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The G Protein—Coupled Receptor GPR56 Is an Inhibitory
Checkpoint for NK Cell Migration

Daniel Palacios,*’T Rakesh Kumar Majhi,"";t Edina K. Szabo,*’T Dennis Clement,*’*
Mieszko Lachota,*® Herman Netskar,*" Leena Penna,’ Silje Z. Krokeide,*"
Marianna Vincenti,*" Lise Kveberg,*™' and Karl-Johan Malmberg*’“”’1

G protein—coupled receptors (GPCRs) represent the largest family of surface receptors and are responsible for key physiological
functions, including cell growth, neurotransmission, hormone release, and cell migration. The GPCR 56 (GPR56), encoded by
ADGRG]1, is an adhesion GPCR found on diverse cell types, including neural progenitor cells, melanoma cells, and lymphocytes,
such as effector memory T cells, Y8 T cells, and NK cells. Using RNA-sequencing and high-resolution flow cytometry, we found
that GPR56 mRNA and protein expression increased with NK cell differentiation, reaching its peak in adaptive NK cells. Small
interfering RNA silencing of GPR56 led to increased spontaneous and chemokine-induced migration, suggesting that GPR56
functions as an upstream checkpoint for migration of highly differentiated NK cells. Increased NK cell migration could also be
induced by agonistic stimulation of GPR56 leading to rapid internalization and deactivation of the receptor. Mechanistically,
GPRS56 ligation and downregulation were associated with transcriptional coactivator with PDZ-binding motif translocation to the
nucleus and increased actin polymerization. Together, these data provide insights into the role of GPR56 in the migratory
behavior of human NK cell subsets and may open possibilities to improve NK cell infiltration into cancer tissues by releasing a

migratory checkpoint.

atural killer cells have emerged as a promising tool in cell

therapy, with extensive research ongoing to maximize

their potential in cancer treatment (1). This involves
directing NK cells to tumors and enabling their effector func-
tions on-site. NK cells migrate toward target tissues through
interactions with the extracellular environment, facilitated by
chemokine receptors, adhesion molecules, and various NK cell
receptor families on their surface (2). These interactions provide
multiple signals, both inhibitory and activating, that modulate
their migratory properties (3). The engagement of different sig-
naling pathways leads to cytoskeletal rearrangement, resulting in
migration and the activation of effector responses, such as the
release of cytotoxic granules, cytokine production, and inter-
actions with target cells (2). Of particular importance for migra-
tion are the seven-transmembrane receptors, including chemokine
receptors and GPCRs (4).
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GPR56, encoded by ADGRI, is a multifunctional adhesion GPCR
involved in a long range of biological processes, including oligoden-
drocyte and brain development, hematopoietic stem cell generation,
myoblast fusion and muscle hypertrophy, adipogenesis, testis develop-
ment, immunoregulation, and tumorigenesis (5). GPR56 is expressed
on hematopoietic stem and progenitor cells (HSPCs), NK cells, and
T cells, including CD8", CD4", and v8 T cells (6). In HSPCs,
GPR56 has proved to be necessary to overcome proliferative stress
during hematopoiesis, and its expression is reduced upon cell
differentiation and lineage restriction. However, GPR56 deficiency
does not affect HSPC maintenance, migration, or function in hemato-
poiesis (7). In CD8" T cells, GPR56 expression is increased in
CMV-specific effector type CD8" T cells and correlates with the
expression of CD57 and KLRGI, which define terminally differenti-
ated cells (6). In CD4" T cells, GPR56 has been suggested as a
marker to classify the more functional subset of CD4" memory
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T cells based on the production of the inflammatory cytokines TNF
and IFN-y (8). GPR56 expression was also found to correlate with
the expression levels of Granzyme B in CD4" and CD8" T cells
(9). Furthermore, GPR56 was found to be upregulated in tumor-
infiltrating lymphocytes upon TCR signaling and reduced the migra-
tory potential of tumor-infiltrating lymphocytes in response to che-
moattractants (10).

In peripheral blood NK cells (PBNKs), GPR56 is known to be
expressed in CD56%™ NK cells (11) and driven by the transcription
factor Hobit (12). GPR56 expression in NK cells and overexpression
in NK-92 cells showed that it negatively impacts NK cell effector
functions, including target killing, degranulation, and production of
inflammatory cytokines. This negative impact on function is thought
to be mediated through physical association with the tetraspanin
CDS81 (12). However, the role of GPR56 in NK cell migration
remains elusive. In this study, we report a detailed characterization
of the expression of GPR56 in primary human NK cell subsets and
demonstrate a potential role for GPR56 as an upstream checkpoint
for spontaneous and chemokine-driven migration.

