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Tumor immune escape is amajor factor contributing to cancer progression and unrespon-
siveness to cancer therapies. Tumors can produce prostaglandin E2 (PGE2), an inflamma-
tory mediator that directly acts on Natural killer (NK) cells to inhibit antitumor immu-
nity. However, precisely how PGE2 influences NK cell tumor-restraining functions remains
unclear. Here, we report that following PGE2 treatment, human NK cells exhibited altered
expression of specific activating receptors and a reduced ability to degranulate and kill
cancer targets. Transcriptional analysis uncovered that PGE2 also differentially modu-
lated the expression of chemokine receptors by NK cells, inhibiting CXCR3 but increas-
ing CXCR4. Consistent with this, PGE2-treated NK cells exhibited decreased migration
to CXCL10 but increased ability to migrate toward CXCL12. Using live cell imaging, we
showed that in the presence of PGE2, NK cells were slower and less likely to kill cancer
target cells following conjugation. Imaging the sequential stages of NK cell killing revealed
that PGE2 impaired NK cell polarization, but not the re-organization of synaptic actin or the
release of perforin itself. Together, these findings demonstrate that PGE2 affects multiple
but select NK cell functions. Understanding how cancer cells subvert NK cells is necessary
to more effectively harness the cancer-inhibitory function of NK cells in treatments.
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� Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction
Natural killer (NK) cells are innate lymphoid cells that have the
inherent capacity to recognize and kill foreign, infected, and
malignant cells [1]. NK cell effector functions include cellular
cytotoxicity and cytokine secretion and thus, they play an impor-
tant role in early and effective immune responses [2]. Unlike T
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lymphocytes, the cytotoxic function of NK cells is regulated by the
balance of signals from a diverse repertoire of germline-encoded
activating and inhibitory receptors [3]. Upon activation and for-
mation of an immune or immunological synapse, NK cells can
directly kill cancer cells by secretion of granules containing per-
forin and granzyme B [4]. Alternatively, if inhibitory signals dom-
inate, an inhibitory synapse assembles, where the balance of sig-
nals cuts short the duration of the contact and prevents NK cell
effector functions [5].
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Besides their direct recognition and killing of cancer cells, NK
cells are also central orchestrators of T cell immunity and thus,
are directly involved in the response to T cell-targeting immune
checkpoint inhibition therapies [6]. NK cells can induce a switch
in the tumor microenvironment (TME) toward an inflammation
which inhibits cancer progression, through the production of
mediators including IFN-γ, that stimulate T-cell-mediated immu-
nity [6]. Moreover, NK cells can secrete chemokines that attract
myeloid cells to the tumor and promote further T cell recruitment
[7].

Intratumoral NK cell frequency correlates with improved prog-
nosis in several different cancers [7–11]. However, some tumors
escape immune surveillance and grow despite immune cell infil-
tration [12]. Tumors can potentiate their own survival and pro-
gression through the development of a complex TME [13]. Inflam-
matory cells and cellular mediators of inflammation are key con-
stituents of the TME and can have many tumor-promoting effects
[13]. Accordingly, they constitute adverse prognostic factors
and promote therapy resistance [6]. Prominent among tumor-
sustaining mediators is prostaglandin E2 (PGE2) whose produc-
tion has been associated with enhancement of cancer cell sur-
vival, growth, invasion, angiogenesis, and immunosuppression
[14]. Cyclooxygenase (COX)-1 and 2 enzymes are critical for
the production of PGE2 and often overexpressed in colorectal,
breast, stomach, lung, and pancreatic cancers [14], where they
are associated with decreased survival among cancer patients
[6, 15].

The recent success of immunotherapies has reinvigorated the
study of tumor immunology and inflammation, and in recent
years, NK cells have emerged as a potential target for cancer
immunotherapies. They are an attractive alternative to T cell
immunotherapies because they preferentially target “altered” cells
in the body, without the need for prior sensitization or knowledge
of specific cancer cell antigens [9]. However, in order to more
successfully harness the cancer inhibitory function of NK cells
in treatments, we must first understand more clearly the mech-
anisms underlying their suppression in the TME.

PGE2 is an inflammatory mediator. Although PGE2 promotes
cancer progression in the TME, it also drives and regulates acute
inflammation necessary to heal tissue damage under normal phys-
iological conditions [16]. In the final stages of wound healing,
PGE2 can act to resolve acute inflammation by inhibiting the syn-
thesis of IL-2 which leads to suppression of NK cells and cytotoxic
T cells [16].

PGE2 has been found to directly suppress NK cell function [6,
7, 17] by signaling through both prostaglandin receptor 2 (EP2)
and receptor 4 (EP4) [6, 17, 18]. However, it is unclear pre-
cisely how PGE2 influences NK cell tumor-restraining functions.
For example, it is well-established that there are several discrete
steps to immune synapse formation leading to cytolysis but little
is known about how PGE2 impacts the dynamics of synapse for-
mation. Likewise, serial killing by NK cells is an important compo-
nent of their overall response, and again the effect of PGE2 on this
has not been studied extensively. Here, we show that PGE2 affects
several but specific features of the antitumoral NK cell immune

response: from initial migration into the tumor, the dynamics of
how NK cells and cancer cells interact, the production of IFN-γ,
and eventual cancer cell killing.

Results

PGE2 reduces the expression and function of multiple
NK cell activating receptors

To investigate the effects of PGE2 on NK cell cytotoxicity, degran-
ulation of peripheral blood NK cells was measured in response
to the transformed B cell line, 721.221 (hereafter referred to as
221) and the chronic myelogenous leukemia K562 cell line. These
cancer cell lines, along with Burkitt’s lymphoma Daudi cells, used
as targets in later experiments, express little or no HLA class I
protein and are susceptible to NK cell-mediated cytotoxicity [19–
21]. They also do not express the gene encoding COX-2 (PTGS2)
[22] or produce PGE2 (Supporting information Fig. S1A). Thus,
synthetic PGE2 could be dosed in a controlled manner. Human NK
cells were rested for 6 days with low-dose IL-2 and incubated with
or without PGE2 for 24 h, before co-incubation with target cells
at a 1:1 effector to target ratio (E:T) for 4 h. The PGE2 dose was
selected based on previous studies [17, 23] and titrations shown
in Supporting information Fig. S1B. PGE2 treatment significantly
reduced NK cell degranulation, marked by surface expression of
CD107a, in response to 221 or K562 target cells, by 15.0 ± 5.9%
and 26.4 ± 14.9%, respectively (Fig. 1A, B). Importantly, PGE2

did not affect NK cell viability determined by staining with a dead
cell marker (Fig. 1C), indicating that the reduction in NK cell cyto-
toxicity was not a result of PGE2-inducing NK cell death.

