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Mapping the chemotactic landscape in NK cells reveals
subset-specific synergistic migratory responses to dual
chemokine receptor ligation
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Summary

Background Natural killer (NK) cells have a unique capability of spontaneous cytotoxicity against malignant cells and
hold promise for off-the-shelf cell therapy against cancer. One of the key challenges in the field is to improve NK cell
homing to solid tumors.

Methods To gain a deeper understanding of the cellular mechanisms regulating trafficking of NK cells into the tumor,
we used high-dimensional flow cytometry, mass cytometry, and single-cell RNA-sequencing combined with
functional assays, creating a comprehensive map of human NK cell migration phenotypes.

Findings We found that the chemokine receptor repertoire of peripheral blood NK cells changes in a coordinated
manner becoming progressively more diversified during NK cell differentiation and correlating tightly with the
migratory response of the distinct NK cell subsets. Simultaneous ligation of CXCR1/2 and CX3CR1, synergistically
potentiated the migratory response of NK cells. Analysis of 9471 solid cancers from publicly available TCGA/
TARGET repositories revealed dominant chemokine patterns that varied across tumor types but with no tumor group
expressing ligands for more than one chemokine receptor present on mature NK cells.

Interpretation The finding that chemokine stimulation can elicit a synergistic migratory response in NK cells com-
bined with the identified lack of naturally occurring pairs of chemokines-chemokine receptors in human cancers may
explain the systematic exclusion of NK cells from the tumor microenvironment and provides a basis for engineering
next-generation NK cell therapies against malignancies.

Funding The Polish Ministry of Science and Higher Education, the National Science Centre, Poland, The Norwegian
Cancer Society, the Norwegian Research Council, the South-Eastern Norway Regional Health Authority, The Swedish
Cancer Society, the Swedish Children’s Cancer Foundation, The Swedish Research Council, The Center of Excellence:
Precision Immunotherapy Alliance, Knut and Alice Wallenberg Foundation and National Cancer Institute.

Copyright © 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Keywords: NK cells; Natural killer cells; Cancer; Immunology; Migration; Chemokine receptors; Synergy;
Differentiation; Immunotherapy; Cell therapy; TCGA; Adoptive therapy

Introduction germline-encoded inhibitory and activating receptors on
Natural killer (NK) cells are members of the innate  their cell surface.""*" One important mode of target
lymphoid cell (ILC) family that provide host defense  recognition is mediated by the FeyRIII (CD16) triggering
against tumors and pathogen-infected cells.” Unlike  antibody-dependent cellular cytotoxicity (ADCC).""* NK
T and B cells, they can recognize and kill target cells  cells can kill transformed or infected cells by the release

without prior sensitization, due to a diverse repertoire of ~ of perforin and granzymes or by utilizing effector
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Research in context

Evidence before this study

Natural killer (NK) cells hold promise as a highly functional
template for genetic engineering in the development of next
generation off-the-shelf cell therapies. However, a prerequisite
for extending the success of cell therapy to solid tumors is
that the cells reach the intended target organ. In contrast to
T cells, highly differentiated NK cells are rarely found in solid
tumors and trafficking patterns of NK cells remain poorly
understood. Furthermore, there is limited information on the
dynamic regulation of chemokine receptor expression during
NK cell differentiation and ex vivo expansion for cell therapy.

Added value of this study

In this study, we investigated the trafficking patterns of
human NK cells utilizing high-dimensional flow cytometry,
mass cytometry, and single-cell RNA-sequencing combined
with functional assays. We found that the chemokine receptor
repertoire of peripheral blood NK cells changes in a
coordinated fashion becoming gradually more diversified
during the differentiation process. The chemokine receptor

molecules of the tumor necrosis factor (INF) family,
such as TNF, TNF-related apoptosis-inducing ligand
(TRAIL), and Fas ligand (FasL)."'® Additionally, upon
activation, NK cells rapidly produce chemokines and cy-
tokines, including interferon (IFN)-y, and GM-CSF, that
recruit and affect the function of hematopoietic and non-
hematopoietic cells in the tumor microenvironment."”*
These potent effector functions allow them to play an
important role in various diseases, including cancer and
infectious diseases.**!

The repertoire of human NK cells is functionally
diversified through a tightly regulated differentiation
process characterized by an early transition from
CD56"8" to CD564™ NK cells, followed by coordinated
changes in expression of inhibitory receptors, including
NKG2A and killer cell immunoglobulin-like receptors
(KIRs).”?* Along the process, NK cells gradually prog-
ress from an immunoregulatory phenotype to highly
cytotoxic and mature cells capable of effective immune
surveillance of cancer.”>*+***>* The role of NK cells in
cancer is supported by the positive prognostic value of
mature NK cell infiltration in a variety of tumors
including melanoma, renal cell carcinoma, sarcoma,
lung, liver, and breast cancer.”’'** Although NK cell
differentiation is a critical determinant of the cytotoxic
potential of these cells, little is known about how these
events shape the migratory behavior of NK cells.

In order to perform their intended function, NK cells
must possess the ability to migrate to different target
tissues.”* This process is mediated by a family of
small, secreted cytokines, known as chemokines. By
binding to their specific receptor, chemokines guide
cellular migration. Trafficking is also facilitated by

expression correlated tightly with the migratory response of
the distinct NK cell subsets. We also found that simultaneous
ligation of CXCR1/2 and CX3CR1 receptors led to a
synergistically enhanced migratory response. Investigation of
9471 solid cancer cases in the TCGA/TARGET databases
revealed nine predominant chemokine profiles that varied
among tumor types, but none of them had ligands for more
than one chemokine receptor expressed on mature NK cells.

Implications of all the available evidence

We here report a comprehensive study of the chemokine
receptor landscape and the migratory behavior of human NK
cells. Our results show that chemokine stimulation can elicit a
synergistic migratory response in NK cells. We speculate that
the sparsity of naturally occurring pairs of chemokines-
chemokine receptors may explain the systematic exclusion of
NK cells from the tumor microenvironment and represent an
untapped potential for engineering next-generation NK-cell
based therapies in oncology.

interactions between adhesion molecules and
membrane-bound integrins. Altogether, the expression
of all these trafficking molecules can be used as an in-
dicator of cellular localization, activation status, and
function of immune effector cells.” The significance of
the chemokine-chemokine receptor axis is gaining an
increasing recognition in immuno-oncology.*** The
infiltration of solid tumors by NK cells is relatively low
when compared to T cells or macrophages.”** Thus,
enhancing NK cell trafficking into the TME is one of the
main challenges in improving the effectiveness of NK
cell therapy against solid tumors.

