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Natural Killer (NK) cells can engage multiple virally infected or tumor cells sequentially and deliver perforin for cytolytic 
killing of these targets. Using microscopy to visualize degranulation from individual NK cells, we found that repeated 
activation via the Fc receptor CD16 decreased the amount of perforin secreted. However, perforin secretion was restored 
upon subsequent activation via a different activating receptor, NKG2D. Repeated stimulation via NKG2D also decreased 
perforin secretion, but this was not rescued by stimulation via CD16. These different outcomes of sequential stimulation 
could be accounted for by shedding of CD16 being triggered by cellular activation. The use of pharmacological inhibitors and 
NK cells transfected to express a noncleavable form of CD16 revealed that CD16 shedding also increased NK cell motility 
and facilitated detachment of NK cells from target cells. Disassembly of the immune synapse caused by CD16 shedding 
aided NK cell survival and boosted serial engagement of target cells. Thus, counterintuitively, shedding of CD16 may 
positively impact immune responses.
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Introduction
Natural Killer (NK) cells are key players of innate immune defense 
against cancerous or virally infected cells (Vivier et al., 2008, 
2011). They can lyse diseased cells directly by secretion of cytolytic 
granules containing pore-forming perforin and lytic granzymes 
(Orange, 2008; Voskoboinik et al., 2015) into the synaptic cleft 
(Cartwright et al., 2014). NK cells also contribute to inflammation 
more broadly by secreting cytokines including IFN-γ and TNF-α 
(Fauriat et al., 2010). Their responses are regulated by a variety of 
germline-encoded activating and inhibitory receptors that serve to 
elicit a response when appropriate while ensuring tolerance to self.

Activating receptor NK group member D (NKG2D) is one of the 
best-studied NK cell receptors (Molfetta et al., 2016). It recognizes 
major histocompatibility complex (MHC) class I chain–related 
protein A (MICA), MICB, or UL16 binding protein (ULBP) 1–6 pro-
teins that are rarely expressed at the surface of healthy cells but 
are up-regulated on, for example, tumor-transformed or virally 
infected cells. NK cells also express the Fc receptor CD16 (Fcγ-
RIIIa), which can trigger antibody-dependent cellular cytotoxicity 
(ADCC) against opsonized cells. ADCC is clinically important as one 
of the mechanisms of therapeutic antibodies. For anti-CD20 mAb 
rituximab, widely used for treatment of non-Hodgkin’s lymphoma 
and autoimmune diseases (Edwards et al., 2004; Cheson and 
Leonard, 2008), for example, the engagement of Fc receptors has 
been shown to be vital for its activity in vivo (Clynes et al., 2000).

Tumor infiltrating or blood NK cells isolated from patients with 
chronic diseases such as HIV commonly display very low levels 
of activating receptors. This has been associated with decreased 
NK cell cytotoxicity and increased disease severity (Costello et al., 
2002; Groh et al., 2002; Coudert et al., 2005; Wiemann et al., 2005; 
Konjević et al., 2007). Receptor down-regulation is commonly the 
result of internalization; NKG2D, for example, undergoes clath-
rin-mediated endocytosis upon the ligation of membrane-bound 
or soluble ligands (Ogasawara et al., 2003; Cerboni et al., 2009). 
Internalized NKG2D along with its signaling adaptor DAP10 can 
contribute to activating signaling though ERK1/2 (Quatrini et al., 
2015). However, internalization also leads to lysosomal degrada-
tion of NKG2D, which is thought to be an important physiological 
response for dampening immune responses that might otherwise 
be excessive and damaging.

In contrast with NKG2D, down-modulation of CD16 is caused 
by proteolytic cleavage of its extracellular portion by A disintegrin 
and metalloproteinase-17 (ADAM17; Romee et al., 2013) or mem-
brane type 6 matrix metalloproteinase (MMP25; Peruzzi et al., 
2013). While a proportion of NKG2D can be rapidly recycled back 
to the cell surface, recovery of CD16 expression is much slower. 
When CD16 down-regulation was induced by 18 h exposure to sea-
sonal influenza vaccine, its expression only partially recovered by 
day 18 (Goodier et al., 2016). This suggests that once NK cells are 
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activated, their capacity for ADCC is impaired for several days. 
The possibility of any beneficial role for shedding of CD16 has not 
been described other than that it may serve to prevent excessive 
immune responses.

NK cell activation and the assembly of the immune synapse 
have been widely studied (Davis et al., 1999; Orange, 2008; Carisey 
et al., 2018), but how activating signals are terminated and how 
NK cells dissociate from target cells have been considered far less 
(Netter et al., 2017). Several lines of research indicate the impor-
tance of understanding disassembly of the immune synapse and 
NK cell detachment. After lysis of one target cell, NK cells can 
dissociate and move on to discern the state of health of another 
cell (Martz, 1976; Vanherberghen et al., 2013). Indeed, most target 
cells die as a result of serial killing (Choi and Mitchison, 2013). 
In vitro microscopy of NK cells revealed that they can kill up to 
seven targets in 12 h (Bhat and Watzl, 2007; Vanherberghen et 
al., 2013). Similarly, in vivo imaging of cytotoxic T lymphocytes 
(CTLs) has shown that one CTL can kill 2–16 virus-infected cells 
per day (Halle et al., 2016). Chimeric antigen receptor T cells have 
recently been reported to exhibit particularly fast off rates from 
target cells, which may be important in their efficacy (Davenport 
et al., 2018). In addition, the inhibition of target cell caspases to 
prevent target cell lysis prolongs contact time with murine NK 
cells (Jenkins et al., 2015). Such increased engagement leads to 
further secretion of cytokines and chemokines, which can lead 
to hyperinflammation. Thus, it is clear that NK cell detachment is 
important on several levels, yet specific mechanisms for immune 
cell detachment have not yet been elucidated.

To study sequential activation of NK cells, we designed a 
microscopy-based assay that allowed us to compare the amount 
of perforin secreted from individual cells. We found that the order 
in which cells are activated through different receptors deter-
mines the amount of secreted perforin. Specifically, cells sequen-
tially stimulated through CD16 significantly reduced the amount 
of perforin secreted per cell. Surprisingly, however, subsequent 
stimulation via NKG2D recovered perforin secretion. When the 
order of stimulation was reversed, NK cell activation via CD16 
could not restore perforin secretion after stimulation through 
NKG2D. Thus, the specific ligands expressed on target cells are 
a major factor in the strength of sequential NK cell responses. 
These results could be accounted for by shedding of CD16, which 
occurs upon NK cell activation. However, although shedding of 
CD16 decreased NK cell perforin secretion upon successive con-
tacts, it also proved to be important for the detachment of NK 
cells from opsonized target cells. Inhibition of shedding CD16 
resulted in extended contact times and greater activation-in-
duced death of NK cells. Thus, shedding of CD16 decreases NK cell 
responses at individual cell–cell contacts but enhances detach-
ment from opsonized target cells, which sustains NK cell survival 
and increases serial engagement of target cells.

Results
Effective restimulation of NK cells is receptor dependent
The predominant mechanism for target cell lysis by NK cells is via 
the directed secretion of granules containing perforin (Hsu et al., 
2016). To compare the amount of perforin secreted per individual 

cell, we developed a method in which secreted perforin was cap-
tured and visualized by confocal microscopy. For this, slides were 
coated with an anti-perforin mAb as well as other proteins to 
stimulate NK cells: rituximab, a therapeutic mAb engaging CD16 
through its Fc portion, or recombinant human MICA, a ligand 
for NKG2D. To address the previously described role of ICAM-1 
in directed secretion (Hsu et al., 2016), activating ligands were 
coated in combination with recombinant human ICAM-1 or with 
Noggin, used as a negative control. Human primary NK cells were 
incubated on these surfaces for 1 h, after which cells were gently 
removed, and captured perforin was stained with another, non-
competing Alexa Fluor 488–conjugated anti-perforin mAb for 
imaging. Both rituximab and MICA triggered secretion of IFN-γ 
in a dose-dependent manner, confirming their ability to trigger 
NK cell activation (Fig. S1, A–C).