NK cells express a diverse repertoire of germline-encoded acti-
vating and inhibitory receptors that recognize altered expression
of proteins on target cells and control cytolysis [3]. We therefore
tested if expression of these receptors is affected by PGE2. For
this, NK cells were treated with PGE2 for 0, 2, 5, or 24 h prior to
phenotypic analysis via flow cytometry. There was a gradual time-
dependent decrease in NK cell surface expression of the activating
receptors NKG2D, NKp30, and NKp44 following PGE2 treatment
(Fig. 1D, Supporting information Fig. S2A). In contrast, NK cell
surface expression of the activating receptor NKp46, Fc receptor
CD16, and inhibitory receptors KIR2DL1, KIR2DL2/L3, NKG2A,
and TIGIT were unchanged by PGE2 (Fig. 1D, Supporting infor-
mation Fig. S2B). The analysis also suggested that TRAIL was
downregulated by PGE2. However, minimal expression could be
detected at the NK cell surface, so this is unlikely to impact killing
in our system (Supporting information Fig. S2C, D). Moreover,
NK cell killing on the timescale studied here is predominantly
mediated by granule secretion [24]. Overall, PGE2 has differen-
tial effects on NK cell receptor expression, affecting some activat-
ing receptors but not others.

To investigate if PGE2 has different effects on NK cell cyto-
toxic function depending on the specific receptor ligated for
stimulation, we made use of P815 mouse mastocytoma cells
which express Fcγ receptors on their surface. P815 cells can bind
the Fc portion of mouse IgG antibodies, which through their
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Figure 1. PGE2 reduces the expression and func-
tion of multiple NK cell-activating receptors. (A, B)
NK cells were incubated with or without PGE2 for
24 h and subsequently co-incubated with 221 (A)
or K562 (B) target cells for 4 h at a 1:1 ratio. The per-
centage of cells with surface CD107a expression
was quantified by flow cytometry as a measure of
NK cell degranulation, n = 4 independent donors.
(C) NK cell viability was assessed by staining with
a dead cell marker, n = 6 independent donors.
(D) NK cells were incubated with 500 ng/mL PGE2

for 0, 2, 5, or 24 h, and the expression of sur-
face activating and inhibitory receptors was deter-
mined via flow cytometry. Graphs show geomet-
ric means for receptor expression on NK cells nor-
malized to untreated NK cells, n = 5 independent
donors. (E, F) P815 target cells were opsonized for
45 min with mAb (as indicated) before being co-
incubatedwithNK cells for 4 h at a 1:1 ratio. (E) Per-
centage CD107a expressionwas quantified by flow
cytometry as ameasure of NK cell degranulation,n
= 5 independent donors. Phorbol-12-myristate 13
acetate (PMA) and ionomycin were used as pos-
itive control. (F) NK cell-specific lysis of targets
was measured by staining with Annexin V and
propidium iodide, n = 5 independent donors. (G)
PGE2-treated or untreatedNK cells were incubated
overnight in wells coated with MICA, anti-NKp30
mAb, or anti-CD16 mAb, with ICAM-1 or ICAM-1
alone. Cell supernatants were then collected for
analysis of IFN-γ secretion by ELISA, n = 5 inde-
pendent donors, and experiments. Mean ± SD are
indicated. *P < 0.05, **P < 0.01, ***P < 0.001 calcu-
lated by paired t-tests.

antigen-binding fragment can recognize NK cell activating recep-
tors and stimulate cytotoxicity, a process known as redirected
lysis [25]. We opsonized P815 cells with various concentrations
of anti-CD16 or anti-NKp30 mAbs (Supporting information Fig.
S3B). These were selected for comparison because CD16 expres-

sion was unaffected by PGE2 whilst NKp30 expression was down-
regulated (Fig. 1D). Opsonizing P815 cells with 5 μg/mL anti-
CD16 mAb induced degranulation in 52.3 ± 18.3% untreated
NK cells whereas PGE2 reduced this to 15.2 ± 8.2% (Fig. 1E).
A similar effect was observed when P815 cells were opsonized
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with 5 μg/mL anti-NKp30 mAb. In that case, 36.3 ± 15.6% of
untreated NK cells degranulated whereas PGE2 treatment reduced
this to 9.7 ± 7.1% of cells (Fig. 1E). We also assessed the direct
lysis of opsonized P815 cells after 4 h co-incubation with NK cells,
by staining with Annexin V, a marker of apoptosis, and PI, indica-
tive of membrane permeability [26]. PGE2 significantly inhibited
NK cell-specific lysis of P815 opsonized with either anti-CD16 or
anti-NKp30 mAbs (Fig. 1F). IFN-γ secretion by NK cells was like-
wise inhibited by PGE2, regardless of whether the cells were stim-
ulated via the CD16, NKp30, or NKG2D (MICA ligand) activating
pathways (Fig. 1G). Thus, although PGE2 had differential effects
on NK cell surface expression of CD16 and NKp30, it could never-
theless inhibit NK cell killing, degranulation, and IFN-γ produc-
tion stimulated via either of these receptors. This implies that
PGE2 inhibits NK cell activating receptor signaling via a mecha-
nism additional to the downregulation of receptor expression.

Transcriptome profiling reveals that PGE2 modulates
NK cell chemotaxis pathways

To further explore the action of PGE2 on NK cells we next investi-
gated its effects at the transcriptional level. Bulk RNA sequenc-
ing of NK cells from three individual donors revealed a num-
ber of genes differentially expressed with PGE2 treatment. This
included the chemokine receptor CXCR3 and effector molecule
GZMK which were downregulated and the chemokine recep-
tor CXCR4 and inhibitory receptor CTLA4 which were found to
be upregulated upon PGE2 treatment (Fig. 2A, B). Additionally,
the effects on NK cell activating and inhibitory receptor expres-
sion observed in Fig. 1D were replicated at the transcriptional
level, with the exception of KLRK1, encoding NKG2D, which was
expressed at low levels in these donors. To further characterize
the biological processes underlying the transcriptional changes
induced by PGE2, we performed gene set enrichment analysis
using the MSigDB biological processes ontology gene subset [27,
28]. Several pathways were found to be altered in NK cells upon
culture with PGE2. This included downregulation of inflammatory
and immune responses, response to TNF, cytokine-mediated sig-
naling, regulation of the ERK cascade, and chemotaxis (Fig. 2C).
We chose to explore two key chemokine receptor hits, CXCR3,
which was downregulated by PGE2 and CXCR4 which was upreg-
ulated (Fig. 2D, E). We verified these hits by flow cytometry
and found that CXCR3 expression was significantly decreased at
the NK cell surface, whilst CXCR4 expression was significantly
increased upon PGE2 treatment (Fig. 2F–H). These changes in
protein expression could be observed as both changes in geomet-
ric mean fluorescence and changes in the percentage of positive
cells (Fig. 2G, H).

