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Racl/ROCK-driven membrane dynamics ")
promote natural killer cell cytotoxicity via ™
granzyme-induced necroptosis
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Abstract

Background: Natural killer (NK) cells play an important role in cancer immunosurveillance and therapy. However,
the target selectivity of NK cell activity is still poorly understood.

Results:Here, we used live-cell reporters to unravel differential epithelial cancer target killing by primary human NK
cells. We found highly variable fractions of killing by distinct NK cell cytotoxic modes that were not determined by
NK ligand expression. Rather, epithelial plasma membrane dynamics driven by ROCK-mediated blebs andfor Rac1l-
mediated lamellipodia promoted necrotic mode in preference to the apoptotic mode of killing. Inhibition of
granzyme B and key necroptosis regulators RIP1, RIP3, and MLKL significantly attenuated the necrotic killing,
revealing a novel NK cell cytotoxic pathway by granzyme-induced necroptosis that conferred target selectivity.
Conclusions:Our results not only elucidate a new NK cell effector mechanism but also suggest that tissue

microenvironment and oncogenic signaling pathways that promote membrane dynamics, e.g., Racl and Rho/ROCK,
could be exploited to enhance proinflammatory NK cell killing.

—
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Background underlying the dynamic control over NK cellsselective
Natural killer (NK) cells detect and kill virus-infected killing of distinct target cell types is still poorly
cells and cancer cells and are considered a promisinginderstood.