Visualization of perforin secreted from individual cells 
revealed that secretion occurred in discrete puncta. Interest-
ingly, perforin secreted from cells stimulated by rituximab 
commonly appeared smeared, whereas perforin from cells 
stimulated by MICA formed dense circular clusters (Fig. S1 D). 
Surfaces coated with no activating ligand induced little degran-
ulation from a few cells, whereas activating surfaces were potent 
stimulators (Fig. S1, D–F). There was significant variability in the 
amount of perforin secreted per cell within one donor (Fig. S1 E) 
as well as between donors (Fig. S1 F). The presence of ICAM-1 
did not have a significant impact on degranulation in these con-
ditions. The amount of perforin secreted by each cell increased 
somewhat over time for cells stimulated by rituximab but less by 
MICA (Fig. S1, G–J). Concentrations of both ligands were chosen 
such that secretion of perforin reached a peak (Fig. S2, A–F), and 
the proportion of cells degranulating after 1 h stimulation was 
comparable (Fig. S2 G).

In a tumor microenvironment, for example, NK cells encoun-
ter target cells expressing a variable repertoire of activating 
ligands (Ljunggren and Malmberg, 2007; Guillerey et al., 2016), 
and treatment with a therapeutic mAb will additionally con-
tribute to the diversity of ligands presented by tumor cells. To 
address how NK cell responses are affected by sequential stimu-
lation, the same cells were incubated on activating surfaces for 
three sequential 1-h periods. To determine whether the order 
in which different receptors are triggered impacts sequential 
degranulation, cells were split into two groups for the final incu-
bation: one group of cells was incubated on the surfaces coated 
with a repeat of the ligand used for the previous two stimula-
tions, and the other group of cells was introduced to a new ligand 
(Fig. 1 A). Secreted perforin was captured and imaged after each 
stimulation. Repeated stimulation on rituximab led to a decrease 
in perforin secretion per cell. Strikingly, however, upon subse-
quent stimulation via MICA, secretion of perforin recovered 
(Fig. 1, B–D). When the order of activation was reversed, secre-
tion of perforin similarly decreased upon each sequential stim-
ulation with MICA, but subsequent activation via rituximab did 
not recover this (Fig. 1, B, F, and G).

To exclude the impact of the Fc portion of the recombinant 
MICA protein used in this study, we repeated the experiment 
using MICA produced with a His tag (MICA-His; Fig. S3, A and 
B) and compared another ligand for NKG2D, ULBP2 (Fig. S3, C 
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and D). Upon sequential stimulation with MICA-His or ULBP2, 
perforin secretion decreased and remained low even when cells 
were subsequently activated via CD16. In addition, MICA-His or 
ULBP2 could rescue perforin secretion after sequential stimula-
tion via CD16. An anti-CD16 mAb did not rescue degranulation in 
cells first stimulated twice on rituximab (Fig. S3 E). However, an 
anti-NKp30 mAb could recover perforin secretion after stimu-
lation with rituximab, indicating that ITAM-mediated signaling 

machinery used by both CD16 and NKp30 is not impaired or 
desensitized by serial stimulation (Fig. S3 E).

It has been previously reported that cells undergo exhaustion 
upon persistent activation (Bi and Tian, 2017). In this study, we 
found that the amount of intracellular perforin decreased with 
each stimulation (Fig. 1, E and H). However, as intracellular per-
forin levels after two stimulations on rituximab or MICA were 
comparable, this reduction cannot account for the differential 

Figure 1. Effective restimulation of NK cells is receptor dependent. (A–I) NK cells were sequentially activated through CD16 and NKG2D on slides coated 
with either rituximab (Rtx) or MICA and both with ICAM-1. Slides were also coated with anti-perforin mAb to capture secreted perforin, which was visualized 
by a noncompeting Alexa Fluor 488–labeled anti-perforin mAb. (A) Schematic representation of experimental approach. NK cells were sequentially incubated 
for 1 h on differently coated surfaces as indicated. (B) Representative images of perforin secreted from one cell during sequential stimulations. Bars, 10 µm. 
(C and F) Quantitative analysis of perforin secreted by cells from a representative donor. Each point is the integrated fluorescence intensity (IFI) of perforin 
captured from one cell (median ± interquartile range [IQR]). (D and G) Median IFI values of perforin secretion from different donors (n = 6; mean ± SEM; sym-
bols represent different donors). (E and H) Intracellular (IC) perforin levels were assessed by flow cytometry upon each round of stimulation. Graphs represent 
geometric mean fluorescence intensity (gMFI) values (n = 3; mean ± SD; symbols represent different donors). (I) Comparison of gMFI values of intracellular 
perforin upon two rounds of stimulation on either rituximab or MICA. *, P < 0.05; **, P < 0.01; ****, P < 0.0001 calculated by Kruskal-Wallis test (C and F), 
Friedman test (D, E, G, and H), or Student’s t test (I). US, unstimulated. See also Figs. S1, S2, and S3.
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outcomes upon a third stimulation with different ligands (Fig. 1 I). 
Thus, in this specific scenario, cellular exhaustion or depletion of 
intracellular perforin cannot account for the decrease in perforin 
secretion seen upon sequential stimulation. Moreover, these data 
establish that the order in which activating receptors on NK cells 
are triggered impacts the sequential cytotoxic response.

Receptor expression varies with serial engagement
We next assessed whether the expression levels of CD16 and 
NKG2D changed upon stimulation, with a view to testing 
whether this could account for changes in the NK cell’s func-
tional response. For this, surface receptor expression on cells 
removed from the coverslips coated with activating NK cell 
ligands were assessed by flow cytometry. Sequential stimulation 
with rituximab resulted in a decrease of the surface expression 
of CD16 (Fig. 2 A). Subsequent stimulation with MICA reduced 
the expression of CD16 further. Initial activation with MICA 
also reduced the expression of CD16, and subsequent stimula-
tion through CD16 had little, if any, impact (Fig. 2 B). However, 
sequential stimulation by rituximab did not negatively affect 
NKG2D expression; in fact, expression of NKG2D increased 
slightly (Fig. 2 C). MICA decreased NKG2D expression (Fig. 2 D), 
and NKG2D levels were restored in some donors when cells 
were subsequently incubated for 1 h on rituximab, ICAM-1, or 
in media alone, suggesting that expression of NKG2D recovers 
within this short time frame independently of stimulation (Fig. 
S4 A). Consistent with a previous study (Goodier et al., 2016), 
CD16 levels did not recover for at least 24 h (Fig. S4 B). Confirm-
ing that changes in receptor expression were not caused by a 
particular subset of NK cells being removed from the popula-
tion, NK cell viability was not affected by cellular activation 
(Fig.  2, E and F). Thus, receptor expression levels correlated 
with changes in perforin secretion for subsequent stimulation 
of NK cells; initial engagement of CD16 did not affect subsequent 
stimulation via NKG2D, whereas stimulation through CD16 was 
impaired after activation via NKG2D. This indicates that the 
order in which different receptors on NK cells are triggered 
differentially affects NK cell receptor expression, which in turn 
impacts functional responses.

CD16 expression changes determine the strength of NK cell 
serial responses
To determine whether the reduction of CD16 is responsible for 
decreased perforin secretion, we transfected NK92, an NK cell 
line that does not constitutively express CD16, to express WT 
CD16 (NK92/CD16-WT) or a mutated variant lacking the pre-
viously identified cleavage site for ADAM17, in which serine at 
residue 197 was replaced by proline (NK92/CD16-S197P; Fig. 3 A; 
Jing et al., 2015). Both variant CD16 proteins were expressed to a 
similar level at the cell surface (Fig. 3 B). When these transfec-
tants were activated by coincubation with Daudi, a malignant B 
cell line, opsonized with rituximab (Daudi-rituximab), CD16-WT 
was efficiently cleaved from the cell surface, whereas levels of 
CD16-S197P remained intact (Fig. 3 C). For an alternative route of 
cellular activation independent of ligating CD16 itself, cells were 
activated by PMA/ionomycin. Again, expression of CD16-WT 
decreased, whereas CD16-S197P remained intact. When cells 

were sequentially stimulated on rituximab for 1 h, the amount 
of perforin secreted from NK92/CD16-WT decreased after each 
round, whereas degranulation of NK92/CD16-S197P remained 
unchanged (Fig. 3, D and E). This supports the notion that the 
receptor expression is a major determinant of NK cell degranu-
lation in sequential stimulations.