Materials and Methods
NK cell isolation

PBMCs were isolated from buffy coats harvested from healthy donors at Oslo
University Hospital Blood Bank (Regional Ethics committee ID 2018/2485)
by density gradient centrifugation using 50-ml SepMate tubes (STEMCELL
Technologies). PBNK cells were isolated using the NK Cell Isolation Kit and
autoMACS Pro Separator from Miltenyi Biotec. NK cells were cultured in
complete RPMI (RPMI 1640 + L-glutamine supplemented with 10% FBS,
100 U/ml penicillin, and 100 pg/ml streptomycin from Sigma-Aldrich).

Flow and mass cytometry

For flow cytometry analysis, freshly isolated NK cells were washed and
stained with Abs for 15 min using staining buffer (PBS with 2% FCS). An
overview of Abs and reagents is provided in Supplemental Table 1. LIVE/
DEAD Aqua Dead Cell Stain (Life Technologies) was included to stain
dead cells. To stain intracellular proteins for flow cytometry, we fixed cells
using BD Cytofix Fixation Buffer for 10 min at 4°C and then washed with
BD Perm/Wash (BD Biosciences) before staining with Abs in BD Perm/
Wash buffer for 30 min at 4°C. Cells were washed twice with BD Perm/
Wash buffer and resuspended in staining buffer. Flow cytometry analysis
was performed on a BD LSRII flow cytometer and by FlowJo. Abs were
purchased for CD56 BUV395, Granzyme B AF700, CD3 V500, CD14
V500, CD19 V500, and IFN-y allophycocyanin from BD Biosciences;
CD56 ECD, KIR2DIL2/S2/L3 PE-Cys5.5, and NKG2A allophycocyanin from
Beckman Coulter Life Sciences; CD57 FITC, CD107 AF488, KIR3DL1
BV421 and BV711, GPR56 PE, GPR56 unconjugated, and LFA1 PE from
BioLegend; and KIR2DLI allophycocyanin-Vio 770 and KIR2DL1/S1
PE-Vio770 from Miltenyi Biotec.

For mass cytometry analysis, PBMCs collected from 20 healthy donors
were frozen in 10% DMSO and 90% FCS and stored in liquid nitrogen. The
day before acquisition, PBMCs were thawed, counted, and stained with Cell-
ID Intercalator-Rh103 (Fluidigm, San Francisco, CA) for viability testing fol-
lowed by Fc blocking reagent and a surface Ab mixture. Subsequently, cells
were fixed in PBS (without calcium and magnesium) with 2% paraformalde-
hyde, permeabilized, barcoded using the Cell-ID 20-Plex Barcoding Kit (Flu-
idigm), and pooled. Samples were then transferred to methanol and stored at
—20°C. On the acquisition day, cells were stained with an intracellular Ab
mixture and labeled 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 <350 events/s. Samples were analyzed in one run. Abs were
either obtained prelabeled from Fluidigm or conjugated with metal isotopes
using Maxpar X8 Ab labeling kits (Fluidigm). FCS files were normalized and
debarcoded using CATALYST (1.21.1) R package. Then, the gating and down-
stream analysis was done in CytoExploreR (1.10) and Metagate (0.8.0) (13).

SCRNA-seq data

PBNK subset scRNA-seq data originate from PBMCs isolated from one con-
ventional NK cell donor and one adaptive NK cell donor that were subset
sorted and sequenced as previously described (14). A total of 12,000 cells
were directly sorted into Eppendorf tubes at 4°C for each sample using a

FACSAria II (Beckton Dickinson). For both donors we sorted CD56™™,
CD56%™ NKG2A™ KIR™ CD57", CD56%™ NKG2A™ self KIR™ CD577,
and CD56%™ NKG2A ™~ nonself KIR* CD57" populations. For the adaptive
donor we also sorted a population of CD56™™ NKG2A™ self-KIR™ CD57*
NKG2C™" cells, and for the nonadaptive donor a population of CD56%™
NKG2A™ self-KIR™ CD57" NK cells. For the Abs, CD57-FITC (HNK-1)
was from BioLegend; KIR3DL1S1-allophycocyanin (Z27.3.7), CD56-ECD
(N901), and CD158b1/b2,j-PE-Cy5.5 (GL183) were from Beckman Coulter;
KIR2DL1-allophycocyanin-Cy7 (REA284), NKG2C-PE (REA205), and
NKG2A-PE 463 Vio770 (REA110) were from Miltenyi Biotec. These data
are available at GEO with accession number GSE245690. The scRNA-seq
data from IL-15-stimulated cells were previously published, and the raw
data are available at EGA under accession number EGAS00001003946 (15).
The data from after target stimulation are taken from Dufva et al. (16).

ScRNA-seq analysis

The scRNA-seq data were analyzed using Scanpy (17). After filtering and
quality control, the remaining cells were analyzed using scANVI (18) with
the known subset membership as label annotations. Uniform manifold approx-
imation and projection for dimension reduction (UMAP) embeddings were
computed on the latent scANVI representations. For the unstimulated PBNK
cell data and the data from after target stimulation, the resulting denoised
RNA expression value for ADGRG! was plotted on the UMAP embeddings.
The dot plots showing the expression of ADGRG! across the subsets and con-
ditions were made with the merged dataset of all relevant donors.