Here, we have used a combination of high-
dimensional flow cytometry, time-of-flight mass
cytometry (CyTOF) and single-cell RNA sequencing to
map chemokine repertoires and functional migratory
profiles in resting and activated primary NK cells as well
as induced pluripotent stem cell (iPSC)-derived NK cells
(INK). Our results delineate the natural variation in NK
cell chemokine receptor repertoires and provide a guide
for engineering the migratory properties of NK cells.

Methods

Sample collection and PBMC isolation

Buffy coats from random healthy blood donors were
obtained from the Oslo University Hospital Blood bank
with written informed consent. The samples were ano-
nymized prior to NK cell isolation. The approval was
obtained from the regional committees for medical and
health research ethics in Norway: 2018/2485. Peripheral
blood mononuclear cells were separated from buffy
coats by density gravity centrifugation (Lymphoprep;
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Axis-Shield) using fretted spin tubes (SepMate; Stemcell
Technologies). After isolation, the cells were resus-
pended in MACS buffer (PBS supplemented with 1%
BSA and 2 mM EDTA) and stained or transferred into
cell culture medium within 1 h.

Cell isolation, culture, and stimulation

NK cells were purified from PBMC using negative se-
lection with an AutoMACS Pro Separator (Miltenyi)
using NK cell isolation kits (Miltenyi, Cat# 130-092-657).
The purity of isolated NK cells was over 90%. A panel of
CD56, CD3, CD14, CD19, and a dead cell stain was used
for each flow cytometry profiling of stimulated NK cells
to ensure both adequate NK cell purity and that the
chemokine receptors were profiled exclusively on live
NK cells.

Isolated NK cells were cultured in R10 medium
(RPMI 1640, 10% fetal bovine serum (FBS), 100 U/ml
penicillin, 100 pg/ml streptavidin, 2 mM L-glutamine,
20 mM HEPES, pH 7.0). For experiments with stim-
ulation, 1 or 10 ng/ml of IL-15 (Miltenyi, Cat# 130-095-
765) or 100 1U/ml IL-2 (Miltenyi, Cat# 130-097-744)
was added to R10 NK cell culture medium. NK cells
were stimulated either for 24 h or 7 days. For NK cell
expansion experiments, cells were expanded from
CD3/CD19-depleted PBMC through co-culture with
200 Gy irradiated K562 feeder cells transfected with a
lentiviral construct to express high levels of membrane-
bound IL-21 and 4-1BBL, kindly provided by Dr. Dean
A. Lee (Nationwide Children’s Hospital, Columbus,
OH). NK cells were expanded with K562-feeder cells in
G-Rex24 (Wilson Wolf) at a 1:2 ratio with a total cell
number of 0.5 x 10°/cm?. Cells were cultured in GMP-
grade Stem Cell Growth Medium (SCGM, CellGenix)
supplemented with 100 IU/ml human recombinant IL-
2 (Proleukin) for 11 days with 60% medium exchange
on day 7, and IL-2 replenishment days 4, 7 and 10. The
percentage of live CD56" CD3~ CD14~ CD19™ cells
after stimulation was over 90% in 24 h experiments
and over 80% in longer experiments.

Derivation and expansion of iNK cells

Human iPSC were first differentiated into hematopoi-
etic progenitors and then into NK cells, as previously
described.*’ The iPSC cell line characterized in this
study was previously described in a recent paper by Zhu
et al.*' Fully differentiated iNK cells were kindly pro-
vided to us by Fate Therapeutics.

Briefly, human iPSCs were differentiated into he-
matopoietic progenitor cells by spin EB formation, in a
10-day process, as previously described.** Then,
CD34" cells were subsequently enriched prior to dif-
ferentiation into iNK cells. At the beginning of the iNK
cell differentiation culture, CD34" hematopoietic pro-
genitors were plated on OP9 cells in B0 media con-
taining a 2:1 mixture of Dulbecco modified Eagle
medium/Ham F12 (Thermo Fisher Scientific, Cat#
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11965092, Cat# 11765054), 2 mM L-glutamine (Thermo
Fisher Scientific, Cat# 25030081), 1% penicillin/strep-
tomycin (Thermo Fisher Scientific, Cat# 25030081),
25 pM p-mercaptoethanol (Gibco, Cat# M3148), 10%
heat-inactivated human serum AB (Sigma, Cat# H3667-
100M), 5 ng/ml sodium selenite (Merck Millipore, Cat#
S5261), 50 pM ethanolamine (Sigma, Cat# E0135),
20 mg/ml ascorbic acid (Merck Millipore, Cat# A4544),
interleukin-3 (IL-3, R&D, Cat# 203-IL); for first week
only), stem cell factor (SCF; R&D, Cat# 7466-SC),
interleukin-15 (IL-15; R&D, Cat# 247-ILB), Fml-like
tyrosine kinase 3 ligand (FLT3L; R&D, Cat# 207-IL) to
support NK cell differentiation from hematopoietic
progenitors, as previously described.*"***® The cells were
left in these conditions for 20 days receiving weekly
media changes wuntil they had developed into
CD45"CD56"CD337CD3™ cells as determined by flow
cytometry. The percentage of CD45" CD56* CD33~
CD3" cells was above 80%. At this point, iNK cells were
cryopreserved and kindly provided to us by FATE. We
then expanded iNK cells in our laboratory using the
irradiated K562 cells with transduced membrane-bound
IL-21 and 4-1BBL constructs in supplemented BO media
supplemented with 10 mM Hepes and 100 IU/ml IL-2
for 7 days, in agreement with the ethical approval,
REK 2019/333.9%7 K562 cells were propagated in R10
medium (RPMI 1640, 10% fetal bovine serum (FBS),
100 U/ml penicillin, 100 pg/ml streptavidin, 2 mM
L-glutamine, 20 mM HEPES, pH 7.0).”