NK cell serial killing of target cells expressing different ligands 
is determined by the order of engagement
We next set out to assess whether decreased perforin secretion 
upon sequential stimulations impacts the killing of target cells. 
For this, interactions with Daudi, Daudi-rituximab, or Daudi 
transfected to express MICA at the cell surface (Daudi-MICA) 
were compared (Fig. S4, C and D). 1 h incubation with Daudi, 
Daudi-rituximab, or Daudi-MICA did not significantly affect NK 
cell viability (Fig. S4 E), but it lowered NK cell expression of CD16 
(Fig. S4, F–H). NKG2D levels, however, were only affected when 
this receptor was engaged by Daudi-MICA and less significantly 
by Daudi alone (which constitutively expresses a low level of 
NKG2D ligands; Fig. S4, I and J). Daudi-rituximab did not have 
any additional effect on NKG2D expression. To test whether these 
results were specific to Daudi, we also used 721.221 (hereafter 
referred to as 221), an EBV-transformed B cell line selected to lack 
expression of class I MHC proteins. 221 is susceptible to NK cell–
mediated lysis on account of it lacking class I MHC protein, and 
thus it is killed according to the missing-self hypothesis. NK cells 
were incubated with 221 or 221 transfected to express MICA (221-
MICA), or they were opsonized with rituximab (221-rituximab), 
and in either case, the presence of these target cells efficiently 
caused NK cell loss of CD16 (Fig. S4 K). However, when NK cells 
were incubated with P815, a cell line that does not express any 
ligands for NK cell receptors, the levels of surface CD16 were not 
significantly affected. Thus, the loss of CD16 from NK cell sur-
faces is not something triggered only by Daudi cells, and more-
over, other triggers of NK cell lysis, e.g., missing self, lead to loss 
of CD16. Thus, these data with target cells are consistent with 
results obtained from activating surfaces and further indicate 
that decreased expression of CD16 happens upon NK cell activa-
tion, whereas decreased expression of NKG2D only occurs with 
ligation of NKG2D.

It has recently been established that as little as two to four 
degranulation events suffice to trigger target cell lysis (Gwalani 
and Orange, 2018). Thus, to address whether receptor down-reg-
ulation and reduced perforin secretion affect NK cell cytotoxic-
ity in serial killing, we first preactivated NK cells with P815 or 
Daudi, Daudi-rituximab, or Daudi-MICA. After 1.5 h, additional 
target cells labeled with a dye were added for an additional 1.5 h 
in the presence of a second dye, indicating cell death by stain-
ing caspase 3/7 (Fig. 4 A). Unstimulated NK cells killed 74 ± 21% 
of Daudi-rituximab and 60 ± 18% of Daudi-MICA. Preactivation 
with P815 did not affect subsequent killing of Daudi-rituximab 
(73 ± 22%) or Daudi-MICA (59 ± 23%), whereas the preactivation 
with either target cell (Daudi, Daudi-rituximab, or Daudi-MICA) 
significantly reduced the subsequent killing of Daudi-rituximab 
(by 15%, 23%, or 26% respectively; Fig. 4, B and C). Killing of Dau-
di-MICA was only significantly decreased when NK cells were 
preactivated with Daudi-MICA (by 40%; Fig. 4, B and D). These 
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data indicate that the order of serial engagement of target cells 
impacts the outcome of NK cell surveillance. However, in a bulk 
assay like this, it is not clear how many target cells each individ-
ual NK cell has contacted.

To more accurately scrutinize serial cytotoxicity of individ-
ual NK cells, we used live-cell time-lapse microscopy within spe-
cially designed microchips (Guldevall et al., 2010; Varadarajan 
et al., 2011; Vanherberghen et al., 2013), allowing the tracking 
of individual NK cell–target cell interactions over several hours 
(Fig. 5, A and B). NK cells and target cells were each labeled with 
different dyes, and cell death was visualized by the loss of the 
initial fluorescence as well as by an accumulation of a dead cell 
stain. Overall, killing of Daudi-rituximab was slower than kill-
ing of Daudi-MICA (median time after first contact was 66 min 
and 36 min, respectively; Fig. 5 C). However, the first kill was 
executed faster than sequential kills (Fig. 5 D; statistically signif-
icant only for Daudi-MICA). When Daudi-rituximab was the first 
target cell killed, the median killing time was 51 min, whereas 

for Daudi-MICA, it was 24 min. Killing of Daudi-rituximab sub-
sequently took a median time of 95 min, whereas lysis of Dau-
di-MICA subsequently took 63 min.

When an NK cell encountered two Daudi-rituximab cells 
sequentially, the second Daudi-rituximab was killed 37 ± 9% of 
the time (Fig. 5 E). When Daudi-MICA was the first target cell 
encountered, subsequent killing of Daudi-rituximab was reduced 
to only 11 ± 4%. However, when the NK cell had killed a Daudi-rit-
uximab first, killing of subsequent Daudi-MICA occurred in 81 ± 
5% (Fig. 5 F). This was not significantly reduced to 62 ± 13% when 
the preceding contact was with Daudi-MICA.

We next analyzed the sequence of NK cell interactions to com-
pare the outcome of all possible combinations. When an NK cell 
encountered two Daudi-rituximab cells sequentially, the likeli-
hood of either one or both target cells being killed was similar 
(Fig. 5 G). When an NK cell encountered multiple Daudi-MICA 
cells, both cells were most often killed (Fig.  5  H). Contacting 
Daudi-rituximab then Daudi-MICA, either both target cells were 

Figure 2. Receptor expression varies with serial engagement. (A–F) NK cells were sequentially stimulated through CD16 and NKG2D on surfaces coated 
with either rituximab (Rtx) or MICA and both with ICAM-1 as schematically represented in Fig. 1 A (1 h at each step). Then, CD16 and NKG2D levels were assessed 
by flow cytometry. Histograms represent surface expression of CD16 (A and B) and NKG2D (C and D) after each step as indicated. (A and B) The vertical line 
denotes the point at which NK cells were considered as CD16+. Numbers denote the percent of CD16+ cells from a representative donor. Graphs show the gMFI 
of CD16 expression of CD16+ populations normalized to unstimulated (US) control cells. (C and D) gMFI of NKG2D expression from the total NK cell population. 
(E and F) NK cell viability after each stimulation. n = 7; symbols represent different donors; mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 
calculated by one-way ANO​VA.
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killed (37 ± 7%) or only the second (44 ± 4%; Fig. 5 I). In contrast, 
when an NK cell first encountered Daudi-MICA and then Dau-
di-rituximab, the killing of the second target cell was impaired. 
Only the first target was killed in 71 ± 7% of interactions, whereas 
both targets were killed 6 ± 5% of the time (Fig. 5 J). Thus, NK 
cells that ligate CD16 first display relatively unchanged responses 
toward a second target cell expressing MICA, whereas NK cells 
that engage NKG2D then present decreased cytotoxicity toward 
rituximab-opsonized target cells.

