021-004285

23. Judge SJ, Bloomstein JD, Sholevar CJ, Darrow MA, Stoffel KM,
Vick LV, et al. Transcriptome analysis of tumor-infiltrating lymphocytes
identifies NK cell gene signatures associated with lymphocyte infiltration and
survival in soft tissue sarcomas. Front Immunol (2022) 13:893177. doi: 10.3389/
fimmu.2022.893177

24. Mori H, Bolen J, Schuetter L, Massion P, Hoyt CC, VandenBerg S, et al.
Characterizing the tumor immune microenvironment with tyramide-based multiplex
immunofluorescence. ] Mammary Gland Biol Neoplasia (2020) 25:417-32.
doi: 10.1007/s10911-021-09479-2

25. Bankhead P, Loughrey MB, Fernandez JA, Dombrowski Y, McArt DG, Dunne
PD, et al. QuPath: Open source software for digital pathology image analysis. Sci Rep
(2017) 7:16878. doi: 10.1038/s41598-017-17204-5

26. Boxberg M, Steiger K, Lenze U, Rechl H, von Eisenhart-Rothe R, Wortler K,
et al. PD-L1 and PD-1 and characterization of tumor-infiltrating lymphocytes in high
grade sarcomas of soft tissue - prognostic implications and rationale for
immunotherapy. Oncolmmunology (2018) 7:¢1389366. doi: 10.1080/
2162402X.2017.1389366

27. Katz D, Palmerini E, Pollack SM. More than 50 subtypes of soft tissue sarcoma:
paving the path for histology-driven treatments. Am Soc Clin Oncol Educ Book Am Soc
Clin Oncol Annu Meet (2018) 38:925-38. doi: 10.1200/EDBK_205423

28. Zhang S, Liu W, Hu B, Wang P, Lv X, Chen §, et al. Prognostic significance of
tumor-infiltrating natural killer cells in solid tumors: A systematic review and meta-
analysis. Front Immunol (2020) 11:1242. doi: 10.3389/fimmu.2020.01242

29. Denkert C, von Minckwitz G, Darb-Esfahani S, Lederer B, Heppner BI, Weber
KE, et al. Tumour-infiltrating lymphocytes and prognosis in different subtypes of breast
cancer: a pooled analysis of 3771 patients treated with neoadjuvant therapy. Lancet
Oncol (2018) 19:40-50. doi: 10.1016/S1470-2045(17)30904-X

30. Rusakiewicz S, Semeraro M, Sarabi M, Desbois M, Locher C, Mendez R, et al.
Immune infiltrates are prognostic factors in localized gastrointestinal stromal tumors.
Cancer Res (2013) 73:3499-510. doi: 10.1158/0008-5472.CAN-13-0371

31. Villegas FR, Coca S, Villarrubia VG, Jiménez R, Chillon M], Jarefio J, et al.
Prognostic significance of tumor infiltrating natural killer cells subset CD57 in patients
with squamous cell lung cancer. Lung Cancer Amst Neth (2002) 35:23-8. doi: 10.1016/
$0169-5002(01)00292-6

32. Fu B, Tian Z, Wei H. Subsets of human natural killer cells and their regulatory
effects. Immunology (2014) 141:483-9. doi: 10.1111/imm.12224

33. Gauthier L, Morel A, Anceriz N, Rossi B, Blanchard-Alvarez A, Grondin G, et al.
Multifunctional natural killer cell engagers targeting NKp46 trigger protective tumor
immunity. Cell (2019) 177:1701-1713.e16. doi: 10.1016/j.cell.2019.04.041

34. Mandal R, Senbabaoglu Y, Desrichard A, Havel JJ, Dalin MG, Riaz N, et al. The
head and neck cancer immune landscape and its immunotherapeutic implications. JCI
Insight (2016) 1:€89829. doi: 10.1172/jci.insight.89829

35. Mukherjee N, Ji N, Hurez V, Curiel TJ, Montgomery MO, Braun AJ,
et al. Intratumoral CD56bright natural killer cells are associated with improved
survival in bladder cancer. Oncotarget (2018) 9:36492-502. doi: 10.18632/
oncotarget.26362