immunotherapeutic target 1, 2]. Harnessing and stimu-  Conceptually, the variable sensitivity of cancer cells to
lating the direct cytotoxic activity of NK cells has kiling by NK cells can be broken into two distinct
attracted growing interest in the recent development of processes, i.e., detection of abnormal cancer targets and
cancer immunotherapy, as diverse tumor cell typesselection of killing mechanism from the NK cell arsenal,
showed susceptibility to NK cell killing and targeted which becomes important if the cancer target is resistant
therapy and immune checkpoint inhibitors may also act to one or more killing pathways. Of the two processes,
in part via triggering NK cell response3F-5]. Tumors target detection has been much more studied than the
are known to harbor large genetic and phenotypic choice of killing mode. NK cells are known to detect ab-
heterogeneity that likely impact their differential inter- normal cells by integrating signals from various inhibi-
actions with NK cells. However, the mechanistic basistory and activating receptors on their surfaces,[7].
The major inhibitory receptors on NK cells are killer cell
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toleranc€ but activation when encountering‘foreign” choice of cytotoxic mechanism, e.g., necrosis vs. apop-
or transformed targets, such as tumor cells with low tosis, was determined by differential plasma membrane
MHCI expression. Among the many different NK dynamics of the epithelial cell targets. In particular, a
cell-activating receptors, NKG2D has been particularly highly dynamic target membrane driven by Racl and/or
implicated in NK cell-mediated immunity against tu- Rho/ROCK activities, which are responsible for mem-
mors [8]. Ligands for NKG2D, such as MICA (MHC brane protrusion and contractility, promoted granzyme
class I-related gene A), MICB (MHC class I-related B-induced actin depolymerization followed by target
gene B), and ULBP (UL16-binding protein), are membrane leakage and formation of large blebs, ultim-
expressed in most human tumors9], and inhibiting ately leading to target cell death by the highly proinflam-
NKG2D function attenuated NK cell cytotoxicity matory necroptosis. The elucidation of membrane
against tumor targets 10]. dynamics as a novel cellular determinant for distinct NK
The mechanisms underlying the choice of killing mode cell killing mode is important because the cytotoxic
could depend on the sensitivity of the targets towards dif-mode determines the molecular pathways by which can-
ferent modes and/or triggering of alternative cytotoxic cer cells might become resistant under selection, and
pathways in the NK cells. NK cells are thought to kill tar- also because it may influence downstream immuno-
gets by mechanisms, including lytic granule-mediatedlogical consequences of killing. Moreover, previously
apoptosis, death ligand-mediated apoptosis, pyroptosischaracterized necroptosis is typically activated by death
and necrosis 11-15]. Lytic granule-mediated apoptosis is receptor in combination with caspase inhibition. Our
considered the principal cytotoxic pathway of NK cells. finding that the necroptotic machinery can be alterna-
Upon the formation of NK-target cell immunological tively activated by granzyme B expands the biology of
synapses, lytic granules release perforin and granzymesecroptosis to the immunological context and has re-
into the synapse. Granzymes then enter the target celvealed an alternative signaling cascade to understand
through the perforin channels, where they activate thecytotoxic lymphocyte activity as well as necroptosis
apoptosis pathway via proteolytic activation of caspasesegulation.
[16]. In addition, NK cells express a variety of death
ligands, such as Fas ligand (FasL) and TNF-relatedResults
apoptosis-inducing ligand (TRAIL), which engage cognateTarget cell-type dependence of NK cell cytotoxicity
death receptors expressed on the target cell surface, trigTo investigate the mechanisms underlying the differen-
gering death by receptor-mediated extrinsic apoptosly| tial activity of NK cells on distinct targets, we chose a
18]. Two recent studies identified pyroptosis as a new NKpanel of human epithelial cell lines that exhibited vari-
cell cytotoxic mechanism, in particular, activating proin- able sensitivity to primary NK cell killing, including one
flammatory cell death in tumors that express gasdermin Bnormal cell line, LO2 (immortalized normal hepatic cell
or gasdermin E 13, 14]. Another highly proinflammatory line), and four cancer cell lines, i.e., HeLa (cervix can-
NK cell killing mode is necrosis, which has been reportedcer), SMMC-7721 (liver cancer), MCF7 (breast cancer),
in a few studies and its mechanistic basis is poorly under-and U-2 OS (bone cancer). To visualize the dynamic re-
stood [15, 19]. Here, we identified necroptosis as an NK sponse to NK cells, we engineered each epithelial cell
cell cytotoxic effector mechanism for the first time. It may line with a previously established fluorescent FRET re-
be a distinct cytotoxic mode, or equivalently underlying porter specific to granzyme B activity (GrzmB-FRET)
the necrotic killing that was previously reported. In light [20] as well as a mitochondria reporter of apoptosis
of the strong antitumor activity of NK cell-induced pyrop- (IMS-RP) R1-23]. The GrzmB-FRET reporter consists
tosis due to its proinflammatory consequences, the eluci-of a cyan (CFP, donor) and yellow (YFP, receptor) fluor-
dation of necroptosis as a new proinflammatory NK cell escent protein linked by a peptide substrate specific to
killing mode is exciting, as this kiling mode is not re- granzyme B, i.e., VGPDFGR. Upon lytic granule transfer
stricted by gasdermin expression and may be exploited foland release of granzyme B into the target cell, granzyme
more diverse tumor subtypes. B cleaves the peptide linker of the FRET reporter, and
To unravel the target selectivity of NK cell cytotox- energy transfer from CFP to YFP is thus lost, resulting
icity, in this study, we characterized the rate-limiting in a decrease of YFP fluorescence and increase of CFP
kinetics and phenotypic heterogeneity of NK cell cyto- fluorescence. All NK-target cell co-culture assays were
toxic activity against a panel of normal and epithelial conducted with human primary NK cells purified from
cancer targets using a live-cell Forster resonance energlealthy blood donors and pre-activated by IL-2 for 3
transfer (FRET) reporter and quantitative single-cell im- days, at an NK-to-target cell ratio of 3:1. Target cell
aging. Sensitivity of the epithelial target cells to overalldeath was scored morphologically by blebbing followed
NK cell killing was mainly conferred by the inhibitory by cell lysis, and kinetics of target cell death from NK
KIRs-MHCI interaction, as expected. However, the cell addition to morphological cell death was plotted as
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cumulative survival curves. As shown in Fida, the NK cell cytotoxicity towards U-2 OS cells mostly did not
non-cancer cell line, LO2, was the most resistant to NK associate with a change in the FRET signal of granzyme
cell killing, consistent with NK celk function in elim- B. We have previously characterized this mode of target
inating abnormal and cancerous cells. Among the cell death to be mediated by the death ligand, e.g., FasL,
cancer cell lines, SMMC-7721 and MCF7 were theand subsequent extrinsic apoptosi®7. Interestingly,
most sensitive, with MCF7 exhibiting the fastest kin- we found necrosis, a much less explored NK cell cyto-
etics to cell death. toxic mechanism, was the primary cytotoxic mode that
In addition to variable sensitivity to overall NK cell triggered cell death in MCF7 cells. As shown in the bot-
killing, we also observed a striking difference in the cyto-tom panel of Fig.1b, MCF7 cell death was not preceded
toxic modes used to Kill the different target cell lines. by MOMP, indicating it was not classic apoptosis. More-
The majority of cell death events (about 60%) seen inover, the signal from the granzyme B-FRET reporter was
SMMC-7721 were preceded by a loss of the granzyme-Babruptly lost upon extensive MCF7 cell blebbing, point-
FRET (i.e., an increase of CFP (donor) signal and deing to a large-scale leakage of the intracellular content
crease of YFP (acceptor) signal) followed by mitochon-ikely due to membrane ruptures. Such dynamic features
drial outer membrane permeabilization (MOMP), were consistent with necrotic cell death. The variable ex-
suggesting that NK cells killed SMMC-7721 mainly by tent of target cell death induced by NK cells was con-
the lytic granule and granzyme B-mediated cytotoxic firmed by flow cytometry analysis of Annexin V staining
pathway and intrinsic apoptosis (Figlb). In contrast, that measured total cell death (Additional fil&: Figure