Flow cytometry

Cells were stained for flow cytometric analysis using an
appropriate combination of antibodies for 15 min in
FACS bufter (phosphate-buffered saline (PBS) pH 7.2,
0.5% bovine serum albumin (BSA), and 2 mM EDTA) in
the dark, at room temperature. For intracellular staining
with anti-granzyme B-AF700 (clone GB11), cells were
fixed and permeabilized using a fixation/permeabiliza-
tion kit (BD Bioscience Cytofix/Cytoperm) after surface
staining. Finally, cells were washed twice. Samples were
acquired using BD LSR II or FACSymphony A5
equipped with HTS (BD Biosciences), and the data was
analyzed using FlowJo 10.6.1 (BD Biosciences) and
CytoExploreR (1.1.0).

The list of used fluorochrome-labelled antibodies can
be found in the Supplementary Table S1. All mAbs were
titrated and used at dilutions ensuring saturated stain-
ing of 1 x 10° cells. Dead cells were labelled using
Viobility™ 405/520 Fixable Dye (Miltenyi). Biotin-
conjugated  antibodies =~ were visualized using
streptavidin-Brilliant Violet 605 or 785 (Biolegend). The
gates for chemokine receptors and adhesion molecules
were set using appropriate FMO-1 controls in each
experiment. The chemokine receptor expression score
used for linear regression analysis to assess the rela-
tionship between chemokine receptor expression and
chemokine-induced migratory response was calculated
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as follows: log2(MFI of the positive population + 1) *
Percentage of Chemokine Receptor Expression.

Mass cytometry

PBMC:s collected from 20 healthy donors were frozen in
10% DMSO and 90% fetal calf serum and stored in
liquid nitrogen. The day before acquisition, PBMCs
were thawed, counted, and stained with Cell-ID Inter-
calator-Rh103 (Fluidigm) for viability testing, followed
by Fc blocking reagent and a cocktail of surface anti-
bodies. The list of used antibodies can be found in the
Supplementary Table S2. Subsequently, cells were fixed
in PBS (without calcium and magnesium) with 2%
paraformaldehyde, permeabilized, barcoded using the
Cell-ID 20-Plex Barcoding Kit (Fluidigm) and pooled.
Samples were then transferred to methanol and stored
at =20 °C. On the acquisition day, cells were stained
with an intracellular antibody cocktail and labelled with
Cell-ID Intercalator-Ir. Samples were supplemented
with EQ Four Element Calibration Beads (Fluidigm) and
acquired on a CyTOF 2 (Fluidigm) equipped with a
SuperSampler (Victorian Airship) at an event rate below
350 events per second. Samples were analyzed in a
single run. Antibodies were either obtained pre-labelled
from Fluidigm or conjugated with metal isotopes using
Maxpar X8 antibody labeling kits (Fluidigm). FCS files
were normalized and debarcoded using the R package
CATALYST (1.21.1).* Then, the gating and downstream
analysis were performed in CytoExploreR (1.1.0).* All
CyTOF data was transformed using arcsinh (x/5).

Chemotaxis assay

To measure NK cell migration, we used Corning®
Transwell® plates with inserts (pore size 5.0 pm, Cat#
CLS3421). 650 pl R10 medium containing recombinant
chemokines manufactured by Peprotech including
CCL5 (Cat# 300-06), CCL19 (Cat# 300-29B), CXCLS8
(Cat# 200-08M), CXCL10 (Cat# 300-12), CXCL12 (Cat#
300-28A), or CX3CL1 (Cat# 300-31) was placed in the
lower chamber of a 24-well Transwell plate (Corning).
Each chemokine was titrated to determine the optimal
concentration; the range tested was from 0.1 ng/ml to
1000 ng/ml. NK cells (5 x 10°) were added in 100 pl R10
medium to the upper chamber (5-pm pore size), and the
plates were incubated for 1 h at 37 °C. Then, the cells
that migrated to the lower chamber were mixed with
flow cytometry counting beads (Invitrogen, Cat#
PCB100), stained with antibody cocktail as in section
Cell isolation, culture, and stimulation, and acquired.
The results are presented as migration index which was
calculated as a ratio of cells that have migrated to the
bottom well during chemokine-induced migration
compared to the cells that have spontaneously migrated
to the bottom well, without any chemoattractant present.
The migration index was then normalized by counting
beads (Invitrogen, Cat# PCB100). The calculations were
performed separately for each subset of NK cells.

Data mining

The single-cell RNA sequencing data from peripheral
blood NK cells were obtained from the GEO database,
accession number GSE130430.” The count data was
then filtered for peripheral blood samples from healthy
donors only (2 donors). The bulk gene expression pro-
files of primary solid tumors were obtained from the
combined TCGA, TARGET and GTEx cohort down-
loaded from the UCSC Xena, filtered for primary solid
tumors. The downloaded data was of RSEM tpm type.

Data analysis
Both single-cell and bulk RNA-seq data were processed
using the Seurat (v4.1.0) package in R (v4.1.2).°"* In the
single-cell RNA-seq data, we filtered out the cells that
expressed <200 genes or >2500 genes, as well as the
cells with >5% mitochondrial transcripts content. Gene
expression values for each cell were log normalized and
scaled by a factor of 10,000. To avoid biasing the clusters
by cell library size or mitochondrial transcript content,
gene expression values were scaled based on the num-
ber of UMIs in each cell and the cell mitochondrial
transcript content. We then combined cells derived
from peripheral blood. Naive clustering of the cells into
sub-populations was then conducted using Seurat’s
implementation of a shared nearest neighbor modu-
larity optimization-based clustering algorithm (Lou-
vain’s original algorithm). Based on the PCElbowPlot,
we selected a certain number of principal components
(PCs) for the clustering analysis when that number
reached the baseline of the standard deviation of PC.
Cell clusters were visualized using UMAP. In order to
predict cellular differentiation, cells were ordered in
pseudotime using monocle3 (v1.2.9) through Seurat-
Wrappers (v0.3.0).*>* The diversity of chemokine
receptor-based clusters in classical clusters was calcu-
lated with Shannon diversity index in vegan (v2.6-2)
package.” Then, the plots were created using Seurat
(v4.1.0), dittoSeq (v1.6.0) and Nebulosa (v1.4.0) pack-
ages'rxl,")ﬁfryx