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1230534/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1230534/full#supplementary-material
https://doi.org/10.3322/caac.21605
https://doi.org/10.1093/annonc/mdy096
https://doi.org/10.1136/jitc-2020-001458
https://doi.org/10.1016/S1470-2045(17)30624-1
https://doi.org/10.1053/j.seminoncol.2015.05.011
https://doi.org/10.1053/j.seminoncol.2015.05.011
https://doi.org/10.1016/j.it.2017.04.002
https://doi.org/10.3389/fimmu.2022.844866
https://doi.org/10.3389/fimmu.2022.844866
https://doi.org/10.20517/cdr.2021.127
https://doi.org/10.1084/jem.20181076
https://doi.org/10.1038/s41571-020-0426-7
https://doi.org/10.1016/j.immuni.2017.10.008
https://doi.org/10.1016/j.immuni.2017.10.008
https://doi.org/10.3389/fimmu.2013.00069
https://doi.org/10.1186/s12943-022-01672-z
https://doi.org/10.1038/s41577-019-0139-2
https://doi.org/10.3389/fcimb.2020.00049
https://doi.org/10.3389/fimmu.2016.00166
https://doi.org/10.3389/fimmu.2016.00166
https://doi.org/10.3389/fimmu.2019.00909
https://doi.org/10.1309/AJCPWGG69MCZOWMM
https://doi.org/10.1309/AJCPWGG69MCZOWMM
https://doi.org/10.1038/s41573-022-00413-7
https://doi.org/10.1182/blood-2010-09-303057
https://doi.org/10.1136/jitc-2020-001355
https://doi.org/10.1136/jitc-2021-004285
https://doi.org/10.3389/fimmu.2022.893177
https://doi.org/10.3389/fimmu.2022.893177
https://doi.org/10.1007/s10911-021-09479-2
https://doi.org/10.1038/s41598-017-17204-5
https://doi.org/10.1080/2162402X.2017.1389366
https://doi.org/10.1080/2162402X.2017.1389366
https://doi.org/10.1200/EDBK_205423
https://doi.org/10.3389/fimmu.2020.01242
https://doi.org/10.1016/S1470-2045(17)30904-X
https://doi.org/10.1158/0008-5472.CAN-13-0371
https://doi.org/10.1016/s0169-5002(01)00292-6
https://doi.org/10.1016/s0169-5002(01)00292-6
https://doi.org/10.1111/imm.12224
https://doi.org/10.1016/j.cell.2019.04.041
https://doi.org/10.1172/jci.insight.89829
https://doi.org/10.18632/oncotarget.26362
https://doi.org/10.18632/oncotarget.26362
https://doi.org/10.3389/fimmu.2023.1230534
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Cruz et al.

36. Ren E, Deng Y, Yuan W, Wu Z, Zhang G, Xie Q. An immune-related gene
signature for determining Ewing sarcoma prognosis based on machine learning. J
Cancer Res Clin Oncol (2021) 147:153-65. doi: 10.1007/s00432-020-03396-3

37. Sherif S, Roelands J, Mifsud W, Ahmed EI, Raynaud CM, Rinchai D, et al. The
immune landscape of solid pediatric tumors. J Exp Clin Cancer Res (2022) 41:199.
doi: 10.1186/s13046-022-02397-z

38. Gogali F, Paterakis G, Rassidakis GZ, Liakou CI, Liapi C. CD3-CD16-
CD56bright immunoregulatory NK cells are increased in the tumor
microenvironment and inversely correlate with advanced stages in patients with
papillary thyroid cancer. Thyroid (2013) 23:1561-8. doi: 10.1089/thy.2012.0560

39. Carrega P, Bonaccorsi I, Di Carlo E, Morandi B, Paul P, Rizzello V, et al. CD56
(bright)perforin(low) noncytotoxic human NK cells are abundant in both healthy and
neoplastic solid tissues and recirculate to secondary lymphoid organs via afferent lymph. J
Immunol Baltim Md 1950 (2014) 192:3805-15. doi: 10.4049/jimmunol.1301889

40. Schiirch CM, Bhate SS, Barlow GL, Phillips DJ, Noti L, Zlobec I, et al.
Coordinated cellular neighborhoods orchestrate antitumoral immunity at the
colorectal cancer invasive front. Cell (2020) 182:1341-1359.e19. doi: 10.1016/
j.cell.2020.07.005

41. Viyrynen JP, Haruki K, Lau MC, Viyrynen SA, Ugai T, Akimoto N, et al. Spatial
organization and prognostic significance of NK and NKT-like cells via multimarker
analysis of the colorectal cancer microenvironment. Cancer Immunol Res (2022)
10:215-27. doi: 10.1158/2326-6066.CIR-21-0772