Fig. 1 Characteristics of the cytotoxic dynamics of primary NK cells against five different epithelial target @€linektive survival curves ¢f

human NK cells. Time 0 is when NK cells were added to the target cells and the imaging experiment was lsédtteanel: fluorescent

indicated at the top left corner of each GrzmB-FRET image. The white scale ban,isu20 the white arrows point to the specific target cells,

from the time-lapse movies. The time of MOMP (scored by the IMS-RP signal change) and the time of death (scored morphologically by cell
blebbing and lysis) are indicated by the vertical dotted tGriistributions of the live and dead target cells killed by the three distinct cytotoxic

target cells, including LO2 (denoted in black), HeLa (blue), U-2 OS (green), SMMC-7721 (magenta), and MCF7 (red), in co-culture with primary

images of the granzyme B FRET (GrzmB-FRET) reporter and the corresponding mitochondria reporter, IMS-RP, from SMMC-7721, U2 OS, and
MCF7, respectively. The GrzmB-FRET images are an overlay of the CFP (denoted by blue) and YFP (green) channels. Time (unit: holrs:minutes) is

for which we quantified the CFP and YFP signals shown in the right panels. Right panels: single-cell trajectories of CFP and YFP signals quantified

modes mediated by granzyme B (GrzmB active), death ligand (GrzmB inactive), and necrosis after 12 h of co-culture with primary NK
were averaged from 3 independent imaging experiments, and each experiment used NK cells from a different healthy donor (this appl
other experimental repeats). Data acquired with primary NK cells from the same donor are denoted with the same color symbols. The