PGE2 decreases NK cell migration to CXCL10 but
increases NK cell migration to CXCL12

Given that the change in chemokine receptor expression could
be observed at both the transcriptional and translational level,

we hypothesized that PGE2 would impair NK cell migration
toward the chemokine CXCL10, a ligand for CXCR3, but increase
migration toward the CXCR4-ligand, CXCL12. Using transwell
assays, we observed a dose-dependent increase in specific NK
cell migration toward both CXCL10 and CXCL12. Consistent
with the changes in CXCR3 and CXCR4 expression induced
by PGE2, PGE2 treatment decreased specific NK cell migration
toward CXCL10 but increased specific migration toward CXCL12
(Fig. 3A, B). We used this knowledge to explore the effects
of PGE2 on NK cell migration more thoroughly using the ibidi
μ-slide; a microfluidics slide that maintains stable chemotactic
gradients for analysis of real-time chemotaxis (Supporting infor-
mation Videos S1 and S2). We analyzed parameters describing
single-cell movement including length of NK cell migration,
forward migration index (the efficiency of forward migration
of cells; FMI), average velocity, and directness of migration
(straightness of the NK cell trajectory path). NK cells exhibited
random movement in the absence of chemokines, with no
chemotaxis effect observed (Fig. 3C–L). When NK cells were
exposed to a stable gradient of 10 nM CXCL10, they migrated
efficiently toward the chemokine source (Fig. 3C). PGE2 treat-
ment impaired this chemotactic response. NK cells exhibited
a decreased forward migration index, migrated a shorter dis-
tance, at a slower speed, and were less direct in their trajectory
path compared with untreated cells (Fig. 3E–H). The reverse
was true for NK cells exposed to a stable gradient of 100 nM
CXCL12 (Fig. 3D). PGE2-treated NK cells migrated efficiently
toward CXCL12, exhibiting a greater FMI, distance migrated,
migration velocity, and directness of migration compared with
untreated NK cells (Fig. 3I–L). Thus, PGE2 alters NK cell
migration by reducing CXCR3- and increasing CXCR4-mediated
chemotaxis.

PGE2 reduces the frequency and speed of NK cell
killing

To better understand how PGE2 impairs NK cell cytotoxicity we
used live-cell time-lapse microscopy to observe NK cell ligation
and killing of cancer targets in the presence or absence of PGE2,
to mimic its presence or absence in the TME (Fig. 4A). To reflect
immune cells being outnumbered by cancerous cells in the TME,
221 or Daudi cancer cell lines were co-incubated with NK cells at
an E:T ratio of 1:4 (Fig. 4B). Cells were imaged in fibronectin-
coated wells in the presence of To-Pro-3 dye which indicated cell
death by its entry into the target cell (Fig. 4B). In some cases,
target cells were killed rapidly, and NK cells went on to sequen-
tially kill other targets in close proximity (Supporting informa-
tion Video S3). In contrast, other NK cells took significantly longer
time to kill the target after conjugation had taken place (Support-
ing information Video S4). In some instances, NK cells would fail
to kill the target and detach (Supporting information Video S5).
In the example shown in Fig. 4B, an NK cell encountered the first
target cell, the second target cell 6 min later, and the third target
cell 36 min after that.
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Figure 2. RNA sequencing reveals
modulation of NK cell chemotaxis
pathways by PGE2. (A–E) RNA was
extracted from untreated or PGE2-
treated (500 ng/mL) NK cells and ana-
lyzed by bulk RNA sequencing, n =
3 independent donors. (A) Volcano
plot showing differentially expressed
genes (P < 0.1 and a log fold change
<1 or >1). (B) Hierarchical cluster-
ing and heatmap representation of
top differentially expressed genes
between untreated (blue) and PGE2-
treated (red) NK cells and indepen-
dent donors. Both rows and columns
are clustered using correlation dis-
tance and average linkage. (C) Bar
graph showing the top significantly
downregulated biological processes
(gene ontology biological processes
subset) in NK cells upon PGE2 treat-
ment, identified by EnrichR Gene set
enrichment analysis. Gene count is
the number of genes contributing
to the enrichment. (D, E) Normal-
ized gene read counts (by DESeq2)
of CXCR3 (D) and CXCR4 (E) for
untreated and PGE2-treated NK cells.
(F, G, H) Expression of CXCR3 and
CXCR4 at the NK cell surface, deter-
mined by flow cytometry, n = 7 inde-
pendent donors. Mean ± SD are indi-
cated. **P < 0.01 calculated by paired
t-tests.

Analysis of killing kinetics revealed that the probability of an
NK cell-target cell conjugation resulting in a kill was significantly
reduced in the presence of PGE2 for both 221 and Daudi tar-
gets (Fig. 4C, D). In control co-cultures, without PGE2, 74.7 ±
8.2 % of conjugations between an NK cell and a 221-target cell
resulted in a kill, whereas in the presence of 100 ng/mL PGE2,

this decreased to 49.3 ± 12.4% and to 45.5 ± 9.7% with 500
ng/mL PGE2 (Fig. 4C). This same effect was also apparent for the
killing of Daudi cells following conjugation, with the likelihood
of a target cell conjugation resulting in a kill reducing from 61.7
± 17.1% to 34.4 ± 21.2% in the presence of 500 ng/mL PGE2

(Fig. 4D).
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Figure 3. PGE2 decreases NK cell migration toward CXCL10 but increases NK cell migration toward CXCL12. (A, B) Untreated or PGE2-treated (500
ng/mL) NK cells were assessed for their chemotactic response to increasing concentrations of CXCL10 (A) or CXCL12 (B) in transwells, over 2.5 h.
Specific NK cell migration was quantified as a percentage of the total cells applied to the filter, n = 4 independent donors. (C–L) NK cells were imaged
in μ-slides (ibidi) in the presence of a CXCL10 (C, E–H) or CXCL12 (D, I–L) gradient for analysis of chemotaxis by widefield time-lapse microscopy
using a 10×/0.3 NA objective. Images were acquired every 2 min for 4 h. (C) Representative cell trajectory plots for untreated and PGE2 treated NK
cells in the presence of a 10 nM CXCL10 gradient. (D) Representative cell trajectory plots for untreated and PGE2 treated NK cells in the presence of
a 100 nM CXCL12 gradient. Control in (C) and (D) is NK cells in the presence of no chemokine. Axes are ± 1591 μm. (E, I) Length of NK cell migration
(based on center of mass), (F, J) NK cell forward migration index (FMI), (G, K) average NK cell velocity, and (H, L) directness of NK cell migration were
quantified, n = 5 independent donors. Mean ± SD are indicated. *P < 0.05, **P < 0.01, ***P < 0.001 calculated by paired t-tests.
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Figure 4. PGE2 reduces the frequency and speed of NK cell
killing. NK cells were co-incubated with 221, Rituximab-
opsonized 221 or Daudi target cells at E:T 1:4 on slides, in the
presence or absence of PGE2 and imaged via widefield time-
lapsemicroscopy using a 20x/0.75NAobjective. Imageswere
captured every 3min for 5 h. (A) Schematic illustration of an
NK cell-target cell interaction that results in a kill followed
by detachment. (B) Example time course from one enlarged
region of a single field of view, in fluorescence overlaid onto
a bright field, with time indicated. NK cells are shown in
green, target cells in red, and dead cells in blue. The example
sequence shows an NK cell (indicated with an arrow) con-
tacting 3 221 targets sequentially as indicated [1–3]. The NK
cell encountered the first target cell at 45 min, the second
target cell at 51min, and the third target cell at 87min, scale
bar = 20 μm. (C, D) The percentage of NK cell-target cell con-
jugations that result in a kill for 221 (C) and Daudi (D) tar-
gets, in the presence or absence of PGE2, n = 6 independent
donors. (E, F) Analysis of time taken for an NK cell to kill a
221 (E) or Daudi (F) target cell after conjugation in the pres-
ence or absence of PGE2, n = 6 independent donors. Each dot
represents one individual cell and each open circle repre-
sents the median of the individual donors. (G) The percent-
age of NK cell-target cell conjugations that result in a kill for
221 and Rituximab-opsonized 221 targets, in the presence
or absence of PGE2, n = 5 independent donors. (H) Analy-
sis of time taken for an NK cell to kill a 221 or Rituximab-
opsonized 221 target cell after conjugation, in the presence
or absence of PGE2, n = 5 independent donors. Each dot rep-
resents one individual cell and each open circle represents
the median of the individual donors. Mean ± SD are indi-
cated. *P < 0.05, **P <0.01 calculated by paired t-tests.