Small interfering RNA silencing

We performed knockdown according to a previously published protocol (19).
In short, isolated NK cells were counted and washed in prewarmed PBS.
Then, cells were resuspended at a concentration of 1x 10° cells/ml in pre-
warmed Accel siRNA (small interfering RNA) delivery medium (Horizon
Discovery) supplemented with penicillin/streptomycin and 1 ng/ml IL-15
from Miltenyi Biotec. A total of 100 pl cells/well (1x 10° cells) was seeded
in a U-bottom 96-well plate. Finally, Accell human ADGRGI siRNA was
added at a final concentration of 1 pM, and 1 pM Accell Non-targeting
siRNA was added to another well as a control (Horizon Discovery). Cells
were incubated at 37°C for 96 h before use. The media were not changed
during the 96-h incubation. For subsequent experiments, NK cells were washed
and resuspended in complete RPMI and used immediately after the 96 h.

Transwell migration assays

A total of 5 x 10° purified primary PBNK cells rested overnight in complete
RPMI were seeded in the top well of 5-um polycarbonate pore transwell
plates (Corning). The bottom well was filled until it touched the transwell
membrane with complete RPMI with or without 10 ng/ml rIL-8 (PeproTech).
Primary NK cells were prepared, either preincubated with or without puri-
fied unconjugated anti-GPR56 (CG4; BioLegend) Ab 5 pg/ml for 1 h at
37°C or treated with nontargeting siRNA or GPR56 siRNA according to
the earlier protocol. Plates were incubated at 37°C at 5% CO, for 1 h. After
the incubation, CountBright counting beads (Thermo Fisher) were added
to the bottom well. All the cells and beads were collected from the bottom
well and stained for subsequent flow cytometry analysis and counting. Cell
counts in transwell assays were normalized based on the CountBright beads’
Number of cells acquired Concentration of beads
Beads acquired ) ( Volume acquired

Using the normalized cell counts, we calculated the migration index
_ Normalized cell count of conditioned media or knockdown

by: - - -
?/ i Normalized cell count in unstimulated control
significance was calculated using a paired ¢ test.

manufacturer:

. Statistical

IL-15 stimulation

To study the GPR56 receptor dynamics in the presence of IL-15, we added
1% 10° purified PBNK cells to 96-well plates in complete RPMI. IL-15
from Miltenyi Biotec was added to each well to a final concentration of
10 ng/ml in a time-wise manner: 2 h, 4 h, 8 h, overnight, and a control
without stimulation. Finally, PBNK cells were stained with a mixture of
fluorescently labeled Abs for flow cytometry analysis.

Receptor internalization

To study internalization of GPR56 with flow cytometry, we used purified
anti-GPR56 Ab (CG4) that was biotinylated using the Mix-n-Stain Biotin
Ab Labeling Kit (Sigma-Aldrich). Purified PBNK cells were stimulated with
biotinylated anti-GPR56 Ab at a 5 pg/ml final concentration for 1 h at 37°C.
The cells were then washed twice with staining buffer and incubated with
Streptavidin Alexa Fluor 568 from Jackson ImmunoResearch at 4°C for
20 min. For imaging experiments, purified NK cells were stimulated with
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anti-CG4 Ab or anti-DNAMI1 Ab (as positive control) both at a final concen-
tration of 5 pg/ml for 1 h, surface stained with wheat germ agglutinin
(WGA) tagged with Alexa Fluor 488 for 15 min at room temperature, and
allowed to adhere on Cell-Tak coated glass coverslips. Paraformaldehyde-
fixed cells were permeabilized with Triton X-100, stained with Alexa Fluor
568 secondary Abs, and counterstained with Hoechst 33342. Z-stack images
of the cells were acquired on LSM880 confocal microscope (Zeiss) using
63x oil-immersion objective. The number of green puncta (GPR56, DNAM1)
and WGA puncta were quantified using Fiji software.

Actin remodeling

To investigate the effect of anti-GPRS56 stimulation on actin filaments and
the spreading/elongation of cells, we used purified PBNK cells that were
rested overnight after isolation, incubated for 30 min in the presence or
absence of 100 uM/ml Rho-associated protein kinase (ROCK) inhibitor
Y-27632 from STEMCELL Technologies, and then stimulated with 5 pg/ml
anti-GPR56 Ab for 1 h. The CG4-stimulated cells were allowed to adhere
on Cell-Tak coated coverslips, whereas the unstimulated cells were plated on
5 pg/ml CDA45 or CD16 Ab-coated coverslips to serve as positive and nega-
tive controls for cell spreading. Cells stimulated with soluble anti-CD45 or
anti-CD16 and then plated on Cell-Tak coated coverslips also had the same
effect as the control conditions using plate-bound stimulation. Cells were
incubated for 60 min, fixed with 4% paraformaldehyde at room temperature,
and permeabilized with 0.1% TritonX-100 for 5 min. Filamentous actin was
stained with Alexa Fluor 488—tagged Phalloidin (A12379; 1:200 dilution,
30 min; Thermo Fisher Scientific) and counterstained with Hoechst 33342
(62249; 1:2000 dilution, 5 min; Thermo Fisher Scientific). Z-stack images
of the cells were acquired on LSM880 confocal microscope (Zeiss) on
63X oil-immersion objective, and area, length, and breadth were quantified
using Fiji software. Phalloidin staining served to mark the cell boundaries;
the longest straight line through the nucleus was taken as the length, whereas
the shortest perpendicular line through the nucleus was taken as breadth.