Activation via CD16 triggers the assembly of a 
cytolytic kinapse
To investigate the impact of shedding CD16 on NK cell morphol-
ogy, cells were incubated on activating surfaces for 5 min to allow 
cell spreading and synapse formation before they were fixed and 
stained for F-actin. Confocal microscopy revealed that activation 
of cells through MICA-coated surfaces triggered accumulation of 
F-actin into a dense peripheral ring (Fig. 6, A and B) as reported 
previously (Culley et al., 2009). Only a small proportion of NK 
cells on control surfaces coated with ICAM-1 alone exhibited a 
dense ring of F-actin. Surprisingly, activation through rituximab 
also did not lead to a symmetrical ringed accumulation of F-actin. 
Similar to ICAM-1, cells on rituximab displayed a more migratory 
phenotype with an accumulation of F-actin at the leading edge 
of the cell. Cells on surfaces coated with anti-CD16 mAb also dis-
played an asymmetrical F-actin distribution (Fig. S5 A). However, 

other NKG2D ligands such as MICA-His, ULBP2, or anti-NKG2D 
mAb, all structurally different, or an anti-NKp30 mAb engag-
ing an alternative activating receptor all triggered the formation 
of stable symmetrical synapses. Allowing cells on rituximab to 
spread for longer did not change their morphology (Fig. S5 B). This 
establishes that the type of activating receptor being ligated is a 
major factor in determining the stability of the NK cell synapse.

To further address the formation of the immune synapse on 
coated surfaces, we performed time-lapse internal reflection 
microscopy (IRM). IRM is a label-free technique that can deter-
mine the lifetime of dynamic contacts made by cells interacting 
with coated glass coverslips. On rituximab, NK cells evidently 
spread more than on surfaces coated with MICA (Fig. 6, C and D). 
On both surfaces, the maximal area of the interface occurred at ∼1 
min. Cells stimulated on MICA maintained a similar size of sym-
metrical contact over time, whereas cells on rituximab spread with 
a migratory elongated shape (Fig. 6 E). Cells on rituximab often had 
long thin tails, the area of which were excluded from analysis and 
likely contributed to an apparent decline in the cell’s contact foot-
print seen after 2 min. Importantly, cells interacting with MICA 
were static and did not move far from the original point of landing, 
whereas cells on rituximab were much more motile (Fig. 6 C and 
Videos 1 and 2). This indicates that the synapse formed via NKG2D 
is considerably more stable than that triggered by CD16.

Track plots also revealed that cells moved significantly on 
ICAM-1– and rituximab-coated surfaces but were relatively 

Figure 3. Expression of a noncleavable form of CD16 prevents reduction of perforin in sequential stimulation. (A) Schematic representation of CD16-WT 
and CD16-S197P indicating a single point mutation, S197P, which renders CD16 insensitive to ADAM17. (B) The NK92 cell line was transduced to express 
CD16-WT or CD16-S197P. Representative histograms of surface CD16 on parental cell line (gray) and NK92/CD16-WT or NK92/CD16-S197P before (black) 
and after activation with Daudi-rituximab (Rtx; red) or PMA/ionomycin (orange). The same histogram for a parental cell line is shown in both panels. (C) CD16 
expression levels normalized to unstimulated (US) CD16+ cells (n = 5 independent experiments; mean ± SD). (D and E) Transfected NK92 cells were sequentially 
activated through CD16 on slides coated with rituximab and ICAM-1. Secreted perforin was captured with anti-perforin mAb and visualized by a noncompeting 
Alexa Fluor 488–labeled anti-perforin mAb. Median fluorescence of perforin for NK92/CD16-WT (D) or NK92/CD16-S197P (E). n = 7; mean ± SEM; symbols 
represent different experiments. **, P < 0.01 calculated by two-way ANO​VA (C) or Friedman test (D and E).
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static on MICA (Fig. 6 F). On surfaces coated with rituximab and 
MICA, at concentrations that lead to similar proportions of cells 
degranulating (Fig. S2 G), cells moved faster on rituximab (0.058 
± 0.033 µm/s) compared with cells stimulated by MICA (0.030 
± 0.028 µm/s; Fig. 6 G). If many donors were analyzed together, 
there was considerable variability in the speed of cells moving 
such that statistical difference between cells moving on ritux-
imab (0.065 ± 0.021 µm/s) versus MICA (0.023 ± 0.007 µm/s) 
was not reached (Fig. 6 H). There was no evidence that concen-
tration of rituximab could impact the stability of the synapse, 
whereas the cell arrest on MICA scaled with concentration of 
ligand (Fig. S5, C–F).

To establish the role of CD16 shedding on NK cell motility on 
these surfaces, an inhibitor of ADAM17, TAPI-0 was added to 
cells at a concentration that inhibited shedding of CD16 but had 
no effect on cell viability or NKG2D expression (Fig. S5, G–M). 
Inhibition of CD16 shedding did not affect CD16 expression of 
unstimulated cells nor NK cell degranulation, but it increased 
IFN-γ production (Fig. S5, K, N, and O) in agreement with previ-
ous work (Romee et al., 2013). The addition of TAPI-0 led to sig-
nificant decrease in cell motility on rituximab but did not affect 

their motility on ICAM-1 or MICA (Fig. 6, F–H). The average cell 
speed on rituximab of cells from multiple donors was reduced by 
TAPI-0 by 44% to 0.036 ± 0.017 µm/s. These data are consistent 
with ADAM17-induced cleavage of CD16 facilitating the motility 
of NK cells. Since cells on rituximab did not form stable syn-
apse but did degranulate, we propose that the contact interface 
formed between NK cells and surfaces coated with rituximab is 
a cytolytic kinapse.

Cleavage of CD16 promotes NK cell detachment from 
rituximab-opsonized target cells
Given that cleavage of CD16 affected NK cell motility on slides, 
we next set out to test whether shedding of CD16 may also impact 
NK cell detachment from target cells. For this, we performed live 
imaging of NK cells interacting with Daudi-rituximab for 8 h in 
microchips containing multiple wells of dimensions 50 × 50 µm2 
with one field of view containing 81 wells (Fig. 7, A–C; and Videos 
3 and 4). NK cells killed 54 ± 7% of Daudi-rituximab (Fig. 7 D). The 
addition of TAPI-0 did not affect this outcome (55 ± 13%). Strik-
ingly, in the presence of TAPI-0, detachment was reduced by 67% 
so that only 18 ± 7% NK cells were able to leave the lysed target cell 

Figure 4. NK cell prestimulation can affect 
subsequent target cell lysis. (A–D) Primary 
NK cells were prestimulated with P815, Daudi, 
Daudi-rituximab (Rtx), or Daudi-MICA. Unstimu-
lated NK cells were used as a control. After 1.5 h 
incubation, Daudi-rituximab or Daudi-MICA cells 
labeled with cell trace dye (#) were added and 
incubated for an additional 1.5 h. (A) Schematic 
representation of experimental setup. (B) Rep-
resentative plots of target cell death measured 
by staining caspase 3/7 activity and assessed by 
flow cytometry gated on labeled target cells (#). 
Percentage of caspase 3/7–positive Daudi-ritux-
imab (C) and Daudi-MICA (D). n = 7; mean ± SD; 
symbols represent different donors. *, P < 0.05; 
**, P < 0.01 calculated by one-way ANO​VA. SSC-
W, side scatter–width. See also Fig. S4.
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(Fig. 7 E). Those that did detach took far longer to do so (Fig. 7 F). 
With TAPI-0 treatment, the majority of NK cells and target cells 
were still in contact after 8 h (the duration of acquisition; yellow 
data points in Fig. 7 F).