cells. Data
ed to all
number of

cells analyzed ranges from 40 to 223, varied between experiments and target cell lines. The error bars are standard deviations
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S1). However, such an ensemble method cannot distinkilling correlated relatively well with the expression
guish the three distinct NK cell killing modes as revealedlevels of the inhibitory molecules, HLA-A,B,C and HLA-
by our live-cell imaging assays. E, and to a much lesser extent with MICB, but did not
Figure 1c summarized the percentage of live targetcorrelate with the expression of the other NKG2D acti-
cells and the cell death population via the three distinct vating ligands, MICA and ULBPs, or the activating li-
cytotoxic modes of primary NK cells exhibited by the gands for DNAM-1. Surprisingly, the expression level of
five epithelial target cell lines after 12 h of NK-target cell Fas did not correlate with the differential sensitivity to
co-culture. The two most sensitive target cell lines, the death ligand-mediated NK cell cytotoxicity. Our data
SMMC-7721 and MCF7, which showed rapid kinetics of thus indicated that the inhibitory strength of KIRs-HLA-
cell death induction, were killed mainly (around 60%) A,B,C and NKG2A-HLA-E may exert the primary con-
through granzyme B activity or necrosis, while cytotox- trol over target cell recognition and overall NK cell cyto-
icity mediated by death ligand was more dominant in toxicity against a particular epithelial target, while
the less sensitive target cell types, U-2 OS, Hela, andontrol by the activating ligands is less universal and
LO2. All target cell lines showed substantial cell deathmore context-dependent. However, our data did not
triggered by death ligands of NK cells, ranging from 25show any significant correlative feature that was specific
to 57% of the total target cell population, suggesting theto the three distinct NK cell cytotoxic modes. The only
death receptor pathway is widespread. In contrast, thedifferential ligand expression that may potentially render
extent of cell death activated by the granzyme B and ne-specificity to necrotic killing is MICB, as the MICB ex-
crosis pathways varied more significantly, ranging frompression level in MCF7, the cell line that was particularly
4 to 56% for the lytic granule mode and 1 to 57% for theprone to necrotic death, was-5L0-folds higher than the
necrotic mode. Such large variability in the sensitivity to other four cell lines. But we found RNAi knockdown of
NK cell killing via granzyme B and necrosis indicated MICB in MCF7 cells did not attenuate necrotic death in-
that activation of these two cytotoxic modes may dependduced by NK cells (Additional filel: Figure S2), indicat-
on epithelial features that are more cell type specific. Alling MICB expression was not the molecular determinant
the cell death data analyzed in our study were averagedor the necrotic killing.
from primary NK cells from at least 3 different healthy ~As we did not observe a correlation between the ex-
blood donors. Variability between NK cells from the dif- pressions of well-known NK cell-interacting surface li-
ferent donors could be estimated by the standard devia-gands with the variable sensitivity to different NK cell
tions shown as error bars in the data plots. Such inter-cytotoxic modes, we went on to investigate the involve-
donor variability is much smaller than the phenotypic ment of key inhibitory and activating receptors on NK
difference that we characterized in terms of the variablecell surface, as the target specificity could be conferred
sensitivity of different epithelial cell targets both to over- by surface ligands beyond the profiling panel that we se-
all NK cell killing and to the distinct NK cell cytotoxic lected. The NK cell receptors that we examined included
modes. two types of inhibitory receptors, KIRs and NKG2A
(CD94), and three activating receptors important for
Extent of cytotoxicity, but not cytotoxic mode, correlated cancer target recognition, including NKG2D (CD314),
with MHCI expression DNAM-1 (CD226), and NKp46 (CD335)11, 21]. Specif-
To investigate the potential molecular determinants ically, we used neutralizing antibodies to block individual
underlying the observed variable sensitivity of epithelialreceptors or a combination of the receptors and then
cell lines to overall NK cell killing as well as to the dis- compared the cytotoxic response via the three cytotoxic
tinct NK cell cytotoxic modes, we first profiled the ex- modes with those under the control condition (i.e., no
pressions of NK cell-interacting surface moleculesreceptor blocking). We used a broad-spectrum neutraliz-
known to be involved in cancer-associated NK cell cyto-ing antibody against HLA-A, HLA-B, and HLA-C to
toxicity for the selected target cell panel (Figa). These block the interaction of all KIRs and their MHCI binding
molecules include the human MHCI molecules (HLA-A, partners as a whole, instead of examining the individual
B,C and HLA-E), NKG2D ligands (MICA, MICB, and KIR, to simplify the analysis.
ULBP-2,5,6), and DNAM-1 ligands (PVR/CD155 and Figure2c, d shows the receptor neutralizing results for
Nectin-2/CD112) 24]. We also measured the expression HeLa cells in co-culture with primary NK cells. As ex-
of the death receptor Fas and an integrin ligand key forpected, blocking the inhibitory NK-HeLa cell interaction
NK cell conjugation, ICAM-1 (CD54), in our analysis by via KIRs-HLA-A,B,C accelerated and enhanced HelLa
flow cytometry (Fig.2b). The quantified FACS results cell killing, resulting in a degree of cell death similar to
showed highly variable expressions of all surface molethat observed in the sensitive target cell lines, such as
cules that we profiled between the five target cell lines.SMMC-7721 (Fig.2c). In contrast, blocking the other in-
The sensitivity of target cell lines to overall NK cell hibitory receptor, NKG2A, did not alter cell death
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Fig. 2 Differential activation of the NK cell inhibitory and activating receptor signaling machinery upon interaction with the five epithelial target cel
lines.a Diagram of the major NK cell receptors and their cognate ligands on the targbt@ethparison of the surface protein expression in the five