42. Lundgren S, Micke P, Elebro J, Heby M, Hrynchyk I, Nodin B, et al.
Topographical distribution and spatial interactions of innate and semi-innate
immune cells in pancreatic and other periampullary adenocarcinoma. Front
Immunol (2020) 11:558169. doi: 10.3389/fimmu.2020.558169

Frontiers in Immunology

14

10.3389/fimmu.2023.1230534

43. Platonova S, Cherfils-Vicini J, Damotte D, Crozet L, Vieillard V, Validire P, et al.
Profound coordinated alterations of intratumoral NK cell phenotype and function in
lung carcinoma. Cancer Res (2011) 71:5412-22. doi: 10.1158/0008-5472.CAN-10-4179

44. Rosenberg J, Huang J. CD8+ T cells and NK cells: parallel and complementary
soldiers of immunotherapy. Curr Opin Chem Eng (2018) 19:9-20. doi: 10.1016/
j.coche.2017.11.006

45. Mosca L, de Angelis A, Ronchi A, De Chiara A, Fazioli F, Ruosi C, et al. Sarcoma
common MHC-I haplotype restricts tumor-specific CD8+ T cell response. Cancers
(2022) 14:3414. doi: 10.3390/cancers14143414

46. Cornel AM, Mimpen IL, Nierkens S. MHC class I downregulation in cancer:
underlying mechanisms and potential targets for cancer immunotherapy. Cancers
(2020) 12:1760. doi: 10.3390/cancers12071760

47. Oike N, Kawashima H, Ogose A, Hotta T, Hatano H, Ariizumi T, et al.
Prognostic impact of the tumor immune microenvironment in synovial sarcoma.
Cancer Sci (2018) 109:3043-54. doi: 10.1111/cas.13769

48. Tsukahara T, Kawaguchi S, Torigoe T, Asanuma H, Nakazawa E, Shimozawa K,
et al. Prognostic significance of HLA class I expression in osteosarcoma defined by anti-
pan HLA class I monoclonal antibody, EMR8-5. Cancer Sci (2006) 97:1374-80.
doi: 10.1111/§.1349-7006.2006.00317.x

49. Jin M-Z, Jin W-L. The updated landscape of tumor microenvironment and drug
repurposing. Signal Transduct Target Ther (2020) 5:1-16. doi: 10.1038/s41392-020-
00280-x

50. Sbaraglia M, Bellan E, Dei Tos AP. The 2020 WHO Classification of Soft Tissue
Tumours: news and perspectives. Pathologica (2020) 113:70-84. doi: 10.32074/1591-
951X-213

frontiersin.org


https://doi.org/10.1007/s00432-020-03396-3
https://doi.org/10.1186/s13046-022-02397-z
https://doi.org/10.1089/thy.2012.0560
https://doi.org/10.4049/jimmunol.1301889
https://doi.org/10.1016/j.cell.2020.07.005
https://doi.org/10.1016/j.cell.2020.07.005
https://doi.org/10.1158/2326-6066.CIR-21-0772
https://doi.org/10.3389/fimmu.2020.558169
https://doi.org/10.1158/0008-5472.CAN-10-4179
https://doi.org/10.1016/j.coche.2017.11.006
https://doi.org/10.1016/j.coche.2017.11.006
https://doi.org/10.3390/cancers14143414
https://doi.org/10.3390/cancers12071760
https://doi.org/10.1111/cas.13769
https://doi.org/10.1111/j.1349-7006.2006.00317.x
https://doi.org/10.1038/s41392-020-00280-x
https://doi.org/10.1038/s41392-020-00280-x
https://doi.org/10.32074/1591-951X-213
https://doi.org/10.32074/1591-951X-213
https://doi.org/10.3389/fimmu.2023.1230534
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Intratumoral NKp46+ natural killer cells are spatially distanced from T and MHC-I+ cells with prognostic implications in soft tissue sarcoma
	Introduction
	Methods
	Patient cohort and clinicopathologic data
	Immunohistochemistry
	Flow cytometry
	Multiplex immunofluorescence and imaging analysis
	Statistical analysis

	Results
	Presence of NKp46+ NK cells in the sarcoma TME is associated with superior overall survival by immunohistochemistry
	CD56dim NK cells predominate in the sarcoma TME and are associated with a survival benefit
	Spatial analysis of STS immune infiltrate by immunofluorescence demonstrates distinct localization of NK and T cells
	Impact of neoadjuvant radiotherapy and chemotherapy on intratumoral NK and T cell clustering
	MHC-I+ cells show greater clustering with T cells than NK cells by spatial analysis

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