Killing of target cells is a binary event, a singular outcome
of the balance between activating signals and inhibitory sig-
nals. However, the time taken to kill was also increased in
the presence of PGE2, for both 221 and Daudi target cells.
Time to kill increased by 68 ± 36 min in the presence of

100 ng/mL PGE2 and by 81 ± 68 min in the presence of
500 ng/mL PGE2, for 221 target cells (Fig. 4E). For Daudi tar-
get cells, time to kill increased by 75 ± 64 min with 100
ng/mL PGE2 (Fig. 4F). There is considerable variability in the
time it takes for individual NK cells to kill target cells but

© 2023 The Authors. European Journal of Immunology published by
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on average PGE2 significantly increased NK cell killing time
(Fig. 4E, F).

Interestingly, the effects of PGE2 on time to kill could be
rescued with the addition of another stimulating pathway, trig-
gered by Rituximab. Rituximab is a monoclonal antibody that
targets CD20, a surface transmembrane protein expressed on B
cells, to induce antibody-dependent cell-mediated cytotoxicity via
CD16 [29]. 221 cells were opsonized with Rituximab prior to co-
incubation with NK cells. For Rituximab-opsonized 221 cells, the
likelihood of an NK cell conjugation resulting in a kill was still
reduced by PGE2, but to a lesser extent than for non-opsonized
221 target cells (Fig. 4G). This was also seen in assays using
flow cytometry, in which the presence of Rituximab significantly
increased specific lysis by both untreated and PGE2-treated NK
cells. However, in the presence of Rituximab, specific lysis was
still decreased when NK cells were exposed to PGE2 (Support-
ing information Fig. S4). The increase in time to kill of 97 ± 77
min induced by PGE2 for 221 targets, however, was completely
abolished for Rituximab-opsonized 221 (Fig. 4H). Thus, PGE2 can
inhibit NK cell killing capacity and slow down the ability of NK
cells to kill following initial target cell conjugation. Providing an
additional level of activation via Rituximab can augment or rescue
NK cell killing time and partially rescue overall killing.

PGE2 inhibits NK cell MTOC polarization and ERK1/2
phosphorylation

To investigate the mechanism underlying the changes in NK cell
killing kinetics, we next tested the effect of PGE2 on the discrete
steps required for efficient NK-cell cytotoxicity: re-organization of
the actin cytoskeleton, polarization of the microtubule organizing
center (MTOC) and release of lytic granules [30]. Characteristic
of an NK cell forming an activating immune synapse with a tar-
get cell, F-actin accumulates in a dense ring, presumed to facili-
tate tight adhesion between cells [31–36]. To measure actin ring
formation, PGE2-treated or untreated NK cells were activated on
coated slides before being fixed and stained with phalloidin to
mark F-actin (Fig. 5A). PGE2 had no effect on NK cell actin ring
formation stimulated via the NKG2D, NKp30, or CD16 activating
pathways (Fig. 5B).

Following actin reorganization, polarization of the MTOC is
a critical step in NK cell cytotoxicity. It is responsible for orga-
nizing the microtubules that subsequently transport lytic gran-
ules to the immune synapse for secretion [37]. The ability of
NK cells to polarize in response to PGE2-treated cells was deter-
mined by imaging NK cell–cancer cell conjugates. To visualize the
MTOC, cells were stained for pericentrin, an MTOC component
(Fig. 5C, Supporting information Fig. S5). MTOC polarization
was then quantified by measuring the distance of the MTOC from
the immune synapse. PGE2-treated NK cells exhibited impaired
MTOC polarization compared with untreated cells, indicated by
an increased distance of the MTOC from the immune synapse
(Fig. 5D). At 10 min, the relative distance of the MTOC from the
immune synapse was 0.31 ± 0.17 compared with 0.22 ± 0.14 for

untreated NK cells (Fig. 5D). At 20 min the effect of PGE2 was
greater, with the MTOC relative distance 0.37 ± 0.23, compared
with 0.25 ± 0.19 (Fig. 5D). At 40 min, however, all NK cells were
polarized to a similar extent (Fig. 5D). Therefore, PGE2 delays
the ability of the NK cell MTOC to polarize toward the immune
synapse.

In NK cells, the ERK pathway is known to regulate gran-
ule polarization and reorientation of the MTOC [38]. Thus, we
tested if PGE2 affects the levels of phosphorylated ERK1/2. For
this, NK cells were challenged with 221 target cells and intra-
cellular phosphorylated ERK1/2 was measured by flow cytome-
try. Prior to activation, PGE2-treated NK cells expressed slightly
lower levels of phosphorylated ERK1/2 compared with untreated
NK cells (Fig. 5E). However, upon activation with 221 target cells
phosphorylated ERK1/2 levels increased more than two-fold and
were significantly lower in NK cells that had been exposed to
PGE2 (Fig. 5E). Additionally, the integrin LFA-1 expressed on NK
cells is known to play a central role in immune synapse assem-
bly and granule secretion. Binding of NK cell LFA-1 to target cell
ICAM-1 mediates adhesion and is important for polarization of
NK cell cytolytic granules [39–42]. We observed that PGE2 treat-
ment reduced NK cell expression of LFA-1 and ICAM-1 at both the
transcriptional and translational level, to some extent (Fig. 5F,
Supporting information Fig. S6A). This downregulation did not
significantly affect the ability of NK cells to adhere to and form
conjugates with 221 target cells (Supporting information Fig.
S6B). It is possible that reduced LFA-1 signaling may contribute
to the delay in MTOC polarization induced by PGE2. In contrast,
PGE2 did not affect downstream signaling of NK cell activation,
as evident by imaging the recruitment of phosphorylated signal-
ing proteins CD3ζ or Zap-70 (Supporting information Fig. S7).
PGE2 therefore does not interfere with membrane-proximal early
activating signals, or specifically CD3ζ or Zap-70 phosphoryla-
tion.

Finally, to achieve a target cell kill, NK cells must release lytic
granules which typically contain the pore-forming protein per-
forin, and the serine protease granzyme B which induces tar-
get cell apoptosis [30]. To investigate the effects of PGE2 on the
release of lytic granules a technique termed “shadow imaging”
was used, an imaging method allowing assessment of secretions
from individual NK cells [43–45]. PGE2-treated or untreated NK
cells were incubated for 1 h on slides coated with MICA, anti-
NKp30 mAb, or anti-CD16 mAb, with ICAM-1, or ICAM-1 alone.
Slides were then stained for 1 min with anti-ICAM-1 mAb, cells
were detached to leave “shadows” and slides stained for perforin
(Fig. 5G, Supporting information Fig. S8). Intensity of secreted
perforin within shadows was then quantified. PGE2 was found to
have no effect on NK cell perforin secretion when cells were acti-
vated with MICA, anti-CD16, or anti-NKp30 mAb (Fig. 5H). We
additionally assessed NK cell expression of granzyme B and per-
forin by intracellular flow cytometry and RNA sequencing anal-
ysis. Surprisingly, PGE2 treatment increased NK cell expression
of both granzyme B and perforin to some extent, even though
the quantity of perforin secreted from individual NK cells was not
perturbed (Supporting information Fig. S9).