target cell lines based on the average florescent signal from the flow cytometry analysis. Cell lines were color-coded as indicated. Datdvefe averag
from 3 independent flow cytometry analyses (> 1 # ddlls in each analysis). The error bars are standard devia€omsulative survival curves of
HeLa cells in co-culture with primary NK cells in the presence of single or double blockage of the inhibitory receptor (left panel) or activating recep
(right panel)d Distributions of the live and dead HelLa cells killed by the three distinct cytotoxic modes after 12 h of co-culture with NK cells under
the indicated treatment conditions. Data acquired with NK cells from the same donors are denoted with the same color symbols. P value was
obtained by Studerx t test comparing the treatment condition with control. *P < 0.8(ercentage of live cells and cells that died via the three
distinct cytotoxic modes under the different receptor-blocking conditions in comparison with those under the control condition. Data adedolpr-co
as indicated. The different treatment conditions are denoted with the indicated symbols. Foranoth, data plotted were averaged from 3
independent imaging experiments and the error bars are standard deviations

significantly. Neutralizing the activating receptors We next investigated how blocking individual recep-
exerted a less prominent effect in attenuating the celltors altered induction of the three cytotoxic modes,
death response of Hela, possibly because Hela celksxpecting individual receptors to selectively regulate par-
under the control condition were already relatively re- ticular modes. However, this was not the result. Al-
sistant to primary NK cell killing. Inhibition of NKG2D though blockage of the inhibitory KIRs-HLA-A,B,C
activity exhibited a stronger effect in attenuating cell mainly enhanced death ligand-mediated HelLa cell death,
death than neutralizing DNAM-1 or NKp46 (Fig.2c). the fraction of NK cell killing mediated by granzyme B,
Double blocking of NKG2D plus DNAM-1 or NKp46 death ligand, and necrosis all decreased in parallel upon
further rescued HelLa cell death, confirming that the NK neutralizing the activating receptor NKG2D, either alone
cell cytotoxicity is regulated by collective, rather than in- or in combination with DNAM-1 or NKp46 (except for
dividual, signaling receptors. the apoptotic population via death ligand under NKG2D
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inhibition alone) (Fig.2d). Therefore, in HelLa, receptor SMMC-7721 cells were sensitive to granzyme B-
modulation appears to largely tune the overall cytotoxic mediated intrinsic apoptosis. A distinguishing feature of
activity of NK cells and/or receptivity of targets, but not these cell lines that we observed in our movies was the
the specific death pathway. difference in plasma membrane dynamics. MCF7 cells
Figure 2e summarized the receptor neutralization re- exhibited extensive dynamic protrusions driven by mem-
sults for all three pathways across the five epithelial tar-brane blebs and lamellipodia (Fig3a). In contrast,
get cell lines (detailed data can be found in Additional SMMC-7721 cells exhibited only moderate membrane
file 1: Figure S3). Here, we plotted the ratio of perturb- dynamics and the membrane of U-2 OS cells was largely
ation versus control. Intuitively, data points along the di- quiet (Fig. 3a). This observation led us to examine
agonal indicated no change relative to the control whether differential membrane dynamics of the epithe-
condition, and the further away the data points were lial cell targets contributed to the activation of alterna-
from the diagonal, the larger the effect of the respectivetive NK cell cytotoxic modes.
receptor inhibition in diverting the cell death response To attenuate the formation of dynamic membrane
into, or away from, one of the three cytotoxic modes. protrusions, we used either NSC23766, an inhibitor of
Similar to HelLa cells, neutralization of the inhibitory the small GTPase Racl, to inhibit actin polymerization-
KIRs-HLA-A,B,C interaction exerted a strong effect in driven lamellipodia, or Y27632, an inhibitor of the Rho
enhancing the cell death response of the other four tar-Kinase (ROCK), to inhibit actomyosin contractility that
get cell lines, and loss of NKG2D activity exerted thepromotes membrane blebs2p-27]. NSC23766 signifi-
strongest effect in attenuating target cell death. How- cantly reduced membrane protrusions in both MCF7
ever, as of Hela cells, the three cytotoxic modes were aland SMMC-7721 cells, as evidenced by the kymograph
tered approximately in parallel, again showing thatof cell edge, which showed a relatively smooth edge
receptor modulation tuned the overall activity of NK under NSC23766 as compared to a jagged edge in the
cells, but not the activity of one specific death pathway.control cells (Fig.3a). The effect of Y27632, however, di-
We also noted that except for MCF7, no other cell line verged in MCF7 and SMMC-7721. MCF7 cells treated
showed significant cell death via necrosis under all re-with Y27632 showed reduced membrane blebs but lon-
ceptor perturbation conditions, suggesting that MCF7 ger lamellipodia, a phenotype previously characterized as
cells may have unique cellular features that promote thedue to compensatory effects of membrane blebs and la-
induction of necrotic killing, which we further investi- mellipodia [25. SMMC-7721 treated with Y27632 still
gated below. showed evident membrane ruffling, indicating bleb did
It is possible that the receptor neutralization treatment not contribute significantly to drive the membrane dy-
may trigger another type of cell death, i.e., NK cell-namics of SMMC-7721. Attenuation of membrane dy-
mediated antibody-dependent cell-mediated cytotoxicity namics by both NSC23766 and Y27632 changed the
(ADCC). To examine the involvement of ADCC, we primary cell death mode of MCF7 cells from necrosis to
blocked CD16, the key Rcreceptor on NK cells that me- death ligand-mediated apoptosis, with NSC23766 exhi-
diates ADCC, and then co-cultured the CD16-neutralized biting a slightly stronger effect (Fig3b). NSC23766
NK cells with HeLa cells treated with HLA-A,B,C, neutral- treatment of SMMC-7721 also resulted in a switch of
izing antibody, as HLA-A,B,C blocking showed the most NK cell killing from granzyme B-mediated apoptosis to
significant effect in sensitizing HelLa cells to NK cell kill- death ligand-mediated apoptosis, while Y27632 did not
ing. We found blocking CD16 did not substantially at- show a significant effect on altering the NK cell cyto-
tenuate NK cell killing under the HLA-A,B,C neutralizing toxic mode (Fig.3c). Moreover, we did not observe a
antibody treatment, suggesting that ADCC did not con- distinctive change in the membrane distribution of NK
tribute significantly to the NK cell killing that we observed ligand (e.g., HLA-A,B,C) on MCF7 cells or the NK re-