However, in these small confined wells, the movement of NK 
cells and target cells was very limited. To avoid the possibility 
that such restricted movements may impact intercellular contact 
times, we next used larger wells (450 × 450 µm2), allowing more 
interactions to occur (Fig. 7, G and H). Similar to small wells, 48 

± 17% of interactions led to target cell death in larger wells, and 
this was not affected by the presence of TAPI-0 (Fig. 7 I). Most 
importantly, detachment from target cells was again significantly 
impaired when TAPI-0 was added (Fig. 7 J). Without TAPI-0, 60 ± 
14% NK cells detached from lysed targets, and 73 ± 19% detached 
from target cells that were not killed. When TAPI-0 was added, 
only 20 ± 9% of NK cells were able to detach from killed Daudi-rit-
uximab, and 40 ± 24% detached from targets surviving the con-
tact. For NK cells that did detach, the inhibitor of CD16 shedding 

Figure 5. NK cell serial killing of target cells expressing different ligands is determined by the order of engagement. (A–J) NK cells were incubated 
with both Daudi-rituximab and Daudi-MICA at an E:T:T of 1:1.5:1.5 in microwells. Images were captured every 3 min for 8 h. (A) Representative image of one 
well (450 × 450 µm2) in fluorescence overlaid onto brightfield. NK cells are shown in cyan, Daudi-rituximab (Rtx) in blue, Daudi-MICA in green, and dead cells 
in red. Bar, 100 µm. (B) Representative images of enlarged regions from one microwell with time indicated. Bar, 20 µm. The example sequence shows how an 
NK cell (cyan) contacted a Daudi-rituximab (blue, 15 min) and killed it (36 min; yellow arrow). The NK cell detached, encountered a Daudi-MICA (green, 156 min) 
and killed it (168 min; target cell loses green fluorescence and begins to turn red; white arrow). Both targets were dead (red), whereas the NK cell remained 
alive (234 min). (C) Time required to lyse Daudi-rituximab and Daudi-MICA from initial contact (median ± IQR). (D) Time for target cell lysis stratifying initial 
and successive kills (median ± IQR). (E) Percentage of target cell lysis when Daudi-rituximab was encountered after contact with another Daudi-rituximab or 
Daudi-MICA. (F) Percentage of Daudi-MICA lysis when Daudi-MICA was met after Daudi-rituximab or Daudi-MICA. (G–J) Time-lapse microscopy was analyzed to 
record the outcome of different combinations of sequential interactions. Either no targets were killed (No kill), only the first (1st) or only the second (2nd) target 
was killed, or both were killed. Interactions that were unclear, e.g., many cells clustered together, were excluded from analysis. Graphs show the percentage of 
target cells killed from the following sequential encounters; (G) Daudi-rituximab then Daudi-rituximab, (H) Daudi-MICA then Daudi-MICA, (I) Daudi-rituximab 
then Daudi-MICA, and (J) Daudi-MICA then Daudi-rituximab. n = 231 interactions from three independent experiments; mean ± SD. *, P < 0.05; **, P < 0.01; 
***, P < 0.001 by Mann Whitney test (C), Kruskal-Wallis test (D), Student's t test (E and F), or one-way ANO​VA (G–J).
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prolonged the contact time (Fig. 7 K). Overall, these data establish 
that an inhibitor of CD16 shedding, TAPI-0, prevented NK cells 
being able to detach from target cells.

TAPI-0 does not affect NK cell viability directly (Fig. S5 M). 
Live-cell imaging, however, revealed that the addition of TAPI-0 
leads to significant increase in NK cell death caused by intercel-
lular contact with target cells (Fig. 7 L). Although 23 ± 10% of NK 
cells in contact with a target cell died over the 8-h acquisition, 

the presence of TAPI-0 increased this to 38 ± 6%. The majority of 
NK cell death occurred when NK cells failed to detach from their 
target (Fig. 7 M). Shedding of surface receptors is therefore not 
only an important mechanism for the detachment from target 
cells but also for NK cell survival.

TAPI-0 can also inhibit shedding of other proteins from NK 
cells. Thus, to address whether the shedding of CD16 is the main 
factor behind these functional responses, we used NK92 cells 

Figure 6. Activation via CD16 triggers the assembly of a cytolytic kinapse. (A) NK cells were incubated for 5 min on slides coated with rituximab (Rtx) 
or MICA, both with ICAM-1, or ICAM-1 alone (−) and then fixed. Panels show representative confocal images of F-actin stained with Alexa Fluor 488–labeled 
phalloidin. (B) Cells were scored according to their F-actin distribution; dense symmetrical rings (gray) accumulated asymmetrically at the leading edge (yellow) 
or more evenly distributed across the interface (green). n = 3 independent experiments. (C) IRM live-cell imaging of the contact between NK cells and glass 
slides coated with rituximab or MICA, both with ICAM-1. An overlay of all 360 frames (6 min at one frame per second) is shown colored according to time. Bars, 
20 µm. (D and E) Surface area (D) and circularity (E) of cells was analyzed. Circularity values approaching 1 indicate a more circular shape, whereas 0 indicates 
an elongated shape (n = 3 independent experiments; mean ± SEM). (F) NK cell motility on activating surfaces. NK cells were labeled with Calcein and allowed 
to settle on surfaces coated with ICAM-1 alone (−), rituximab, or MICA, both with ICAM-1 ±1 µM TAPI-0 (where indicated). Images were acquired every 30 s for 
45 min, and cells were tracked using Cell Tracker, a MAT​LAB plugin. n = 20 individual cell tracks from one representative donor. Axes are ±300 µm. (G) Speed 
of NK cells on differently coated surfaces. Each point represents the average speed of an individual cell from a representative donor (median ± IQR). (H) Mean 
NK cell speed (n = 4 different donors; mean ± SEM). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 calculated by Kruskal-Wallis test (G) or one-way 
ANO​VA (H). See also Fig. S5 and Videos 1 and 2.
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Figure 7. Inhibition of CD16 shedding impairs detachment of NK cells from opsonized target cells. (A–M) NK cells were incubated in microwells (50 
× 50 µm2 [A–F] or 450 × 450 µm2 [G–M]) with Daudi-rituximab ± TAPI-0 and imaged every 3 min for 8 h. Images show fluorescence and brightfield images 
overlaid. (A) Representative image of 81 wells (50 × 50 µm2) showing NK cells (blue), Daudi-rituximab (green), and dead cells (red). Yellow indicates cells 
beginning to die. (B and C) Representative time-lapse images of individual wells at times indicated. Bars, 20 µm. (B) NK cell (blue) formed a conjugate with a 
target cell (green; 0 min; yellow arrow). The NK cell formed a contact with another target (white arrow, 126 min). First target cell was killed (234 min), the NK 
cell detached from killed cell (249 min) and detached from the second target without killing (315 min). (C) In the presence of TAPI-0, an NK cell contacted two 
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transfected to express CD16-WT or uncleavable CD16-S197P. Sin-
gle-cell interactions between opsonized targets (Daudi-ritux-
imab) and NK92 transfectants were imaged in microwells for 8 h 
(Fig. 8, A and B). The killing efficiency was slightly but not sig-
nificantly reduced for NK92/CD16-S197P (NK92/CD16-WT killed 
45 ± 20% of the encountered targets, and NK92/CD16-S197P 
killed 31 ± 13%; Fig. 8 C). Most importantly, regardless of whether 
the target cell survived or was killed, detachment of NK92/CD16-
S197P from target cells was significantly impaired (Fig. 8 D). Only 
10 ± 14% NK92/CD16-S197P cells detached from killed target cells, 
compared with 70 ± 7% for NK92/CD16-WT. Similarly, 16 ± 1% of 
NK92/CD16-S197P detached from target cells that survived the 
contact, compared with 81 ± 9% for NK92/CD16-WT. These results 
together establish that CD16 shedding is needed for efficient 
detachment from opsonized target cells.

We next set to assess how this mutation in CD16 affects syn-
apse formation. NK92 cells and transfectants were allowed to 
spread on slides coated with ICAM-1 or ICAM-1 plus rituximab 
for 5 min before being fixed and stained with phalloidin to visual-
ize the organization of F-actin. Very few cells formed dense sym-
metrical rings of F-actin on surfaces coated with ICAM-1 only. A 
small fraction of NK92 and NK92/CD16-WT formed rings of F-ac-
tin on rituximab (2 ± 0.1% and 11 ± 0.2%, respectively; Fig. 8, E and 
F). Strikingly, however, far more NK92/CD16-S197P formed dense 
F-actin rings (65 ± 7%). This provides further evidence that cleav-
age of CD16 is important for NK cell motility and the assembly of 
a kinapse, whereas a lack of CD16 cleavage leads to the forma-
tion of a stable symmetrical synapse. Because both transfectants 
degranulated to a similar extent (Fig. 8 G), F-actin rings and sta-
ble synapses are not prerequisite for granule release triggered by 
rituximab. Together, these data establish that a major beneficial 
impact of CD16 shedding on NK cell responses is its contribution 
to NK cell detachment and survival.