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.
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Figure 5. PGE2 inhibits NK cell MTOC
polarization and ERK1/2 phosphorylation.
(A, B) PGE2-treated or untreated NK cells
were incubated for 5 min on slides coated
with MICA, anti-NKp30mAb, or anti-CD16
mAb, with ICAM-1 or ICAM-1 alone. Cells
were then fixed, stained for F-actin, and
imaged by confocal microscopy, using a
100×/1.4 NA oil immersion objective. (A)
Representative images showing anNK cell
actin ring versus no actin ring upon stim-
ulation with MICA and ICAM-1, scale bars
= 5 μm. (B) Stimulated NK cells were strat-
ified according to their F-actin distribu-
tion,n = 6 independent donors. (C,D) PGE2-
treated or untreated NK cells were incu-
bated with 221 target cells for 10, 20, or 40
min. Conjugates were then fixed, stained,
and imaged by confocal microscopy using
a 63×/1.40 NA oil immersion objective. (C)
Representative images of NK cell-221 tar-
get cell conjugates stained with AF488-
labeled phalloidin, BV421 anti-CD56 mAb,
AF647 anti-perforin, and anti-pericentrin
mAb followed by AF568-labeled goat anti-
rabbit secondary mAb. Scale bars = 5 μm.
(D) Relative distance of the MTOC from
the immune synapse. Polarization of the
MTOC was quantified by dividing the dis-
tance of the interface to the MTOC by the
length of the NK cell. Each dot represents
one individual cell and each white cir-
cle represents the mean of n = 5 individ-
ual donors. (E) Phosphorylated ERK1/2 lev-
els in untreated or PGE2-treated NK cells
upon activation with 221 target cells for
0, 10, 20, or 40 min, determined by intra-
cellular staining and flow cytometry. n =
6 independent donors. (F) Expression of
LFA-1 and ICAM-1 at the NK cell surface,
determined by flow cytometry, n = 7 inde-
pendent donors. (G, H) PGE2-treated or
untreated NK cells were incubated for 1
h on slides coated with MICA, anti-NKp30
mAb, or anti-CD16 mAb, with ICAM-1 or
ICAM-1 alone. Slides were then stained for
1 min with anti-ICAM-1 mAb, cells were
detached to leave “shadows” and slides
were stained for perforin. Slides were
imaged by TIRF microscopy using an Apo
TIRF 100×/1.49 NA oil objective. (G) Rep-
resentative images of shadows formed by
NK cells activated with anti-NKp30 mAb
and ICAM-1. Scale bars = 10 μm. (H) Inten-
sity of secreted perforin per cell for NK
cells activated withMICA, anti-CD16mAb,
anti-NKp30 mAb, with ICAM-1 or ICAM-1
alone. Each dot represents the mean of n
= 6 independent donors. Mean ± SD are
indicated. *P < 0.05, **P < 0.01, ***P < 0.001
calculated by paired t-tests.

Interestingly, although PGE2 impairs NK cell degranulation in
response to target cells (Fig. 1A, B, and E) when NK cells are
activated on slides it has no effect on the quantity of secreted
perforin. This may be a consequence of the complexity of a
cell–cell interaction versus the reductionist method of stimula-

tion on antibody-coated slides. For example, the effects of PGE2

might be less evident if a very high number of activating sig-
nals are triggered as likely to be the case with antibody-coated
slides. Moreover, there is a precedence for the stiffness of the
surface used for immune-cell activation being important [46].

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.
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Glass in particular, can affect functional outcomes significantly
[47].

We conclude that a delay in NK cell polarization may explain
the delay in NK cell killing, induced by PGE2. Moreover, the delay
in NK cell polarization induced by PGE2 and the reduction in NK
cell killing of target cells is likely a result of disrupted signaling
pathways, such as the observed reductions in ERK1/2 phosphory-
lation and LFA-1 expression.

Discussion

Tumor immune escape is a major factor contributing to cancer
progression and the impaired success of cancer therapies [48].
COX-2, critical for production of the inflammatory mediator PGE2,
is often overexpressed by cancer cells [14] and the production
of PGE2 is one of the mechanisms by which they evade immu-
nity [6, 48]. It has been shown that PGE2 can directly act on NK
cells to impair antitumor immune responses [17]. However, it is
unclear precisely how PGE2 influences NK cell tumor-restraining
functions. Here, we show that PGE2 affects NK cells in multiple
ways.

Following PGE2 treatment, NK cells exhibited altered expres-
sion of activating receptors, produced less IFN-γ, and showed a
reduced ability to degranulate and kill cancer targets. The reduc-
tion in NK cell cytotoxicity induced by PGE2 could not solely be
attributed to decreased expression of an activating receptor since
NK cell CD16 expression was unaffected by PGE2, yet PGE2 still
inhibited NK cell cytotoxic function stimulated via CD16. PGE2

also changed the dynamics of how NK cells and cancer cells inter-
act. In the presence of PGE2, NK cells were less likely to kill tar-
get cells and were slower in doing so. A delay in the ability of
the NK cell MTOC to polarize may relate to the increased time it
takes for NK cell killing in the presence of PGE2. There is a prece-
dence for impairment of NK cell polarization being a mechanism
of tumor escape in MDA-MB-453 breast cancer cells [49]. How-
ever, this likely involves a process other than PGE2 secretion as
MDA-MB-453 cells do not express COX-2, according to data from
the Cancer Cell Line Encyclopedia (Broad Institute). Interestingly,
retargeting NK cells by chimeric antigen receptor (CAR) expres-
sion (targeting HER2) or antibody-induced antibody-dependent
cell-mediated cytotoxicity restored NK cell polarization, increased
ERK phosphorylation, and resulted in the killing of MDA-MB-
453 cells [49]. Consistent with this, we observed that Ritux-
imab, an anti-CD20 antibody, successfully used in the treat-
ment of B-cell malignancies, was able to trigger efficient NK
cell killing in the presence of PGE2. It is possible that CAR-
NK cells may also overcome PGE2-mediated NK cell inhibition
[50].

PGE2 also disrupted NK cell migration. PGE2-treated NK cells
exhibited decreased migration to CXCL10, a chemokine that
induces NK cell infiltration into tumors via CXCR3 but showed an
increased ability to migrate to the CXCR4-ligand, CXCL12. Stud-
ies have also previously reported a negative correlation between
tumor COX-2 expression and CXCL10 production, which can be
overcome with COX inhibitors [51, 52]. The combination of

decreased CXCL10 production in the TME and decreased CXCR3
expression on NK cells would together signify a clear mechanism
of immune evasion.