Bulk RNA-seq data was first filtered for primary solid
tumors and loaded into the Seurat. Then, naive clustering
of the cells into sub-populations was conducted using
Seurat’s implementation of a shared nearest neighbor
modularity optimization-based clustering
algorithm (Louvain’s original algorithm). Based on the
PCElbowPlot, we picked a certain number of principal
components (PCs) for the clustering analysis when that
number reached the baseline value of the standard de-
viation of PC. Cell clusters were visualized using UMAP.
Then, the graphs were created with Complexheatmap
(v.2.10.0) and plotly (v4.10.0) packages.”** Tidyverse
packages were used throughout the analysis.®"*

Statistical methods

Simple linear regression was used to examine the rela-
tionship between the migration index and the
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chemokine receptor expression score. As described
above, the migration index was calculated as a ratio of
cells that have migrated to the bottom well during
chemokine-induced migration compared to the cells
that have spontaneously migrated to the bottom well,
without any chemoattractant present, normalized by
counting beads. The chemokine receptor expression
score was calculated as follows: log2(MFI of the positive
population + 1) * Percentage of Chemokine Receptor
Expression. R* was used as a measure of goodness of fit.
P values were calculated using Wald’s test.

Differences between the migration index curves
from chemokine-induced Transwell migration experi-
ments were assessed using two-way analysis of variance
(ANOVA) with post-hoc Dunnett’s test.

Role of the funding source

The Polish Ministry of Science and Higher Education
(DI2018 020548), the National Science Centre, Poland
(2020/37/B/NZ6/02191), the Norwegian Cancer Society
(grant no 223310), the Research Council of Norway
(grant no 275469), the South-Eastern Norway Regional
Health Authority (grant no 2021073) and the National
Cancer Institute of the National Institutes of Health
(Award Number P01CA111412) supported this study.
The funders have no role in the study design, the data
collection, data analysis, interpretation, and the writing
of the report. The corresponding author had full access
to all of the data and the final responsibility to submit
for publication.

Results

Profiling the chemokine receptor repertoire of NK

cells by flow cytometry

To get a comprehensive view of chemokine receptor
profile in NK cells, we examined the expression of all
classical chemokine receptors and several non-classical
chemotactic receptors by flow cytometry in NK cells
from PBMC (PB NK), the K562-4-1BBL-mbIL21- or
cytokine-expanded NK cells, and iNK cells (Fig. 1). The
representative chemokine receptor staining plots as well
as the chemokine receptor expression for each donor
and each stimuli representing donor-to-donor variability
can be found in Supplementary Figures S1 and S2. Flow
cytometry analysis of PB NK cells revealed a consistent
picture of the chemokine receptor profile, with CXCR1,
CXCR2, CXCR3, CXCR4, CX3CR1, and atypical
chemotactic receptor CMKLR1, as the most highly
expressed (>50%). Additionally, the expression of CCR1,
CCR2, CCR4, CCR5, CCR6, CCR7, CCR8 and CXCR6
was also detected, but only on a small fraction of NK
cells. A 24-h culture of isolated NK cells without any
stimulation slightly altered the profile of chemokine
receptors, resulting in the decreased expression of
CCR4, CCR6, and CXCR1 and a slight increase in
CXCR3 and CXCR4 expression. CCR5, CCR7, CXCR2,
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CX3CR1 and CMKLR1 receptors showed no significant
changes in expression after 24-h culture. We did not
detect CCR3, CCRY, CCR10, CXCR5, XCR1 or CCRL2
on PB NK cells.

To explore dynamic changes of the chemokine re-
ceptor repertoire, we phenotyped NK cells upon expo-
sure to cytokines (IL-2 or IL-15) associated with the
development, differentiation, and acquisition of effector
functions by NK cells. Isolated NK cells were cultured
and stimulated with two concentrations of IL-15 (1 and
10 ng/ml) or with IL-2 (100 IU/ml) for either 24 h or 7
days. Shortterm cytokine stimulation had minimal
impact on surface expression of chemokine receptors.
However, long-term (7-day) cytokine stimulation resul-
ted in a decreased expression of CXCR1, CXCR2,
CX3CR1, CMKLR1, and a marked increase in the
expression of CCR5. Although these changes were more
pronounced for IL-15 compared to IL-2, stimulation
with either of them resulted in the same overarching
change in chemokine receptor repertoires (Fig. 1).

We next evaluated series of NK cell-based products
with potential clinical application, and we observed a
profoundly altered chemokine receptor profile in NK
cells subjected to a 11-day expansion protocol using
K562-4-1BBL-mbIL21 cells.”” Compared to PB NK cells,
expanded cells acquired high expression of CCR4,
CCR5, CCR7, CCRL2, and especially CXCR3, while
losing CXCR1, CXCR2, CX3CR1 and CMKLR1 (Fig. 1).
Mature resting and short term expanded iNK cells were
characterized by the most unique chemokine receptor
signature among the cells tested, with high expression
of CXCR2, CXCR3, CCR1, CCR6 and S1P5R, low levels
of CXCR1 and CXCR4, and modest expression of
CX3CR1 (Fig. 1). Based on this initial screening, we
excluded CCR3, CCR9, CCR10, CXCRS5, XCR1 or
CCRL2 from further experiments.

Effects of differentiation on chemokine receptor
expression and migratory potential of NK cells

We evaluated the expression of selected chemokine re-
ceptors on different NK cell subsets in healthy donors
with an extended high-dimensional flow cytometry
panel. Based on the surface expression of CD56, CD57,
NKG2A, NKG2C and four KIRs, NK cells were divided
into 6 different subsets, and ordered accordingly to their
differentiation status: 1) CD56°&", 2) CD56%™
NKG2A* CD57~ KIR", 3) CD564™ NKG2A* CD57-
KIR', 4) CD56%™ NKG2A~ CDS7~ KIR", 5) CD56%™
NKG2A~ CD57* self-KIR", and 6) CD56"™ NKG2A~
CD57" self-KIR" NKG2C™.