It has been reported that the duration of immune synapses 
are different in a 3D environment (Gunzer et al., 2000), and thus 
we next set out to investigate whether CD16 shedding allows 
more interactions between cells in a 3D environment (formed 
by Matrigel; Fig.  9, A and B). Similar to microwells, levels of 
lysis were not significantly changed when CD16 shedding was 
inhibited (Fig. 9 C), but NK cell detachment was significantly 
affected (Fig.  9  D). The median contact time increased to 264 
min (Fig. 9 E). In addition, within Matrigel, significantly fewer 
NK cells interacted with three or more targets when CD16 shed-
ding was inhibited (Fig.  9  F). Moreover, when CD16 shedding 

was inhibited, NK cells more frequently killed a single target 
(Fig. 9 G). These data further indicate that efficient CD16 shed-
ding leads to more interactions between NK cells and target cells, 
which in turn may impact NK cell serial killing.

Discussion
Serial engagement of target cells is an important characteristic 
of NK cell immune surveillance. The relatively small number 
of NK cells in comparison with the number of potential target 
cells necessitates that each NK cell surveys and kills more than 
one target cell for efficient immunity. Indeed, the bulk of NK 
cell–mediated killing occurs in a sequential manner (Choi and 
Mitchison, 2013; Vanherberghen et al., 2013). However, factors 
controlling disassembly of the immune synapse, which thereby 
regulate the ability of NK cells to engage multiple target cells 
sequentially, have not been identified.

Tumor cells display a heterogeneous array of NK cell ligands, 
and how efficiently NK cells kill multiple target cells in such a 
complex environment has also been little studied. In this study, 
we demonstrate that the order in which target cells expressing 
different ligands are met affects the strength of NK cell cytolytic 
responses. When NK cells were repeatedly activated by ritux-
imab, perforin secretion decreased but was restored to its initial 
level upon subsequent activation by MICA. Repeated stimulation 
of NK cells via MICA also decreased degranulation, but in this 
study, secretion could not be rescued by a subsequent stimula-
tion with rituximab. We found that the mechanism underlying 
these differential outcomes involves shedding of CD16, which 
occurs upon NK cell activation through both CD16 and NKG2D. 
Shedding of CD16 renders the cells less sensitive to activation 
via that receptor, but they remain competent for further activa-
tion through NKG2D. Live-cell imaging established that lysis of 
Daudi-rituximab was reduced when NK cells had encountered 
Daudi-MICA first, but killing of Daudi-MICA was not affected by 
Daudi-rituximab as an initial contact. Together, these data estab-
lish that ligands on target cells can have a major impact on the 
sequential responsiveness of NK cells.

It is well established that cytotoxic cells assemble an immune 
synapse in order to execute target cell lysis. In this study, 
we demonstrated that cells formed stable cytolytic synapses 
quickly upon landing on MICA, but surprisingly, they remained 
motile on rituximab. Importantly, however, the inability of 
cells to form a static synapse on rituximab did not prevent their 

targets (15 min; yellow and white arrows), and both were killed (42 and 114 min), but the NK cell was unable to detach (480 min). (D) Percentage of interactions 
that resulted in target cell lysis (mean ± SD). (E) Percentage of NK cells that detached from target cells whether or not the target cell was lysed (mean ± SD). 
(F) The duration of all cytolytic NK cell–target cell contacts. Each point represents an individual contact. Contacts still intact at the end of the acquisition (480 
min) are plotted in yellow. These points underestimate the true contact time (median ± IQR). n = 886 interactions from five independent experiments; symbols 
indicate different donors. (G and H) Representative time-lapse zoomed-in regions from 450 × 450 µm2 microwells. Bars, 20 µm. (G) An NK cell (blue) formed 
a contact with Daudi-rituximab (green; 21 min; yellow arrow). After target cell lysis (24 min), the NK cell detached and moved onto a second target (51 min; 
white arrow). The second target was not killed, and the NK cell detached (213 min). (H) With TAPI-0, an NK cell contacted a target cell (3 min; yellow arrow). 
After target cell lysis (105 min), the NK cell did not detach and itself died (351 min). (I) Percentage of all NK cell–target cell interactions that resulted in target 
cell lysis. (J) Percentage of NK cells that detached from Daudi-rituximab cells whether or not the target cell was lysed. (K) Average time that NK cells were in 
contact with a target cell in which the target cell was lysed. Conjugates that remained attached at the end of the acquisition are plotted in yellow (median ± 
IQR; each point represents an individual contact). (L) Percentage of NK cells that died after target cell contact. (M) Percentage of NK cells that died after failing 
to detach. Mean ± SD; symbols indicate different donors. n = 705 interactions from six independent experiments. *, P < 0.05; **, P < 0.01; ****, P < 0.0001 
calculated by Student’s t test (D, I, L, and M), one-way ANO​VA (E and J), or Mann-Whitney test (F and K). See also Videos 3 and 4.
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Figure 8. Expression of a noncleavable form of CD16 leads to prolonged contacts with opsonized target cells. (A and B) NK92/CD16-WT or NK92/
CD16-S197P cells were incubated with Daudi-rituximab (Rtx) in 450 × 450 µm2 microwells. Representative time lapse–enlarged regions show composite 
fluorescence and brightfield images. NK cells (blue), Daudi-rituximab (green), and dead cells (red) at times indicated. Bars, 20 µm. (A) An NK92/CD16-WT cell 
(blue) formed a contact with Daudi-rituximab (green; 45 min; yellow arrow). The NK92 cell detached without killing and established a contact with a new target 
(102 min; white arrow). The second target cell was killed (123 min), and the NK92 cell was detached (156 min). (B) An NK92/CD16-S197P cell formed a contact 
with a target cell (15 min; yellow arrow) and killed it (36 min). The NK92/CD16-S197P cell died while still attached (387 min). (C) Percentage of NK cell–target 
interactions that resulted in target cell lysis. (D) Percentage of NK cells that detached by the end of the acquisition. n = 195 interactions from three independent 
experiments (mean ± SD). (E and F) NK92 cells and transfectants were incubated on surfaces coated with ICAM-1 (−) or ICAM-1 with rituximab for 5 min. Cells 
were fixed and stained with Alexa Fluor 488–labeled phalloidin marking F-actin. (E) Representative images of spreading on rituximab with ICAM-1. Bars, 20 
µm. (F) Percentage of NK92 cells forming dense peripheral rings of F-actin. n = 3 independent experiments (mean ± SD). (G) Representative dot plot assessing 
the degranulation marker, CD107a, by flow cytometry. NK92 cells and transfectants were activated on ICAM-1 (−) or rituximab with ICAM-1 for 4 h. **, P < 0.01; 
***, P < 0.001 calculated by Student’s t test (C) or one-way ANO​VA (D and F). SSC-W, side-scatter–width.
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degranulation. Patterns of captured perforin further showed 
that cells displayed different dynamics on rituximab and MICA. 
On rituximab, perforin was secreted in elongated patches, 
whereas on MICA, it was secreted in closely arranged puncta. 
Inhibiting CD16 shedding and thus inhibiting NK cell motility 
on rituximab did not increase their degranulation. We propose 

in this study that the CD16-mediated NK cell contact interface is 
best described as a cytolytic kinapse, the term previously used to 
described a motile T cell–antigen-presenting cell (APC) contact, 
leading to signaling (Sims et al., 2007; Dustin, 2008; Choi and 
Mitchison, 2013).

Studying the individual interactions between NK cells and 
opsonized target cells revealed shedding of CD16 receptor as a 
major factor in NK cell detachment. Inhibition of CD16 cleav-
age resulted in impaired detachment irrespective of whether 
the target cell was lysed. In a model 3D environment, efficient 
detachment of NK cells from target cells increased subsequent 
interactions. It has been previously reported that the removal 
of surface receptor, mainly through internalization, can limit 
immune cell activation (Davis and Dustin, 2004; Dustin and 
Choudhuri, 2016). In line with this, we found that inhibition 
of CD16 shedding with TAPI-0 leads to higher secretion of IFN-
γ, indicating that NK cells may still receive ongoing activating 
signals to secrete more cytokines even if the target cell has 
already been lysed. Importantly, NK cells that failed to detach 
were more likely to undergo apoptosis. This suggests that the 
detachment is a crucial step in preventing activation-induced 
death of NK cells.