(Additional file 1: Figure S4). ceptor (e.g., KIR2D) on NK cell under either NSC23766

or Y27632 treatment, indicating that these two inhibitors
Membrane dynamics modulate target sensitivity to NK did not alter NK cell kiling modes by changing the
cell cytotoxic modes receptor-ligand distribution in the plasma membrane

Since receptor expression level did not predict which (Additional file 1: Figure S5). Overall, our data suggested
death pathway is preferred, and receptor inhibition did that inhibiting plasma membrane dynamics of epithelial
not modulate the fraction of death caused by a particulartargets promoted NK cell kiling via death ligand-

pathway, we sought other phenotypic properties thatmediated apoptosis, while damping the other two cyto-
might predict and modulate individual NK cell cytotoxic toxic pathways.

pathways. We focused on MCF7 and SMMC-7721 be- Next, we examined whether increasing the membrane
cause they had the most distinctive preferences, i.egynamics, e.g., in SMMC-7721, would alter NK cell kill-
MCF7 cells were uniquely sensitive to necrosis, whileing from granzyme B-mediated apoptosis to the necrosis
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Fig. 3 Membrane dynamics of MCF7 and SMMC-7721 cells modulate NK cell cytotoxicarhetigsanel: phase-contrast images of MCF7,
SMMC-7721, and U-2 OS cells under control or treatment with NSC23766 (Rac1l inhibitor) or Y27632 (ROCK inhibitor). The white scale bar is 20
m. Right-panel: kymographs of a cell edge of MCF7, SMMC-7721, and U-2 OS cells under the indicated treatment conditions. The horizontal axis
of the kymographs is the line position across the cell edges, spanning,28nd the vertical axis is the time evolution from 0 to 60 jg.
Distributions of the cytotoxic response phenotypes of target cells under control or the indicated inhibitor treatroevit®e? cells a SMMC-
7721 cells in co-culture with primary NK cells for I2Phase-contrast images and the response phenotype distribution of SMMC-7721 cells that
adhered to the cell culture plate for 4 h (with or without Y27632) and in co-culture with primary NK cells for 12 h in comparison with coptrol
cells that adhered for 24 h. Data plottedaird were averaged from 3 independent imaging experiments, and the number of cells analyzed for
each condition/cell line/experiment ranges from 44 to 149. The error bars are standard deviations. Data acquired with NK cells from the same
donors are denoted with the same color symbols in each sub-figure. P value was obtained bysSttelntomparing the treatment condition
with control. *P < 0.001