We found that the differentiation process was asso-
ciated with a gradual change in the expression of most
of the studied receptors. Both percentage of positive
cells and median fluorescent intensity (MFI) of CCRS,
CCR7, CCR8 and CXCR3 progressively decreased along
with the differentiation (Fig. 2a and b, Supplementary
Figure S3). Notably, expression of these chemokine
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Fig. 1: Chemokine receptor expression in NK cells. Chemokine receptor expression represented as percentage of cells expressing given
chemokine receptor. Missing data is marked with gray. Vertically, chemokine receptors are grouped based on their structure (C-C, CX-C, CX3-
C, X-C, and other chemotactic receptors). Horizontally, the NK cells are divided based on the condition (no stimulation, cytokine stimulation,
11-day feeder cell expansion of PBMC-derived NK cells, 7-day expansion of iPSC-derived NK cells). A panel of CD56, CD3, CD14, (D19, and a
dead cell stain was used for each flow cytometry profiling to ensure adequate NK cell purity and that the chemokine receptors were profiled
exclusively on live NK cells. Each experiment (n = 3) was performed on independent donors in two technical replicates. Data represents
means.
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receptors increased slightly in adaptive NK cells
compared to the most differentiated but non-adaptive
CD56%™ NKG2A~ CD57* SelfKIR* NKG2C™ cells.
Conversely, CX3CR1, CXCR1, CXCR2, and CMKLR1
expression levels increased during NK cell differentia-
tion, rising from less than 5% to almost 100% positive
cells (Fig. 2a and b, Supplementary Figure S3). Again,
the trend was inversed in adaptive NK cells, as their
expression levels were slightly lower than in non-
adaptive mature NK cells. CCR1, CCR6 and CXCR6
were primarily expressed by NKG2A* positive CD564™
NK cells (Supplementary Figure S3) while CXCR4
expression followed a sinusoidal pattern across all sub-
sets (Fig. 2a and b). Expression of CCR4 was uniform in
all subsets, while CCR2 was characterized by low
expression, highest in the least mature subsets
(Supplementary Figure S3). This data was verified in
CyTOF experiment using a panel of chemokine re-
ceptors (CCR2, CCR5, CCR7, CXCR1, CXCR2, CXCR3,
CXCR4, CX3CR1l) in 20 healthy PBMC donors
(Supplementary Figure S4).

To confirm the relationship between differentiation
and chemokine receptor expression, we analyzed single-
cell RNA-seq data from PB NK cells from two healthy
donors. First, cells were clustered and ordered accord-
ingly to the differentiation status through trajectory
analysis (Supplementary Figure S5). Then, the expres-
sion levels of chemokine receptors were projected on
UMAP plots. The mRNA expression of all analyzed
chemokine receptors showed subset-specific expression
patterns that closely matched those observed at the
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protein level (Fig. 2a—c, Supplementary Figure S3A-—
$30Q).

Next, we analyzed the expression of L-selectin
(CD62L), along with other adhesion molecules: P-
selectin glycoprotein ligand-1 (Psgl-1, CD162), Integrin
B2 (CD18), Integrin B7 chain, ICAM-3 (CD50), and
Integrin a M (CD11b) in a similar manner. Likewise,
the expression of the adhesion molecules was also
modulated by differentiation. The expression of L-
selectin and CD44 decreased with differentiation,
whereas CD162, CD11b, CD18, and ICAM-3 were
upregulated (Supplementary Figure S6).

Based on these experiments, we selected a set of
classical chemokine receptors that were expressed on
>50% of at least one subpopulation of unstimulated PB
NK cells for further characterization and downstream
functional experiments. The receptors matching these
criteria were CCR5, CCR7, CXCR1, CXCR2, CXCR3,
CXCR4, and CX3CR1.

Effects of differentiation on migratory potential

To determine whether the observed differences in che-
mokine receptor expression between distinct subsets of
NK cells affect their migratory potential, we employed
the Transwell system. Solely the ligands of previously
selected chemokine receptors (CCRS5, CCR7, CXCR1,
CXCR2, CXCR3, CXCR4, and CX3CR1) were included
in these functional experiments. CX3CL1- and CXCL8-
induced migration capability correlated with the differ-
entiation status of NK cells, as did the expression pattern
of their corresponding receptors (Fig. 3a). Conversely,

nkeza-cos7-kiR* [Jl] Nkeza- cps7t Nkeze-seLFkirt ] Nke2a-cps7 Nkez2ct sELFKIR®

CXCR3

CXCR4 CX3CR1

UMAP 1 UMAP 1 UMAP 1

] High expression

Fig. 2: The effects of differentiation on NK cell chemotactic landscape. NK cell subsets were identified by (D56, NKG2A, CD57, NKG2C, and
KIR expression, and ordered accordingly to their differentiation status. Each heading applies to the whole column. The legend applies to sections
(aand b). In (a and b) each dot represents an individual donor. Bars represents geometric mean with 95% confidence interval. Two technical
replicates were assessed in each donor. The chemokine receptor expression is presented as (a) percent of cells expressing chemokine receptor, (b)
median fluorescent intensity of chemokine receptor in positive population, and (c) chemokine receptor mRNA expression derived from single-
cell RNA-seq data. The single-cell RNA-seq clustering and pseudotime analysis is presented in Supplementary Figures S5 and S9. The cells are
positioned from the least mature (left, top) to most mature (right, bottom).
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CCL19, CCLS5, and CXCL10-induced migration capa-
bility decreased with NK cell differentiation, which
corresponded to a decrease in receptor expression
(Fig. 3a). In general, we observed that the chemokine-
induced migration capability of each subset of NK
cells reflected the expression level of the corresponding
chemokine receptor. To assess the relationship between
chemokine receptor protein levels and functional
migration, we performed linear regression analysis
which showed very high coefficients of determination
(R?) for nearly all chemokines tested (CCL5, CCL19,
CXCL8, CXCL12, and CX3CL1) with R” ranging from
0.7495 to 0.9917, indicating that the surface expression
of chemokine receptor is a critical factor determining
migratory response to its ligand (Fig. 3b). We found that