CXCR4 can also guide NK cells to tumors. NK cells engineered
with a CAR to overexpress CXCR4 exhibited increased infiltra-
tion in a mouse model of glioblastoma [53]. This raises the ques-
tion as to whether PGE2 would induce a positive effect on NK
cell infiltration through increased expression of CXCR4, which
would seemingly oppose other effects of tumor-derived PGE2 on
NK cells. If that were true, the defects in NK cell killing kinetics
caused by PGE2 might be partially rescued by CXCL12. However,
CXCR4 also helps to retain human NK cells within bone marrow
[54, 55] and in mice, CXCR3-deficient NK cells have been shown
to exhibit greater bone marrow homing [56]. Thus, the combi-
nation of increased expression of CXCR4 and decreased expres-
sion of CXCR3 on NK cells following exposure to PGE2 may pro-
mote homing of NK cells to the bone marrow, rather than migra-
tion to the peripheral tissues, including the tumor and peripheral
blood. Moreover, high concentrations of chemokines may actu-
ally repel cells expressing the cognate receptor as demonstrated
for the CXCR4/CXCL12 axis in the context of T cells, in a murine
melanoma model [57].

Analysis of the effects of PGE2 on NK cells at the transcrip-
tional level exposed a stark downregulation of key inflammatory
and immune pathways in NK cells. We focused on the differen-
tially expressed genes CXCR3 and CXCR4, but there is scope to
explore this dataset further. CTLA4, encoding the immune check-
point protein CTLA-4, was found to be upregulated in NK cells
upon PGE2 treatment. Immune checkpoint inhibitors targeting
CTLA-4 have gone on to induce durable responses in many cancer
patients [58]. Primarily, however, the focus has been on target-
ing CTLA-4 in T cells. Our transcriptomic data suggests that anti-
CTLA-4 treatments may additionally target NK cells in patients
with COX-2-expressing tumors.

An important unresolved question is the duration of the effects
of PGE2 on NK cells. Fast et al. [59] investigated the effects
of PGE2 on gene expression of hematopoietic stem cells used
for cord blood transplants. They observed that some genes were
“transiently induced” whilst others were “permanently induced”.
Thus, PGE2 can induce both short- and long-term effects on
human immune cells. Overall, it remains unclear whether the
PGE2-impaired functional state of NK cells described here can
be reversed with specific treatments, or if PGE2-treated NK cells
recover their reactivity in time.

The COX-2/PGE2/EP2-4 axis has emerged as a major con-
served determinant by which numerous cancer types modulate
their surrounding environment and avoid immune-mediated elim-
ination [6]. NK cells have been identified as the primary target
of PGE2/EP2-4 signaling [6]. Thus, the prospect of exploiting NK
cells to treat cancer has gained much attention. Given the plethora
of effects of PGE2 on NK cells, knockout of the PGE2 receptors
in CAR-NK cells could considerably increase their clinical benefit.
Overall, our study reveals that there are multiple elements to the
mechanism of action of PGE2 on NK cells. Blocking the effects of
tumor COX-2 expression will help us harness the cancer-inhibitory

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.
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function of the immune system for the development of more effec-
tive cancer treatments.

Materials and methods

Human primary NK cells

Peripheral blood leukocyte cones from healthy human donors
were acquired from the National Blood Service under ethics
license REC 05/Q0401/108 (University of Manchester). Periph-
eral blood mononuclear cells were purified by density gradient
centrifugation using Ficoll-Paque (GE Healthcare; Life Sciences)
and NK cells isolated by negative selection (NK cell isolation kit;
Miltenyi Biotech). NK cells were cultured at 37°C and 5% CO2

in DMEM medium (Sigma) containing 30% Ham’s F-12, 10%
human serum (Sigma), 1% nonessential amino acids (Sigma),
1 mM sodium pyruvate (Sigma), 2 mM L-glutamine, 50 U/mL
penicillin–streptomycin, and 50 μM 2-mercaptoethanol (Gibco)
(NK cell clone medium). NK cells were also supplemented with
200 U/mL IL-2 (Roche) and rested for 6 days prior to experiments.
To investigate the effects of PGE2, NK cell cultures were addi-
tionally supplemented with synthetic PGE2 (Sigma) 24 h prior to
experimentation unless otherwise stated.

Cell lines

The hematological cancer cell lines K562 (chronic myelogenous
leukemia) and Daudi (Burkitt’s lymphoma) and a transformed B-
cell line 721.221 were used as NK cell susceptible targets and
purchased from ATCC. Cells were cultured at 37°C and 5% CO2

in RPMI-1640 (Sigma) medium with 2 mM L-glutamine (Gibco).
P815 (mouse mastocytoma) cells were also used for re-directed
lysis assays and were maintained in a DMEM medium (Sigma).
All media were supplemented with 10% fetal calf serum (FCS;
Sigma) and 50 U/mL penicillin–streptomycin (Sigma). All cell
lines were routinely tested for mycoplasma infection using a PCR-
based kit (PromoCell).

Flow cytometry

To assess the expression of cell surface receptors, cells were first
washed in PBS and stained with Live/Dead fixable blue viabil-
ity dye (Invitrogen) for 20 min at 4°C. Cells were washed with
FACS buffer (PBS + 2% BSA + 0.01% Sodium azide) and blocked
with 2% human serum (Sigma) in FACS buffer for 20 min at 4°C.
Cells were then washed and stained for 30 min with mAb or the
appropriate isotype-matched controls, in FACS buffer at 4°C. mAb
used for cell surface staining were: BV711 anti-CD56 (HCD56),
BV605 anti-NKG2D (1D11), BV421 anti-NKp46 (9E2), PerCP
anti-CD16 (3G8), FITC anti-KIR2DL2/L3 (DX27), PE-Cy7 anti-
KIR2DL1 (HP-MA4), PE anti-NKp30 (P30-15), APC/Cy7 anti-CD3
(SK7), APC anti-NKp44 (P44-8), FITC anti-NKG2A (S19004C),

PE-Cy7 anti-TIGIT (A15153G), PE anti-ICAM-1 (HA58), APC anti-
TRAIL (RIK-2), PerCP anti-CD183 (G025H7; CXCR3), BV421 anti-
CD184 (12G5; CXCR4) (all Biolegend), and BV605 anti-LFA-1 (G-
25.2; BD Biosciences). Isotypes: mouse IgG1 (MOPC-21), mouse
IgG2a (MOPC-173), mouse IgG2b (MPC-11) (all Biolegend).
Finally, cells were fixed in 4% paraformaldehyde (PFA)/PBS for
20 min. For intracellular staining, cells were permeabilized (BD
Phosflow Perm/Wash Buffer, BD Biosciences) according to the
manufacturer’s instructions and stained with AF647 anti-ERK1/2
mAb (20A; BD Biosciences), AF647 anti-Granzyme B (GB11; BD
Biosciences), AF647 anti-perforin (dG9; Biolegend) or the iso-
type matched controls: mouse IgG1 (MOPC-21; BD Biosciences),
mouse IgG2b (MPC-11; Biolegend) overnight at 4°C. Cells were
analyzed on the BD FACSymphony (BD Biosciences). A total of
10,000 events were recorded within the live cell gate for each
sample and data were analyzed using FlowJo v10 software. NK
cells were identified as the CD56+ CD3− population of live, single
cells.