Detection of GPR56 at the leading edge of migrating NK cells

NK cells were rested overnight in RPMI medium without IL-15, and
20,000 cells were added to 0.01% poly-L-lysine solution—coated coverslips that
were placed in a 24-well plate. Cells were stimulated with 5 pg/ml anti-GPR56
Ab (CG4 clone, 358202; BioLegend) in CO, incubator for 1 h. Cells were
fixed with 4% formaldehyde for 15 min and permeabilized with 0.01% sapo-
nin in PBS for 5 min. Filamentous actin was stained by Alexa Fluor
555—tagged Phalloidin (A34055; 1:200 dilution; Thermo Fisher Scientific),
and GPR56 was stained with Alexa Fluor 488—tagged anti-mouse secondary
Ab for 1 h at room temperature. The nucleus was stained with Hoechst
(1:2000 dilution in PBS), and cells were washed in PBS containing 0.01%
Tween 20 and mounted on glass slides using Fluoromount G (Southern Bio-
tech). Confocal images of cells were obtained using 1.4 N.A. oil immersion
63X objective of LSM880 microscope, at 4X zoom. Using Fiji software, we
quantified intensity of GPR56 at the first half comprising the leading edge
versus the second half comprising the trailing edge. Quantification of GPR56
from 57 NK cells in total from three donors is shown. Approximately 20
polarized cells with distinguishable leading and trailing edge (based on actin
staining) were randomly selected from each donor for analysis.

Yes-associated protein-transcriptional coactivator with PDZ-binding
motif nuclear translocation

To investigate Yes-associated protein (YAP)-transcriptional coactivator with
PDZ-binding motif (TAZ) nuclear translocation, we stained unstimulated and
1-h anti-GPR56 (CG4)-stimulated NK cells with YAP (clone D8H1X; Cell
Signaling) or TAZ (clone V386; Cell Signaling) Abs and secondary Alexa
Fluor 488 Ab, Phalloidin 555 (A34055; Thermo Fisher Scientific) to stain
actin, and nucleus by Hoechst 33342. YAP levels were undetectable in NK
cells, whereas the ratio of nuclear versus cytosolic TAZ levels was quantified
by measuring the raw integrated density (intensity over area) of TAZ signals
using Fiji/Imaris software.

Results
Expression of GPR56 mRNA and protein correlates with NK cell
differentiation

Previous studies have shown GPR56 protein to be preferentially
expressed by the cytotoxic cells of the lymphocyte compartment,
including NK cells and all populations of cytotoxic T cells (6, 11).
To provide a detailed, subset-specific analysis of GPR56 expression
in human NK cells, we mapped the expression of GPR56 onto a
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previously established human NK cell transcriptional reference map
based on both sorted phenotypically defined subsets and bulk sin-
gle-cell RNA sequencing (scRNAseq) data. Our analysis revealed a
progressive increase in the transcripts of the GPR56 encoding gene
ADGRG] as NK cells matured from CD56"¢™ to various stages of
CD56%™ NK cells, characterized by the expression of markers such
as KIR, NKG2A, CD57, and NKG2C (Fig. 1A, 1B). Cell-surface
protein expression of GPR56 followed the same pattern and was
uniformly expressed at high levels in more differentiated stages
(Fig. 1C-E). GPR56 expression on NKG2A“KIR "NKG2C™" adap-
tive NK cells, found in some CMV" donors (20), was equal or
slightly higher than the most mature conventional NK cell subsets
(Fig. 1F with gating scheme in Supplemental Fig. 1A, 1B). Finally,
despite similar transcriptional levels, educated NK cells expressed
higher levels of GPR56 than uneducated NK cells (Fig. 1G). Hence
we observed higher levels of GPR56 in KIR2DL3" NK cells in
donors homozygous for the self-ligand HLA-C1, and conversely, in
KIR2DLI1™, expression was higher in donors homozygous for
HLA-C2. These data corroborate and extend previous reports show-
ing that GPR56 protein is higher in the CD56%™ NK cell population
compared with CD56°" (12) and especially high on memory-like
PLZF" FcRy~ NK cells, corresponding to the adaptive NKG2C™
NK cell population examined in this study (12).