a I:, CD56bright D

100ng/ml CCL5 1000ng/ml CCL19 10ng/ml CXCL8

the optimal formula representing chemokine receptor
expression, closely correlating with migratory response
was log2(MFI of the positive population + 1) * Percentage
of Chemokine Receptor Expression. In this context, adap-
tive NKG2C" NK cells stood out from other subsets, as
they had a unique chemokine repertoire and migratory
profile, with higher intrinsic migratory potential despite
lower expression of chemokine receptors such as
CXCR1, CXCR2, CXCR4, and CX3CR1, when
compared to non-adaptive mature NK cells. We also
found CXCR4 expression to be inversely correlated
with CXCL12-induced migration due to high
CXCL12-induced migratory response and relatively low
CXCR4 expression in CD56""#" NK cells. This is likely
due to higher intrinsic migratory potential of CD56"" €™
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Fig. 3: NK cell chemokine-induced migratory responses in subset resolution. NK cell subsets were identified by CD56, NKG2A, CD57, NKG2C,
and KIR expression, and ordered accordingly to their differentiation status. (a) Transwell analysis of chemokine induced migration in a subset
resolution. Migration index was calculated as a ratio of cells that have migrated to the bottom well during chemokine-induced migration
compared to the cells that have spontaneously migrated to the bottom well, without any chemoattractant present. Data represents
means + SEM (gray area). Some chemokines (CX3CL1, CXCL8) were evaluated in more donors as they were used for the further experiments
evaluating potential synergies (). (b) A linear regression analysis between migration index and respective chemokine receptor protein
expression (Fig. 2a and b). The chemokine receptor expression score was calculated as follows: log2(MFI of the positive population + 1) * Per-
centage of Chemokine Receptor Expression. P values were calculated by Wald's test. (c) Transwell analysis of combined effects between two
chemokines in subset resolution. The experiment was performed on 10 donors. Data represents geometric mean. The differences between the
curves were assessed using two-way ANOVA with post-hoc Dunnett’s test.
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NK cells and is in agreement with the literature
reporting accumulation of CD56"8" NK cells in tissues
with high CXCL12 expression.®

Our flow cytometry data indicated that some NK cell
subsets express multiple chemokine receptors. There-
fore, we examined whether simultaneous ligation of
multiple chemokine receptors would provide synergistic
effects on NK cell migration. After titration experiments
performed to find the concentrations needed to achieve
peak migratory responses (Supplementary Figure S7),
we stimulated the NK cells with optimal (10 ng/ml) or
suboptimal (1 ng/ml) concentrations of CX3CL1 or
CXCL8, as well as suboptimal concentration of both
chemokines simultaneously (1 ng/ml CX3CL1 with
1 ng/ml CXCL8). Within all CD56"™ subsets of NK
cells, the combination of both chemokines induced a
stronger migratory response than both suboptimal and
optimal concentrations of each chemokine, confirming
the presence of a synergistic effect between chemokine
receptor stimulation in NKG2C* CD57* adaptive NK
cells and additive effect in other CD56%™ NK cell sub-
sets, emphasizing the importance of studying the entire
chemokine-chemokine receptor landscape (Fig. 3c,
Supplementary Figure S8).

Exploring chemokine receptor co-expression
patterns

Discovering synergistic effects of simultaneous chemo-
kine receptor ligation prompted us to conduct a more
detailed mapping of chemokine diversity within the NK
cell repertoire. We designed a mass cytometry (CyTOF)
panel to perform a parallel assessment of CCRS, CCR7,
CXCR1, CXCR2, CXCR3, CXCR4, and CX3CR1 in the
NK cell compartment. This chemokine-centric approach
revealed that co-expression patterns of chemokine re-
ceptors alone could accurately identify classical NK cell
subsets, such as CD56""#", based on high CXCR3 and
CCR?7 expression, and CD56%™ NKG2A* based on high
expression of CXCR4 and modest expression of CXCR3
(Fig. 4). Interestingly, in more differentiated NK cell
subsets (4,5,6,7) the expression patterns of chemokine
receptors showed increasing complexity, suggesting an
additional layer of functional diversification in subsets
with identical expression of NK cell receptors and ca-
nonical markers (Fig. 4).

To corroborate our observation of increased chemo-
kine receptor diversity in more differentiated NK cell
subsets, we re-clustered single-cell RNA-seq data based
on the expression of CCR5, CCR7, CXCR1, CXCR2,
CXCR3, CXCR4, and CX3CR1. We identified 8 clusters
with unique chemokine receptor combinations
(Supplementary Figure S9A). These clusters were plotted
onto the previously created UMAP plot (Supplementary
Figure S5A and S9B) with a known differentiation tra-
jectory (Supplementary Figure S9C). We noticed a sub-
stantial heterogeneity of chemokine receptors in NK cells,
which was progressively increasing along with
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differentiation. This observation was further verified by
the Shannon diversity index calculated for each of the
“classical” clusters associated with NK differentiation
(Supplementary Figure S9D). Our data indicates that NK
cell differentiation not only alters chemokine receptor
profile in a coordinated fashion but also does it in a way
that progressively increases the overall diversity of che-
mokine receptors in NK cells.

Chemokine-based clustering of malignant tumors
The detailed profiling and functional assessment of
primary PB NK cells in terms of chemokine receptor
landscape suggested an increasing complexity associ-
ated with NK cell differentiation, along with a broad
overlap in the expression of chemokine receptors across
distinct subsets. We next addressed whether and how
the underlying diversity in the chemokine repertoire
could explain the sparsity of NK cell in solid tumors or
identify suitable targets for NK cell therapy. To this end,
we analyzed the chemokine landscape in solid tumors
by mining RNA-seq data from TCGA and TARGET
databases. Using harmonized RNA-seq data from TCGA
and TARGET cohorts, we clustered 9471 primary solid
tumors based on chemokine expression. Louvain
algorithm-based clustering implemented in Seurat
revealed 9 distinct patterns of chemokine co-expression
within the tumors (Fig. 5a and b). Further, to assess the
composition of each cluster, we calculated the propor-
tion of cluster assignment for each tumor (Fig. 5¢). The
results showed that some clusters e.g., cluster 7 or 8,
comprised a single histological tumor type (hepatocel-
lular carcinoma (LIHC) and thymoma (THYM),
respectively), whereas clusters 2 and 4 represented a
significant fraction of more than 10 different histologi-
cal tumor types. Strikingly, none of the clusters showed
expression of ligands for more than one chemokine
receptor on mature NK cells. The chemokine expression
profile of each cluster allowed us to identify cluster 3 as
the one most favoring the infiltration of expanded NK
cells and potentially enhancing the efficacy of NK cell
therapy, because of high CXCR3 and CCR4 expression
on expanded NK cells. Since nearly 60% of DLBCL tu-
mors have a chemokine profile of cluster 3, this tumor
would appear to be a suitable target for evaluation of
unmodified expanded NK cell therapy.