Beyond the specific example of CD16, it is possible that 
cleavage of surface proteins represents a major mechanism for 
detachment of immune cells in a variety of other situations. 
ADAM17 can also cleave multiple NK cell ligands expressed 
by target cells, including MICA and ULBP2 (López-Cobo et 
al., 2016). This leads us to speculate that for some target cell–
immune cell interactions, ADAM17 might also be involved in 
triggering disassembly of the synapse by cleavage of target 
cell ligands as well as, or instead of, cleavage of the immune 
cell receptors.

There have been several attempts to use inhibitors of ADAM17 
therapeutically, but none have proved successful so far, consis-
tent with the idea that some level of CD16 shedding is essential 
for optimal NK cell function. Our data indicate that rather than 
inhibiting CD16 shedding, it might be more beneficial for med-
ical intervention to be able to boost CD16 reexpression upon its 
cleavage to augment NK cell responses.

In summary, we have shown in this study that shedding of 
CD16 has an unexpectedly complex impact on NK cell responses. 
Shedding of this receptor renders NK cells less potent at 
CD16-mediated activation as expected, but it promotes the 
detachment from opsonized targets to aid sequential target cell 
surveillance. Unzipping the NK cell immune synapse can lead to 
efficient serial engagement of multiple target cells and serves to 
sustain NK cell viability.

Materials and methods
Isolation of human primary NK cells
All experiments were performed using human primary NK cells 
except those presented in Figs. 3 and 8. Peripheral blood was 
acquired from the National Health Service blood service under 
ethics license REC 05/Q0401/108 (University of Manchester, 
Manchester, UK). Peripheral blood mononuclear cells were 
purified by density gradient centrifugation (Ficoll-Paque Plus; 

Figure 9. In a 3D environment, CD16 shedding allows more interactions 
with target cells. (A–G) NK cells and Daudi-rituximab were resuspended in 
Matrigel at E:T = 1:3 ± TAPI-0. Cell interactions were recorded every 3 min for 
8 h. (A and B) Representative time-lapse–enlarged regions showing a com-
posite of fluorescence and brightfield images. NK cells (blue), Daudi-rituximab 
(green), and dead cells (red) are shown at times indicated. Bars, 20 µm. (A) An 
NK cell (blue) formed a conjugate with a target (green; 0 min; yellow arrow). 
The NK cell formed a contact with another target (9 min; white arrow). The 
second target cell was killed (99 min), whereas the first one remained intact. 
The NK cell detached from both targets and moved to new target cells (132 
min). (B) In the presence of TAPI-0, an NK cell established contact with a 
target cell (51 min; yellow arrow) and killed it (165 min). The NK cell remained 
attached to dead target until the end of acquisition (480 min). (C) Percentage 
of interactions that resulted in target cell lysis. (D) Percentage of NK cells that 
detached from target cells whether or not target cell was lysed. (E) Duration 
of all cytolytic NK cell–target cell contacts. Each point represents an individual 
contact. Yellow points indicate contacts still intact at the end of the acquisi-
tion (480 min). These points underestimate true contact times (median ± IQR). 
(F) Percentage of NK cells interacting with one, two, three, or more target 
cells. (G) Percentage of NK cells killing one or more target cells. Mean ± SD; 
symbols indicate different donors. n = 392 interactions from three indepen-
dent experiments. *, P < 0.05; ***, P < 0.001 calculated by Student’s t test (C), 
one-way ANO​VA (D), Mann-Whitney test (E), or two-way ANO​VA (F and G).
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Amersham Pharmacia Biotech). Primary human NK cells were 
isolated using negative magnetic selection (Miltenyi Biotec) and 
cultured at 106 cells/ml in clone media (DMEM, 30% Ham’s F-12, 
10% human serum, 1 mM sodium pyruvate, 1% MEM nonessential 
amino acids [Sigma-Aldrich], 2 mM L-glutamine, 50 U/ml pen-
icillin, 50 µg/ml streptomycin, and 50 µM β-mercaptoethanol 
[Gibco]) supplemented with 200 U/ml rhIL-2 (Roche) at 37°C and 
5% CO2. NK cells were used 6 d after IL-2 stimulation.

Cell lines
All cells were cultured at 37°C and 5% CO2. Daudi, Daudi-MICA, 
221, 221-MICA, P815, and adherent Phoenix-Ampho cells were 
maintained in RPMI 1640 medium (Sigma-Aldrich) supplemented 
with 10% FBS, 2 mM L-glutamine, and 1% penicillin/streptomycin 
(Gibco). NK92 was cultured in α minimum MEM supplemented 
with 0.2 mM myoinositol, 0.02 mM folic acid, 2 mM L-glutamine, 
1% MEM nonessential amino acids, 100 U/ml penicillin, 100 µg/
ml streptomycin (Sigma-Aldrich), 12.5% FBS, 12.5% horse serum, 
and 0.1 mM, β-mercaptoethanol (Gibco). NK92 cell lines created 
by retroviral transduction were maintained in the presence of 
20 µg/ml of the selecting antibiotic blasticidin (InvivoGen). All 
cell lines were routinely tested for mycoplasma infection using a 
PCR-based kit (PromoCell).

Plasmid generation
The coding sequence of CD16 was ligated into a retroviral trans-
fer vector pIB2. Noncleavable CD16-S197P was designed by intro-
ducing a point mutation by site-directed mutagenesis (Q5 site-di-
rected mutagenesis kit; New England BioLabs, Inc.) using the 
forward primer 5′-TTT​GGC​AGTGcCAA​CCA​TCTC-3′ and reverse 
primer 5′-CCT​TGA​GTG​ATG​GTG​ATG-3′ (New England BioLabs, 
Inc./Sigma-Aldrich; Jing et al., 2015). The presence of the point 
mutation was confirmed by DNA sequencing (GATC Biotech).

Retroviral transduction of NK92/CD16 cells
The packaging cell line Phoenix-Ampho (ATCC) was transfected 
with lipofectamine LTX (Invitrogen) with a retroviral transfer 
vector pIB2 encoding WT CD16 or CD16-S197P. Viral supernatant 
was collected 72 h after transfection, and polybrene (Invitrogen) 
was added. The solution was filtered and used for centrifugations 
(400 g for 2 h at 32°C) for infection of 2 × 106 cells. Cells express-
ing desired receptors were selected with 10 µg/ml of blasticidin 
(InvivoGen) in culture media.

Preparation of coated slides
Preparation of eight-chambered glass coverslips was adapted 
from published protocols (Culley et al., 2009). Briefly, slides 
(1.5 Lab-Tek II; Nunc) were coated with 0.01% poly-L-lysine, 
dried, and coated with ligands for NK cells in PBS overnight at 
4°C. 2.5 µg/ml MICA (Fc tagged; R&D Systems), 2.5 µg/ml MICA 
(His-tagged; Acro Biosystems), 10 µg/ml rituximab (GlaxoSmith-
Kline), 2.5 µg/ml ULBP2 (Fc tagged; Abcam), 10 µg/ml anti-CD16 
(clone 3G8; BioLegend), or 10 µg/ml anti-NKp30 mAb (clone 
P30-15; BioLegend), all with 2.5 µg/ml ICAM-1 (not tagged; R&D 
Systems) or 2.5 µg/ml Noggin (Fc tagged; R&D Systems), were 
used unless indicated otherwise. Where noted, 2.5 µg/ml ICAM-1 
alone or 2.5 µg/ml of Noggin alone were also used as controls. In 

all experiments, recombinant human proteins MICA, ULBP2, and 
Noggin were used as Fc constructs and are referred throughout 
as MICA, ULBP2, and Noggin unless indicated otherwise. Slides 
were then washed with PBS and used for sample preparation.