GPRS56 silencing and agonistic receptor ligation increase NK cell
migration

GPR56 is a known adhesion GPCR and has been reported to infiu-
ence cell migration in various cell types (21-25). In NK-92 cells,
ectopic expression of GPR56 inhibited spontancous and SDF-1—
stimulated cell migration (6). We found that spontaneous migration
of primary resting NK cells through a 5-pm polycarbonate transwell
membrane led to a consistent downregulation of GPR56 (Fig. 2A).
Because GPR56 has been reported to negatively influence NK cell
function (12), we hypothesized that the dynamic downregulation of
GPR56 during migration reflected a direct involvement of this
receptor in the migratory behavior of NK cells. Therefore, to further
delineate the role of GPR56 in primary NK cells, we silenced its
expression in primary NK cells by siRNA (19) and monitored func-
tional responses and changes in the spontancous and chemokine-
directed migratory response. In agreement with previous studies
(12), successful silencing of GPR56 (Fig. 2B) was associated with
an increase in the open conformation of LFA-1 and increased
degranulation and cytokine production in response to target cell
stimulation (Supplemental Fig. 2A—C). Notably, silencing of GPR56
led to increased spontaneous migration of primary NK cells (Fig. 2C).
The enhanced migratory effect of GPR56 siRNA was seen in bulk
NK cells but was most profound in the differentiated NKG2A KIR "
CD57" subset of NK cells that expressed the highest baseline levels
of GPR56. There was no significant effect in the CD56™€" cells that
expressed low baseline levels of GPR56. In addition, IL-8—directed
migration was increased in GPR56 siRNA-treated cells compared
with cells treated with control siRNA (Fig. 2C). In addition,
similar results were obtained for CX3CL1 (Fractalkine)-driven
migration, albeit with some more variability (Fig. 2C). In con-
clusion, silencing GPR56 increased both spontaneous and directed
migration of NK cells, indicating a functional role of GPR56 in
migration.

To further evaluate the functional role of GPR56, we stimulated
NK cells with an agonistic anti-GPR56 Ab and studied its effect on
migration. Prestimulation of NK cells with anti-GPR56 increased
the migratory capacity of the cells similarly to GPR56 siRNA treat-
ment and following the same subset-specific pattern (Fig. 2D). Con-
focal microscopy imaging of anti-GPR56—treated cells revealed that
GPR56 was rapidly lost from the surface within 1 h poststimulation
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blood donors, one with and one without adaptive NK cell population. Analysis performed by Scanpy (17). (B) Dot plot summarizing scRNAseq analysis of
ADGRGT expression in different PBNK cell subsets. (C) Flow density plots showing GPR56 protein expression on gated NK subsets from one representative
experiment. The gating strategy of NK subsets is visualized in Supplemental Fig. 1A. (D) Fraction of GPR56™ cells in the different NK subsets, and
(E) GPR56 surface protein expression, analyzed by flow cytometry, and measured as % positive cells and mean fluorescence intensity (MFI) (n = 42). Statistics
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donors (n = 13) and adaptive donors (n = 7). The gating strategy of NK subsets is visualized in Supplemental Fig. 1B. Statistics were performed with Welch’s
t test. (G) GPR56 surface expression measured in MFI from educated and uneducated donors in single KIR-expressing NK cells from CIC1 donors (2 = 18)
and C2C2 donors (n = 11). Statistics were performed with paired 7 test. *p = 0.05, **p = 0.01, ***p = 0.001, ****p = 0.0001.

and at least partly because of its translocation to the intracellular
compartment (Fig. 2E—-G). The loss of surface expression was repli-
cated in flow cytometry using the same experimental conditions
(Fig. 2H). These data show that loss of surface expression of
GPR56, either through siRNA silencing or through receptor ligation
and internalization, is associated with increased migratory response
of NK cells.

Transcriptional loss of GPR56 expression after cytokine and target
cell stimulation

It is well established that cytokines, including IL-15, promote migra-
tory responses in NK cells (26). Furthermore, it was previously
reported that cell-surface expression of GPR56 in purified NK cells
is sensitive to long-term (4-20 d) cytokine stimulation with IL-2
(11) and shorter stimulations (12-24 h) with IL-15 and/or IL-18
(11, 12). Therefore, we next studied the kinetics of GPR56