Discussion

NK cells are important innate effector cells in the hu-
man immune system.’ Their function far exceeds the
role initially attributed to them as a sentinel patrolling
the human body. They are a group of cells residing in
both lymphoid and non-lymphoid tissues and perform-
ing additional functions such as participating in the
normal development of spiral vessels during pregnancy
or modulating T-cell polarization through the secretion
of cytokines.***® The multifaceted role of NK cells and
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the high phenotypic and functional diversity of this
population requires adequate trafficking capability,
which is controlled by a specific repertoire of chemo-
tactic receptors, responding to environmental signals
mediated by chemokines.” While the effects of differ-
entiation on NK cell cytotoxicity, cytokine secretion,
proliferation and metabolism are well documented,
previous studies provide limited and fragmented infor-
mation regarding the expression of chemokine re-
ceptors among different NK cell subsets, without
concluding whether it is regulated by mechanisms
related to the functional maturation of these cells and
the stimulatory effects of cytokines.”>*”' Using high-
dimensional flow and mass cytometry, we corroborate
and extend previous studies, showing that NK cells ex-
press a wide range of chemotactic receptors, identifying
CCR5, CCR7, CXCR1, CXCR2, CXCR3, CXCR4 and
CX3CR1 receptors among those most abundantly
expressed on the surface of NK cells.”?”* Importantly,
multi-parameter profiling of PB NK cells by mass
cytometry revealed distinct and coordinated chemokine
repertoires associated with NK cell differentiation
process.

Each chemokine has its own specific set of functions
in the immune system, based on which it can be clas-
sified as mostly related to innate immunity, adaptive
immunity, or both.” In this study, we found that re-
ceptors associated with adaptive immunity, character-
istic for T cells, such as CCR5, CCR7 and CXCR3, were
most prominently expressed in immature CD56" 8" NK
cells, while receptors associated with innate immunity
(neutrophils, macrophages) were expressed in mature
NK cells. This implies vast differences in functionality of
NK cell subsets and supports the notion that immature
CD56"8" NK cells are not a dysfunctional subset being
solely the precursor to mature NK cell subsets, rather
they are an important self-standing component of the
human immune system. CDS6”€™ NK cells are
considered efficient cytokine producers with immuno-
regulatory properties.” In this context, our data in-
dicates that the chemokine receptor profile of CD56"" 8"
NK cells is essential for their function, by facilitating
their migration to lymph nodes where upon endoge-
nous T cell-derived IL-2 or dendritic cell-derived IL-12,
CD56"€" NK cells secrete T helper type 1 (Th1) cyto-
kines, such as IFN-y and TNF-q, that favor Th1 T cell
polarization and influence the developing antigen-
specific immune response.®”*”¢

Mature NK cells are on the other side of the func-
tionality spectrum. While under certain conditions they
can also be potent producers of cytokines, their main
proposed function is to directly kill virus-infected cells
and tumor cells through cell-mediated cytotoxicity.”!
Here, we demonstrate that their chemokine receptor
repertoire (CXCR1/2%, CX3CR1") is similar to that of
patrolling monocytes and neutrophils, indicating that
their role is likely to involve patrolling peripheral

tissues.”””® The repertoire of neutrophil-like chemokine
receptors may also be important for neutrophil-NK cell
crosstalk, which has recently been shown to be an
important process in NK cell maturation.”

As chemokine receptors cooperate with adhesion
molecules such as selectins and integrins to guide cell
migration, we analyzed the expression of L-selectin
(CD62L), P-selectin glycoprotein ligand-1 (Psgl-1,
CD162), Integrin B2 (CD18), Integrin B7 chain, ICAM-3
(CD50), and Integrin a M (CD11b) in NK cell subsets.
Similarly to chemokine receptors, we found that their
levels were modulated by differentiation as the expres-
sion of L-selectin and CD44 decreased with NK cell
differentiation, while CD162, CD11b, CD18, and ICAM-
3 were upregulated. The decline in CD62L in more
mature NK cells was previously reported.*” Notably,
functionally related chemokine receptors and adhesion
molecules, e.g., CD62L and CCR7 (secondary lymphoid
organ homing via HEV), CX3CR1-CD162 (extravasa-
tion), followed the same expression pattern in subsets at
different stages of NK cell differentiation.

The profile of chemokine receptors among NK cells,
although relatively stable, is not fixed and can change
dynamically. In this study, we found that external
stimuli affect its composition both in the short and long
timeframe. Culture of isolated PB NKs without addi-
tional stimulation can alter the quantitative expression
of the major receptors, leading to a decrease in CXCR1
and CXCR2 with an increase in CXCR3 and CXCR4
expression. Stimulation with both IL-2 and IL-15 in
long-term cultures (7-day) resulted in a complete loss of
CXCR1 expression, downregulation of CXCR2, CXCR4,
CX3CR1 and CMKLR1 with a marked upregulation of
CCRS5 expression. The plasticity and responsiveness of
NK cells to environmental stimuli, as reflected by pro-
found changes in profile of chemokine receptors, is also
indicated by the results of NK cells undergoing expan-
sion with K562-based feeder cells with membrane-
bound IL-21 and 4-1BBL, which shifts NK cells toward
responsiveness to chemokines associated with adaptive
immunity. Since physiological concentrations of cyto-
kines modulate chemokine receptor expression and
therefore affect NK cell migration, they may be used to
enhance the efficacy of cell therapies. However, our
study also highlights the risk for diverting their homing
away from the intended target organ.