To assess degranulation, target cells were labeled with Cell-
Trace Violet (CTV) cell proliferation dye (Invitrogen) and cultured
with NK cells at a 1:1 ratio for 4 h at 37°C in complete RPMI-1640
medium containing GolgiStop and GolgiPlug (1/1000; BD Bio-
sciences) and PE-Cy5 anti-CD107a mAb (H4A3; BD Biosciences)
or isotype-matched control (IgG1; MOPC-21; BD Biosciences).
Cells were washed with PBS and stained with a dead cell marker
(Live/Dead Fixable Near IR; Invitrogen) for 20 min at 4°C. Cells
were then blocked in 2% human serum (Sigma) for 20 min at 4°C,
washed and stained with PE-Cy5 anti-CD107a mAb, BV711 anti-
CD56 mAb, or isotype-matched controls for 30 min at 40C. Cells
were then fixed in 4% PFA/PBS for analysis by flow cytometry. NK
cell degranulation was quantified by determining the percentage
expression of surface CD107a.

Redirected lysis assays

P815 cells were used to perform redirected lysis assays. P815 cells
were first opsonized by incubating for 45 min at 37°C with anti-
CD16 mAb (3G8; BD Biosciences), anti-NKp30 mAb (MAB1849;
R&D), or isotype-matched controls (IgG1; MOPC-21 and IgG2a;
MOPC-173). Opsonized cells were then cultured with CTV-labeled
(CellTrace Violet cell proliferation dye; Invitrogen) NK cells at a
1:1 ratio. To assess NK cell killing, cells were cultured for 4 h at
37°C and then washed by re-suspending in cold Annexin V bind-
ing buffer (25 mM CaCl2, 1.4 M NaCl, 0.1 M HEPES). Cells were
stained with APC Annexin V (Biolegend) for 15 min at room tem-
perature and washed with Annexin V binding buffer. Finally, cells
were stained with 1 μg/mL PI for immediate analysis by flow
cytometry, using a BD FACS LSR Fortessa X-20 flow cytometer.
The gating strategy is shown in Supporting information Fig. S3A.
To calculate the percentage of specific lysis for each sample, the
following calculation was used:

NK cell specific lysis (%)

= % Target cell lysis − % Spontaneous target cell lysis.

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.
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To assess NK cell degranulation, opsonized target cells and
NK cells were cultured for 4 h at 370C in the presence of Gol-
giStop and GolgiPlug (1/1000; BD Biosciences) and PE-Cy5 anti-
CD107a mAb (H4A3; BD Biosciences) or an isotype-matched con-
trol (IgG1; MOPC-21; BD Biosciences). At hour 3 of incubation,
Phorbol 12-myristate 13-acetate (10 ng/mL; Sigma) and ion-
omycin (1 μg/mL; Sigma) were added to one well to stimu-
late degranulation and act as a positive control. Cells were then
stained as before for analysis of degranulation by flow cytometry.

Cytokine detection by enzyme-linked immunosorbent
assay

Flat-bottom 96-well plates (Nunc MaxiSorp; Thermo Fisher Scien-
tific) were coated with 0.01% Poly-L-Lysine (PLL; Sigma) for 15
min at 37°C before being washed three times with sterile filtered
water and dried at 60°C for 1 h. Wells were then coated overnight
at 4°C, with 50 μL/well ICAM-1 (2.5 μg/mL; Peak Proteins) alone
or with 2.5 μg/mL MICA (Manchester Institute of Biotechnology),
5 μg/mL anti-NKp30 mAb (MAB1849; R&D), or 5 μg/mL anti-
CD16 mAb (3G8; BD Biosciences) in PBS. After overnight incu-
bation, wells were washed three times with PBS and 100,000 NK
cells were added to each well in 100 μL clone medium. Cells were
allowed to incubate overnight at 37°C and 5% CO2. Cell super-
natants were then collected and centrifuged for 5 min at 4°C to
remove cell debris. Secretion of IFN-γ in cell supernatants was
then quantified using an IFN-γ DuoSet ELISA kit (R&D Systems),
according to the manufacturer’s instructions.

Production of PGE2 by human tumor cell lines was evaluated
in culture supernatants, collected from cells grown to confluence,
using a Prostaglandin E2 monoclonal ELISA kit (Cayman Chemi-
cal). The assay was performed following the manufacturer’s pro-
tocol.

Conjugate formation assay

To assess conjugate formation, NK cells and 221 target cells were
stained with Calcein Red-Orange (Invitrogen) and CTV cell pro-
liferation dye (Invitrogen) respectively. NK cells were incubated
with 221 target cells at a 1:2 ratio for 10, 30, or 60 min at 37°C,
before fixation with 2% PFA/PBS for 30 min at 4°C. Cells were
then washed with FACS buffer and analyzed by flow cytometry.
The percentage of NK cells conjugated was determined by quanti-
fying the number of double-positive events as a proportion of the
total number of NK cells.

Annexin V/propidium iodide staining for dead cells

221 cells were first opsonized with Rituximab (MedChemExpress)
or an isotype-matched control (IgG1; SinoBiological) for 30 min
at 37°C. Target cells were then cultured with CTV-labelled (Cell-
Trace Violet cell proliferation dye; Invitrogen) NK cells at a 1:3
ratio. To assess NK cell killing, cells were co-cultured for 4 h at

370C and then washed by resuspending in cold Annexin V bind-
ing buffer. Cells were stained with APC Annexin V (Biolegend) for
15 min at room temperature and washed with Annexin V binding
buffer. Finally, cells were stained with 1 μg/mL PI for immediate
analysis by flow cytometry, using a BD FACS LSR Fortessa X-20
flow cytometer. The percentage of specific lysis was calculated as
before.

RNA sequencing

NK cells were resuspended in RLT buffer (RNeasy lysis buffer;
Qiagen) containing 0.01% β-mercaptoethanol to lyse cells and
stored at −800C prior to RNA extraction. RNA was extracted
from thawed samples using the RNeasy mini kit (Qiagen) as
per the manufacturer’s instructions. For bulk RNA sequencing,
mRNA libraries were prepared using the Illumina stranded mRNA
prep kit and sequenced using the Illumina NovaSeq6000. Data
analysis was performed using the DESeq2 package. The DESeq2
model included the “treat” factor (PGE2 and untreated groups)
and the “donor” factor was included to control for sample pair-
ing. Enrichment of molecular pathways (MSigDB) was evalu-
ated for differentially expressed genes, with P < 0.1 and a
log fold change <1 or >1, using EnrichR software (maayan-
lab.cloud/Enrichr/). Volcano plots were generated using Graph-
Pad Prism 9 (GraphPad Software) and heat maps using ClustVis
software (biit.cs.ut.ee/clustvis/).

Transwell assay

Chemokine-induced cell migration was measured using 6.5 mm
transwells with 5.0 μm pore polycarbonate membrane inserts
(Corning). Various concentrations of recombinant human CXCL10
or CXCL12 (5, 10, 100, and 200 nM; R&D) were prepared from
stock solutions, in NK cell clone medium and were added to the
appropriate wells below the membrane. 250,000 NK cells were
then added to the surface of each membrane and allowed to incu-
bate for 2.5 h at 37°C. Membranes were then removed and the
migrating NK cells were quantified by counting the cells in the
lower wells using a hemocytometer. Specific NK cell migration
was quantified as a percentage of the total cells applied to the
filter.