downregulation after various types of stimulation. We found
that downregulation occurred quickly with a reduction of >50%
of cell-surface GPR56 within the first 8 h after stimulation with
10 ng/ml IL-15 (Fig. 3A). This was associated with a general
shutdown in ADGRGI transcription in both NKG2A™ and KIR™
NK cell subsets and was seen in nonproliferating (generation 0—1)
and proliferating cells (generation > 2) (Fig. 3B). Similarly, stimu-
lation of NK cells with K562 target cells or through CD16 or
DNAM/2B4 cross-linking using FcR™* P815 target cells induced a
profound reduction of cell-surface GPR56 (Fig. 3C, 3D). Finally,
we analyzed an integrated and publicly available dataset with pri-
mary NK cells stimulated by 26 different tumor cell lines to assess
how target cell stimulation affected ADGRGI transcripts (16). We
used the cell-type annotations provided by Dufva et al. and plotted
ADGRGI expression in target-induced NK cell states (type I IFN,
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FIGURE 2. GPRS56 modulates the migratory capacity of NK cells. (A) Cell-surface GPR56 expression measured in mean fluorescence intensity (MFI) in
nonmigrated and migrated primary NK cells in a transwell setting (n = 8). Statistics were performed by a paired ¢ test. (B) GPR56 knockdown efficiency
measured in MFI and percent comparing a nontargeting siRNA control and GPR56 targeting siRNA treatment (n = 7). Statistics were performed using paired
¢ test. (C) Spontaneous, IL-8 (10 ng/ml), and CX3CL1 (10 ng/ml) primary NK cell migration in a transwell setting in bulk NK cells, CD56"€" NK cells, and
NKG2A KIR*CD57" NK cells comparing NK cells with a nontargeting siRNA treatment and GPR56 knockdown NK cells by siRNA (n = 6). Statistics
were performed by a paired ¢ test. (D) Spontaneous, IL-8 (10 ng/ml), and CX3CL1 (10 ng/ml) primary NK cell migration in a transwell setting in bulk NK
cells, CD56* 8" NK cells, and NKG2A KIR"CD57" NK cells comparing unstimulated NK cells and NK cells stimulated with an anti-GPR56 Ab (n = 7).
Statistics were performed using a Wilcoxon test. (E) Confocal imaging of GPR56 in freshly isolated PBNKs after Ab stimulation for 1 h. Green: WGA
tagged with Alexa Fluor 488. Blue: Hoechst 33342. Red: GPR56 stained with Alexa Fluor 568 secondary Abs. One representative image for 0 and 1 h from
a single experiment is shown. (F) Counted GPR56 clusters detected in the cell surface (membrane) at 0 h versus intracellular and 1 h after stimulation with
anti-GPR56 Ab (n = 3 donors/110 NK cells). Statistics were performed by a mixed-effects analysis. (G) Intracellular-to-surface ratio of GPR56 clusters (n =
3 donors/110 NK cells). Statistics were performed using a paired ¢ test. (H) Surface expression of GPR56 was detected by flow cytometry after Ab stimula-
tion for 0 or 1 h (n = 7). Statistics were performed by a paired 7 test. *p = 0.05, **p = 0.01, ***p = 0.001.

cytokine producing, and activated) (16). We found that all respond-
ing NK cell populations showed reduced ADGRG! transcripts after
tumor cell stimulation, supporting a transcriptional feedback loop
induced by both cytokines and natural receptor ligation (Fig. 3E).
Together, these data suggest that GPR56 functions as an inhibi-
tory checkpoint for NK cell migration, and that its transcription and

surface expression decrease after agonistic receptor ligation, cyto-
kine stimulation, and target cell recognition.

GPR56 engagement leads to actin remodeling

The Rho signaling pathway is important for immune cell migration
(27). Rho belongs to the Rho family small GTPases of the Ras
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FIGURE 3. Transcriptional regulation of GPR56 expression. (A) Surface expression of GPR56 measured by flow cytometry upon IL-15 stimulation
(10 ng/ml) at different time points (» = 3 donors). (B) Dot plot showing transcriptional levels of ADGRI in the indicated subset after stimulation with IL-15
for 5 d. (C) GPR56 surface expression upon target cell stimulation (K562) and PMA (2.5 pg/ml)/ionomycin (0.5 pg/ml) activation (n = 6). Statistics were
performed using repeated measures one-way ANOVA. (D) GPR56 surface expression measured as MFI upon stimulation with DNAM1/2B4 and CD16 using
a P815 cell line in a reverse Ab-dependent cytotoxicity assay. (E) UMAP representing the CD56°#" and CD56%™ compartment and the clusters induced by
target cell stimulation with the dot plot showing the relative ADGRG transcripts in the indicated clusters. Statistics were performed using repeated measures
one-way ANOVA (n = 4). p > 0.05, **p < 0.01, ***p =< 0.001, ****p < 0.0001.

superfamily that in a GTP-bound active state can bind and activate
several downstream effector molecules (28), with one of these being
ROCK. To investigate whether Rho/ROCK signaling is involved in
GPR56-induced migration, we stimulated cells with anti-GPR56 Ab
and evaluated the induced changes in the actin filament network in
the absence and presence of ROCK inhibitor (Fig. 4A—C). Within
1 h of stimulation with anti-GPR56 Ab, we observed distinct remod-
eling of the actin filaments and the shape of the cells, visualized by
phalloidin staining of filamentous F-actin (Fig. 3A). GPR56-
stimulated NK cells displayed increased surface area and were elon-
gated compared with NK cells stimulated with anti-CD45 as negative
control (Fig. 4B, 4C). Anti-CD16 stimulation was included as a posi-
tive control to evaluate the effect of cell migration on cellular area
and elongation, and its dependence on Rho/ROCK signaling. In all
conditions, actin remodeling was inhibited in the presence of ROCK
inhibitor.