J

mode, similar to MCF7. We noted that SMMC-7721 surface very quickly (in about-35 h) and did not exhibit
cells showed extensive membrane blebs when theyprolonged blebs, we were unable to use this experimen-
started to adhere to the cell culture plate surface (F8gl, tal strategy to study the effect of enhanced membrane
left panel). And these blebs disappeared upon completelynamics on promoting granzyme B-mediated apoptosis
adherence (Fig3a, control). We therefore co-cultured over the death ligand-mediated mode. Nonetheless,
primary NK cells with SMMC-7721 that were trypsi- overall, our results suggested that the extent of mem-
nized and seeded onto the culture plate for only 4 h to brane dynamics exerted a key control over the sensitivity
investigate the effect of enhanced membrane dynamicsof different epithelial targets to the three distinct NK cell
in this case, driven by blebs, on NK cell killing mode. cytotoxic modes.

Compared to control SMMC-7721 cells that had ad-

hered to the culture plate for 24 h, which were mainly Pro-necrotic membrane dynamics involve actin

(~60%) killed by granzyme B-mediated apoptosis, thedepolymerization

majority (~50%) of the short-adherence cells were killedTo determine how a highly dynamic target membrane
via the necrotic mode (Fig3d, right panel). And the promotes pro-necrotic killing, we stained the lytic gran-
addition of the bleb inhibitor, Y27632, abrogated the in- ules of NK cells with an acidic organelle marker, Lyso-
crease in necrotic killing of the short-adherence cellsBrite, and investigated the collective dynamics of NK
(Fig. 3d). As U-2 OS cells adhered to the culture plate and target cells upon formation of the immunological
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Data were viewed and analyzed using the NIS softwardor phospho-MLKL primary antibody binding (overnight
(Nikon) or Imaris. Target cell death was scored morpho- at 4 °C). The coverslips were mounted on glass slides
logically by blebbing followed by cell lysis, and the timewith ProLong Gold antifade reagent (Invitrogen) and im-
from NK cell addition (i.e., time 0) to morphological tar- aged using the Andor Dragonfly spinning disc confocal
get cell death was plotted as cumulative survival curvesmicroscope with a 60x objective.
in which the number of surviving live target cells was
ratioed to the total number of live target cells at time 0 Supplementary Information
as a function of time. The onset of apoptosis is scoredThe online version contains supplementary material availabltpat//doi.

. 0rg/10.1186/s12915-021-01068-3
by an abrupt transition from punctate to smooth
Iocallz_atlon Of the mitochondria reporter, IMS-RP. To Additional file 1: Figure S1. FACS analysis of NK cell-induced target
quantify the time course of the GrzmB-FRET reporter | cell deathFigure S2- Effect of MICB knockdown on NK cell killiig-
signal, ImageJ was used to segment the individual cellsure S3.Cancer target-dependent kinetics and phenotypes of NK cell kill-

B f : ing. Figure S4.NK cell killing under NK CD16 neutralizaffagure S5.
and measure the total intensity of YFP and CFP Slgnal’ Membrane distributions of HLA-A,B,C in MCF7 cells and KIR2D in pfimary

reSpECtiveW- NK cells by immunostainingigure S6. Additional representative im-
munofluorescence images of phospho-MLKgure S7. Full western
blots.

Flow cytometry analysis
; ; Additional file 2: Movie S1. Time-lapse movie of MCF7 cell expressing
X -
1 105 eplthellal target cells were washed and re the GrzmB-FRET reporter (green and blue) in co-culture with primary NK

suspended in the cell staining buffer (Biolegend) con-| celis stained by Lysobrite (red). The image is the overlay of the Gzm

taining different dye-conjugated primary antibodies at 1| FRET reporter, Lysobrite and bright-field signals. Time is indicated ir} the

ug/ml or 5 pg/ml for 30 min at 4°C. Cells were then | Unit of hourminute. - _ _

washed and stained with the Zombie NIR (cell death| Additional file 3: Movie S2. Time-lapse movie of SMMC-7721. The |
K . image is the overlay of the GzmB FRET reporter, Lysobrite and bright-field

marker, Biolegend). The stained cells were analyzed by signass.

flow cytometry with a FACSCanto Il cytometer (BD Bio- | additional file 4: Movie S3. Confocal live-cell imaging of F-actin
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