Chemotaxis assay

Chemotaxis assays were performed using the μ-Slide Chemotaxis
(ibidi) according to the manufacturer’s protocol. NK cells were
resuspended at 3 × 106 cells/mL in NK cell clone medium sup-
plemented with 2% Geltrex (Thermo Scientific) and loaded into
the migration chamber. Migration in response to the chemokines
CXCL10 (10 nM; R&D) or CXCL12 (100 nM; R&D) was deter-
mined by imaging every 2 min, for 4 h at 37°C, using a Nikon
Ti Eclipse Inverted microscope (Nikon) with a 10x/0.3 NA objec-
tive. Images were analyzed in ImageJ using the manual tracking
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plug-in. Followed by analysis using the ibidi chemotaxis and
migration tool (ibidi) to determine the length of migration (based
on center of mass), FMI, velocity, and directness of migration.

Live time-lapse imaging

Live imaging of NK cell–cancer cell interactions was performed
in chambered coverslips (ibidi) coated with 10 μg/mL fibronectin
(Sigma). NK cells were stained with 1 μM Calcein Red-Orange
(Invitrogen) and target cells were stained with 1 μM Calcein
Green (Invitrogen). To stain with calcein dyes, cells were first
washed three times with 10 mL RPMI media and then incubated
with dye solution (1 μM) in RPMI for 15 min at 37°C. For Rit-
uximab opsonization, target cells were subsequently incubated
with 10 μg/mL Rituximab (MedChemExpress) for 45 min at 37°C.
Labeled NK cells were then added to target cells at a 1:4 E:T
ratio in RPMI media supplemented with 1 μL To-Pro-3 per well
(Thermo Fisher), to discriminate dead cells, and PGE2 at concen-
trations indicated in figures. Time-lapse imaging was performed
at 37°C and 5% CO2 for 5 h with an image acquired every 3 min.
Imaging was performed using a Nikon Ti Eclipse Inverted micro-
scope (Nikon) with a 20×/0.75 NA objective. Fluorescent and
bright-field images were merged and cell–cell interactions were
analyzed manually using ImageJ. A kill was defined as an interac-
tion triggering entry of To-pro-3 into the target cell.

Conjugate imaging

NK cell–target cell conjugates were formed by incubating NK cells
with cancer cells for 10, 20, or 40 min at 37°C before fixation with
4% PFA/PBS for 20 min at room temperature. Conjugates were
permeabilized with 0.1% Triton X-100 (Sigma) for 10 min at room
temperature, blocked with 3% BSA in PBS for 1 h at room tem-
perature, and stained with anti-pericentrin mAb (ab4448; Abcam)
in blocking buffer for 2 h at 4°C. Conjugates were then washed
with PBS and stained for 1 h at room temperature with AF568-
labeled goat anti-rabbit secondary mAb (Invitrogen), AF647 anti-
perforin mAb (dG9; Biolegend), AF488-labeled phalloidin (Invit-
rogen), and BV421 anti-CD56 mAb (HCD56; Biolegend). Finally,
conjugates were washed again and transferred to PLL-coated
(0.01%; Sigma) eight-chambered coverglass slides (Lab-Tek II;
Nunc). Imaging was performed by confocal microscopy (SP8,
Leica Biosystems) using a 63×/1.40 NA oil immersion objec-
tive, and images were analyzed using ImageJ. Polarization of the
MTOC was assessed by measuring the ratio of the distance from
the MTOC to the synapse to the distance from the synapse to the
back of the cell.

Imaging of signaling proteins and actin ring formation

Chambered coverglass slides (Lab-Tek II, Nunc) were coated with
0.01% PLL (Sigma) for 20 min at room temperature, before

being washed with water and dried for 1 h at 60°C. Stimulat-
ing mAb or recombinant proteins were coated at various con-
centrations in PBS onto the PLL-coated slides, overnight at 4°C.
mAb used were: anti-NKp30 (5μg/mL; MAB1849; R&D), anti-
CD16 (5μg/mL; 3G8, BD Biosciences), and recombinant proteins:
His-ICAM-1 (2.5 μg/mL; Peak Proteins), Fc-MICA (2.5 μg/mL;
Manchester Institute of Biotechnology). Slides were washed with
PBS and 100,000 NK cells were added to each well for 5 or 20
min, as required, at 37°C. Cells were fixed in 4% PFA (Ther-
moFisher) for 20 min at room temperature and then washed with
PBS. For staining of surface proteins, cells were blocked with 1%
BSA (Sigma) and 1% human serum (ThermoFisher) in PBS for
1 h at room temperature. Cells were then stained in a blocking
buffer containing AF488 anti-phospho-CD3ζ mAb (K25-407.69;
BD Biosciences) and AF647 anti-phospho-Zap-70 mAb (#2701;
Cell Signaling Technology) overnight at 4°C and then washed
in PBS for imaging. Anti-phospho-CD3ζ mAb was conjugated in-
house with AF488 esters (Invitrogen) and desalted with Zeba spin
columns (Thermo Scientific). Total internal reflection fluorescent
microscopy was performed on an inverted microscope (Leica SR
3D-GSD) fitted with a HC PL APO 160X oil immersion lens (NA
1.43) and an EMCCD camera (Andor iXon Ultra 897). For imag-
ing of synaptic actin, cells were permeabilized with 0.1% Triton
X-100 (Sigma) for 10 min prior to blocking. After blocking, cells
were stained with Phalloidin-AF488 (Life Technologies) for 1 h
at room temperature. Cells were imaged using a Leica TCS SP8
inverted confocal microscope with a 100×/1.4 NA oil immersion
objective (SP8, Leica Biosystems). All images were analyzed using
ImageJ.

Shadow imaging

Coated slides were prepared as before with PLL and stimulating
mAb or recombinant proteins. NK cells were incubated on coated
slides (100,000 cells per well) for 1 h at 37°C before being gen-
tly washed with PBS. Slides were then stained with AF488 anti-
ICAM-1 mAb (HCD54; BioLegend) for 1 min and washed with
PBS. Cells were detached using a nonenzymatic cell-dissociation
solution (Sigma-Aldrich) for 20 min at 37°C and washed with
PBS. Slides were then blocked with 1% BSA (Sigma-Aldrich) and
1% human serum (ThermoFisher Scientific) in PBS for 1 h at room
temperature and stained with AF647 anti-perforin mAb (dG9;
BioLegend) for 1 h. Slides were finally washed with PBS and
imaged on an Eclipse Ti inverted microscope (Nikon) using an
Apo total internal reflection fluorescent 100×/1.49 NA oil objec-
tive. Images were analyzed using ImageJ.

Statistical analysis

All statistical analysis was performed using GraphPad Prism 9
(GraphPad Software). For each data set a Shapiro–Wilk test was
used to test for a normal distribution. Significant differences were
determined as described in figure legends using paired Student’s
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t-tests on biological replicates. Statistically significant differences
were defined as P < 0.05 (*), P < 0.01 (**), and P < 0.001 (***).
When P > 0.05, no significant differences (ns) were determined.
Figures show mean ± SD.
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