GPR56 is located near the leading edge and its downmodulation
triggers TAZ translocation

One of the key hallmarks of cell migration is the formation of the
leading edge and mechanistic adhesion after actin polymerization
(29, 30). To determine the physical location of GPR56 on migrating
NK cells, we treated primary NK cells with an anti-GPR56 Ab lead-
ing to a migratory phenotype as described earlier. Through confocal
microscopy, GPR56 expression was detected preferentially at the
leading edge of the cell (Fig. 4D, 4E), consistent with a role in NK
cell migration.

YAP or its paralogue TAZ in their active form translocate to the
nucleus and associate with the family of TEA domain transcription
factors (TEAD) to regulate several processes, such as cell

proliferation, tissue growth, and differentiation (31). YAP/TAZ is
also shown to limit cytoskeletal tension, which is important for per-
sistent cell motility (32). To investigate whether GPR56 receptor
stimulation and subsequent actin polymerization induce nuclear
translocation of YAP/TAZ, we isolated primary NK cells, stimulated
them with anti-GPR56 Ab, and imaged by confocal microscopy.
TAZ was translocated to the nucleus after 1-h stimulation (Fig. 4F,
4G), indicating that GPR56 stimulation relays signals that enable
persistent migratory capability of the NK cells. We were not able to
detect any staining of YAP in our assays, consistent with negligible
levels of YAP transcripts in NK cell RNA sequencing data (14).

Discussion

We report a role for GPR56 as an inhibitory checkpoint for sponta-
neous and chemokine-driven NK cell migration. Agonistic stimula-
tion of GPR56 led to a rapid internalization and loss of surface
expression unleashing a migratory phenotype that was mechanisti-
cally linked to TAZ nuclear translocation and increased actin poly-
merization. GPR56 expression increased with NK cell differentiation
and reached its peak in terminally differentiated NK cells, which
was reflected in the response to GPR56 manipulation. Our study
reinforces the role for GPR56 as an upstream inhibitory checkpoint
regulating a broad range of functions in human NK cells, including
cell migration.

GPCRs, the largest membrane receptor class with ~800 human
members, are implicated in diseases such as diabetes, depression,
obesity, Alzheimer’s, and cancer. Activated by external signals, they
trigger responses such as cAMP production, calcium mobilization,
and kinase phosphorylation. Their seven-transmembrane domain
links G protein signaling to external stimuli. In immunity, GPCRs,
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FIGURE 4. GPR56 is involved in Rho-dependent actin remodeling and
translocation of TAZ. (A) Confocal microscopy of freshly isolated NK cells
stimulated with anti-GPR56 for 1 h in the presence or absence of 100 pM/ml
ROCK inhibitor. Cells were stimulated with anti-CD45 and anti-CD16 as nega-
tive and positive control, respectively. Actin filaments were stained by Phalloi-
din AF 488 (green), and cell nuclei were stained with Hoechst 33342 (blue).
One representative image for each setting from a single experiment is shown.
(B) Actin remodeling is visualized by the flattening over an area (measured by
um?). Average cell area from all cells present in the view field; total 10~11
view fields (n = 3 donors). Statistics were performed using Kruskal-Wallis
multiple comparisons test. (C) The elongation factor (cell length/breadth) of the
cells described in (B). Statistics were performed using Kruskal-Wallis multiple
comparisons test. (D) Representative image of an NK cell with a clear leading
edge and trailing edge showing GPR56 in green and F-actin in red. (E) GPR56
intensity ratio comparing GPR56 clusters in the trailing edge and leading edge
(n = 3 donors). Total cells analyzed = 57. Statistics were performed using a
paired ¢ test. (F) Stimulation with anti-GPR56 for 1 h induces nuclear transloca-
tion of TAZ. Actin filaments were visualized with Phalloidin AF555 and nuclei
with Hoechst 33342. Translocation was measured as the ratio of nuclear/cyto-
plasmic TAZ intensity. (G) TAZ expression intensity within the nucleus/cyto-
plasmatic comparing unstimulated versus anti-GPR56 treatment for 1 h (n = 3
donors). Each dot represents TAZ intensity per view field. Statistics were per-
formed using unpaired # test. **p = 0.01, ***p = 0.001, ****p = 0.0001.
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especially chemokine receptors, regulate cell migration and homing
(33). Adhesion GPCRs have a large N-terminal domain for cell
interactions and a conserved GPCR autoproteolysis-inducing (GAIN)
domain, undergoing proteolysis to produce an N-terminal fragment
(NTF) and a C-terminal fragment (CTF) with a tethered agonist.
Postcleavage, NTF and CTF remain associated, affecting cell adhe-
sion and signaling (34). Immune cells express adhesion GPCRs,
including EMR, EMR2, and CD97, which are crucial for immune
tolerance, neutrophil recruitment, and leukocyte trafficking (35-37).