To assess whether differences in the expression of
surface chemokine receptors correspond to the chemo-
kine responsiveness of different subsets of NK cells, we
used the Transwell system coupled with high-
dimensional flow cytometry. We observed that the
migratory response was closely associated with the
expression of the corresponding chemokine receptor,
indicating that it is the most important factor deter-
mining chemokine responsiveness. Furthermore, we
investigated whether simultaneous ligation of multiple
chemokine receptors would provide synergistic effects
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allowing to bypass the limitations of a single ligand-
receptor chemokine pair. To this end, we stimulated
NK cells with optimal and suboptimal concentrations of
CXCL8 and CX3CL1, as well as a combination of sub-
optimal concentrations of both chemokines. We found
that simultaneous ligation with suboptimal concentra-
tions of both chemokines resulted in a stronger migra-
tory response than both suboptimal and optimal
concentration of each chemokine separately. Thus,
equipping NK cells for adoptive therapy with more than
one chemokine receptor to guide NK cells can enhance
tumor infiltration compared to the use of a single che-
mokine receptor. Such an approach would also reduce
the chance of tumor immune evasion through loss of
expression of one of the targeted chemokines.

The observation of synergistic effects following
simultaneous chemokine receptor ligation prompted us
to carry out a more detailed mapping of chemokine re-
ceptor co-expression using mass cytometry. Clustering
of PB NK cells based on chemokine receptor expression
revealed that co-expression patterns alone could accu-
rately identify immature classical NK cell subsets, such
as CD56"#" and CD56%™ NKG2A* cells. However, in
differentiated NK cell subsets, the expression patterns of
chemokine receptors were more diverse. This finding
adds another layer to the functional diversification of NK
cells based on migratory potential. In this context, the
most mature adaptive NKG2C™ cells showed a unique
chemokine receptor profile, with high expression of
receptors typical of both mature and immature NK cells.
Additionally, despite lower expression of CXCRI,
CXCR2, CXCR4 and CX3CR1 than CD56%™ CD57*
NKG2A™ KIR" NK cells, their migratory response was
more potent. This indicates that other important factors,
besides chemokine receptor expression, come into play
and influence the strength of chemokine-induced NK
cell migration.

The ability of cells to infiltrate a tumor is a funda-
mental prerequisite for anti-tumor immunity.*****' The
chemokine receptor co-expression patterns and their
synergistic action, prompted us to search for potential
reasons explaining the low abundance of mature NK
cells in solid tumors, as well as for appropriate tumor
types that could be effectively targeted by adoptive NK
cell therapy.”** In the context of chemokine receptor
synergy following simultaneous ligation, we classified
primary solid tumors by re-clustering 9471 primary
solid tumors (35 different tumor types) from the TCGA
and TARGET cohorts based solely on chemokine
expression. We identified nine clusters with distinct
chemokine expression patterns. Strikingly, none of
them expressed chemokine ligands for more than one
chemokine receptor expressed on mature NK cells
(CXCR1/2, CXCR4, CX3CR1). On the other hand, the
chemokine receptor profile (CCR5", CCR7*, CXCR3")
of Thl T cells allows for dual chemokine receptor
ligation in clusters 3, 6, and 9.%*° Myeloid cells are
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even more compatible with the chemokine milieu of
solid tumors, with four clusters (3, 4, 6, 7) ligating
more than one chemokine receptor expressed on clas-
sical monocytes (CCR1, CCR2, CX3CR1).*-* Thus, the
selection pressure during early stages of tumor
microevolution appears to favor infiltration of immu-
nosuppressive cells while excluding mature NK cells
with antitumor potential, possibly through avoidance
of NK cell chemokine receptor synergy. Importantly,
we consider CXCR1 and CXCR2 as one as they are
naturally co-expressed in immune cells and share
CXCL8 as their main ligand.” We speculate that the
lack of synergistic chemokine input may be one factor
contributing to the sparse infiltration of mature NK
cells in solid tumors. Further work is needed to explore
how these distinct chemokine networks correlate with
NK cell infiltration in more complex in vitro and in vivo
models and ultimately how this relate to clinical
outcomes.

Two of the discovered clusters of primary tumors
(cluster 3 and 6) showed expression of multiple ligands
for chemokine receptors on expanded NK cells. Cluster
3 was characterized by high expression of CCL3, CCL4,
CCL4L2, CCL5 (CCRS ligands), CXCL9, CXCLIO,
CXCL11 (CXCR3 ligands) and moderate expression of
CCL21 (CCR7 ligand) and CCL22 (CCR4 ligand), while
cluster 6 expressed high levels of CCL21 (CCRY ligand)
and CCL22 (CCR4 ligand). Together, almost 90% of
DLBCL tumors belong to one of these clusters, indi-
cating that diffuse large B-cell lymphoma may be a
permissive target for adoptive feeder cell-based NK cell
therapy in terms of its chemokine milieu. As the role of
infiltrating NK cells in DLBCL is already partially
established as high circulating NK cell count is asso-
ciated with improved outcomes, it further reinforces
the idea of NK cell-based immunotherapy.””* Aside
from the importance of natural cytotoxicity, NK cell-
mediated ADCC plays a crucial role in improving
treatment outcomes of patients treated with rituximab
using R-CHOP regimen.”"*”

Another promising therapeutic approach is iPSC-
derived NK cells. iNKs can be fine-tuned through
numerous genetic modifications to achieve stronger
effector function, introduce tailored specificities and
promote persistence, and are therefore attractive candi-
dates for cancer immunotherapy.” Profiling of the
chemokine receptor repertoire on one example of a
multi-edited iNK line showed that the chemokine re-
ceptor profile shared similarities with PB NK cells, e.g.,
high CXCR2 and CXCR3 expression, but also had some
unique features e.g., high expression of CCR1 and
CCRG. These data need to be interpreted with some
caution given that different iNK cell clones may vary in
their receptor repertoire. Given the unique possibility to
perform multiple gene edits in the iNK cell platform,
adding one or more homing receptors to promote syn-
ergistic signaling and homing to the tumor type seems
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like an attractive approach to enhance iNK-cell based
immunotherapy.

In summary, our data provide a comprehensive map
of the chemokine receptor landscape in NK cells and
reveal an unexpected diversity in the chemokine recep-
tor co-expression that collectively control migratory re-
sponses to chemokine gradients. Our observations may
also serve as a basis for engineering next-generation
adoptive NK cell therapies against hematological ma-
lignancies and solid tumors.
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