The role of GPR56 in regulating migration is well established in
various cell types, including neural progenitor and melanoma cells.
GPR56 deficiency causes bilateral frontoparietal polymicrogyria, a
brain disorder (38). In cervical cancer, high GPR56 levels predict
poor outcomes, whereas its suppression reduces cell proliferation
(39). GPR56 activation, using an agonistic mAb, in melanoma cells
enhanced invasion and migration (24). These variable response pat-
terns may be because of the presence/absence of cis-acting corecep-
tors able to modulate receptor activity or tissue-specific splice
variants (40). Indeed, a functional splice variant of GPR56 lacking
the proteolytic GAIN domain has been reported in cervix, colon,
leukocyte, and thyroid gland (41). In terms of GPR56 activation
models, these include shedding its NTF domain, enabling receptor
signaling, and interactions with membrane proteins such as CD81
and CD9. In NK cells, GPR56 signaling inhibits functional activity
via a physical interaction with CD81, independent of GAIN domain
cleavage (12). It has previously been shown that the NTF of GPR56
also can be shed from the cell surface in an a disintegrin and metal-
loprotease 17—independent manner (12). Thus, although we observed
a rapid internalization of GPR56 after agonistic receptor stimulation,
we cannot exclude shedding as a parallel mechanism partly responsi-
ble for the loss of GPR56 surface expression paralleling the emer-
gence of a migratory phenotype.

Somewhat paradoxically, both genetic silencing and agonistic
stimulation were associated with an unleashed NK cell migratory
response. Although the detailed chain of events connecting agonistic
receptor input to increased migration remains elusive, anti-GPR56
treatment led to a rapid and sustained loss of GPRS6 expression at
the surface, mimicking the siRNA-induced phenotype. We found
that this phenotype is further reinforced by shutdown of transcrip-
tion. We speculate that the extracellular N terminus of GPR56 acts
as a hook anchoring the NK cells to the extracellular matrix or
neighboring cells. When there is autocatalysis of the N-terminal
fragment (by binding to anti-GPR56 Ab) or GPR56 surface expres-
sion is low (by siRNA-mediated knockdown), this physical brake
may be released, leading to higher cell migration. However, further
studies are needed to elucidate the exact mechanism of how surface
expression of GPR56 interferes with cell migration.

Lending some mechanistic insights, our findings indicate that
GPR56 regulates NK cell migration through the YAP/TAZ pathway
and actin remodeling. The receptor’s expression at the leading edge
of migrating cells and its interaction with proteins such as a-actinin
align with its role in cell adhesion and migration. TAZ has been
reported to favor cell migration when it is translocated to the
nucleus, as is the case for lung cancer cells (42), breast cancer cells
(43), and melanoma cells (44). In our experiments, we observed that
when using an anti-GPR56 Ab, the YAP/TAZ pathway is activated,
resulting in a rapid translocation of TAZ to the nucleus associated
with the migratory phenotype. Furthermore, GPR56 manipulation
was associated with actin remodeling, which is a key process for
cell migration (45). We found that anti-GPR56 treatment resulted in
actin remodeling in NK cells, similar to that seen after agonistic
stimulation with anti-CD16 (46). Previous reports have shown that
GPR56 recruits Ga proteins, which activates Ras homolog family
member A (RhoA) (22). It is known that upon depletion of RhoA,
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T cells lose migration polarity (47). This is in agreement with our
results in which inhibiting ROCK, a downstream protein from
RhoA, prevented actin polymerization after both anti-GPR56 and
anti-CD16 treatment. Furthermore, GPR56 expression was detected
mostly in the leading edge of cells treated with anti-GPR56 Ab,
which has also been seen in glioma cells where GPR56 expression
correlated with «-actinin, a protein known for its role in cell adhe-
sion (48). This further supports the notion that GPR56 acts as an
upstream checkpoint for NK cell migration that is released upon
cytokine stimulation, target cell recognition, and receptor ligation.

The finding of GPR56 as an important regulator of NK cell
migration has implications for NK-cell based cancer therapies.
Given the inhibitory effect of GPR56 on NK cell migration and
cytolytic activity, targeting this receptor could enhance NK cell infil-
tration into tumors and improve immunotherapy outcomes. The
diverse ligands and signaling pathways associated with GPR56 pre-
sent multiple avenues for therapeutic intervention. Several ligands
have been described for GPR56, including collagen III (49), trans-
glutaminase 2 (50), heparin (23), and the small-molecule agonist 3-
a-DOG (51). Downstream signaling after ligand stimulation of
GPR56 is shown to require autoproteolysis by the GAIN domain,
resulting in dissociation of the NTF and CTF (52). Binding to the
natural ligands, however, has not yet been confirmed in NK cells.
The receptor’s complex role across different cell types and diseases
highlights the need for further research to fully understand its mech-
anisms and therapeutic potential.
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