Perforin capture assay
Alongside NK cell ligands, 5 µg/ml anti-perforin mAb (clone 
CE2.10; Abcam) was coated on coverslips. Primary NK cells or 
transfected NK92 cells were incubated at 106 cells/ml on coated 
slides for 1 h (unless indicated otherwise) at 37°C and 5% CO2. 
Then, supernatants were removed, and cells interacting with the 
surface were gently detached using nonenzymatic cell dissocia-
tion solution (Sigma-Aldrich) for 15 min at 37°C. NK cells were 
washed and used for sequential stimulation on fresh surfaces or 
stained to assess their surface receptor expression. Surfaces were 
washed three times with PBS and then blocked for 15 min with 1% 
BSA/PBS. Captured perforin was stained with Alexa Fluor 488–
labeled anti-perforin mAb (clone dG9; BioLegend) overnight at 
4°C. Slides were then washed and imaged by an inverted confo-
cal microscope (TCS SP8; Leica Microsystems) using a 100× 1.4 
NA oil-immersion objective. Images were analyzed using ImageJ 
software (National Institutes of Health).

ELI​SA
Primary NK cells were incubated on polystyrene flat-bottomed 
96-well plate (Nunc) coated with MICA (R&D Systems) or rit-
uximab (GlaxoSmithKline), both with ICAM-1 (R&D Systems) 
or ICAM-1 alone in binding buffer (carbonate bicarbonate; Sig-
ma-Aldrich) at 37°C for 18 h. Cell supernatants were collected and 
centrifuged at 350 g for 10 min at 4°C to remove cell debris. IFN-γ 
secretion was quantified from the supernatants by sandwich 
ELI​SA. For this, ELI​SA plates were coated with anti–IFN-γ mAb 
(1 µg/ml; clone NIB42; BD) in binding buffer (carbonate bicar-
bonate; Sigma-Aldrich) and blocked with 1% BSA/0.05% Tween-
20/PBS. Supernatants were added to the plate and incubated for 
1 h at RT. Plates were washed and incubated with biotinylated 
anti–IFN-γ mAb (1 µg/ml; clone 4S.B3; BD) and then streptavidin 
HRP (BD). The plates were developed with TMB ELI​SA substrate 
(Sigma-Aldrich), and the reaction was stopped with 1 N H2SO4. 
Absorbance was measured at 450 nm using a 570-nm reference 
line to compensate for optical interference.

Flow cytometry
To assess surface expression of CD16 and NKG2D, cells were 
washed in 1% FBS/PBS (washing buffer) and blocked with 2% 
AB human serum/PBS (Sigma-Aldrich) for 10 min at 4°C and 
stained with viability dye (Zombie Aqua; BioLegend), BV421-la-
beled anti-CD56 mAb (clone HCD56; BioLegend), Alexa Fluor 
647–labeled anti-CD16 mAb (clone 3G8; BioLegend), phyco-
erythrin (PE)-labeled anti-NKG2D mAb (clone 1D11; BioLegend), 
or isotype-matched control mAbs (mouse IgG1 isotype control 
conjugated with BV421, Alexa Fluor 647, or PE; clone MOPC-
21; BioLegend) for 30 min at 4°C. For surface levels of MICA, 
cells were stained with APC-labeled anti-MICA mAb (159227; 
R&D Systems). Opsonized rituximab was labeled with FITC-la-
beled anti–human IgG (Fc-specific) mAb (Sigma-Aldrich). For 
the assessment of surface receptor expression levels, only live 
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singlets were considered. To assess sequential killing of target 
cells, P815, Daudi-MICA, or Daudi-rituximab were incubated 
for 1.5 h with NK cells at effector/target cell ratio (E:T) of 1:1. 
After this, Daudi-MICA or Daudi-rituximab labeled according to 
manufacturer’s instructions (Violet cell trace proliferation kit; 
Thermo Fisher Scientific) were added for another 1.5 h. Sam-
ples were incubated in the presence of 2 µM caspase 3/7 green 
stain (Thermo Fisher Scientific) at 37°C. Cells were then washed, 
blocked with 2% human AB serum/PBS, and stained with Alexa 
Fluor 647–labeled anti-CD16 mAb (clone 3G8; BioLegend) for 
30 min at 4°C. Finally, cells were washed, fixed in 2% PFA/PBS, 
assessed by flow cytometry (FACS Canto II flow cytometer; BD), 
and analyzed (FlowJo_V10 software).

CD107a degranulation assay
Primary NK cells were incubated on coated surfaces as indicated 
in the presence of brefeldin (GolgiPlug; 1:1,000 dilution; BD), 
monensin (GolgiSTOP; 1:1,000 dilution; BD), and Alexa Fluor 
647–labeled anti–LAMP-1 mAb (clone H4A3; Santa Cruz Biotech-
nology) or isotype-matched control mAb (mouse IgG1 isotype 
control conjugated with Alexa Fluor 647; clone MOPC-21; Bio-
Legend) for 4 h at 37°C and 5% CO2. After incubation, cells were 
washed and stained with dead cell marker (Zombie Aqua viability 
dye), Brilliant Violet 421–labeled anti-CD56 mAb (clone HCD56; 
BioLegend), and Alexa Fluor 647–labeled anti–LAMP-1 mAb or 
isotype-matched control mAb. Finally, cells were washed in 1% 
FBS/PBS, fixed in 2% PFA/PBS, assessed by flow cytometry (FACS 
Canto II flow cytometer), and analyzed (FlowJo_V10 software).

F-actin analysis
For F-actin analysis, cells were allowed to settle on coated slides 
for 5 min (unless indicated otherwise) at 37°C, fixed in 4% PFA/
PBS at RT for 20 min, and permeabilized with 0.1% Triton X-100/
PBS at RT for 10 min. F-actin was stained with Alexa Fluor 488–
labeled phalloidin (1:200 dilution in PBS; Invitrogen) and imaged 
by confocal microscopy (TCS SP8) with a 100× 1.4 NA oil-immer-
sion objective. Images were exported to ImageJ, and the percent-
age of cells with different distributions of F-actin was scored.

IRM imaging
Primary NK cells were incubated on chambered glass covers-
lips (1.5 Lab-Tek II), coated with rituximab or MICA, both with 
ICAM-1 or ICAM-1 alone. Live imaging of individual NK cells 
landing on coated surfaces was performed by confocal micros-
copy (TCS SP8) at 37°C and 5% CO2. 560 nm excitation at a low 
laser power and signal detection on a photomultiplier tube detec-
tor set to 555–570-nm detection wavelengths on reflection mode 
were used. IRM images were recorded at rate of one frame per 
second. For analysis, stacks were reduced 1:5 using the Stacks 
plugin in ImageJ. Stacks were smoothed and thresholded using 
Otsu method. Spreading area and circularity were analyzed using 
Analyze Particles plugin for ImageJ.

Migration assay
First, primary NK cells were stained with 1 µM Calcein Red-Or-
ange (Thermo Fisher Scientific), and then labeled cells were incu-
bated at 5 × 105 cells/ml into coated chambered glass coverslips in 

clone media. Where indicated, 1 µM TAPI-0 was added to wells 
before imaging. Time-lapse imaging was performed at 37°C 
and 5% CO2 immediately after cells landed on slides at rate of 
one frame per 30 s for 45 min (TCS SP8). Acquired fluorescent, 
brightfield, and IRM images were merged, and individual cells 
were manually tracked using MAT​LAB-based Cell Tracker soft-
ware (Piccinini et al., 2016).

Time-lapse imaging in microwells or in 3D Matrigel
Microwells were coated with 10 µg/ml fibronectin (Sigma-Aldrich) 
and blocked with clone media. Primary NK cells or NK92 trans-
fectants were stained with 1 µM Calcein Red-Orange or 5 µM Cell 
Trace Violet proliferation kit, Daudi cells were labeled with 0.3 µM 
Calcein Green or 1 µM Calcein Red-Orange, and Daudi-MICA was 
labeled with 0.3 µM Calcein Green. To opsonize Daudi cells, labeled 
cells were incubated in the presence of 10 µg/ml rituximab for 1 h 
at 37°C. Labeled NK cells were then added to Daudi-rituximab at 
E:T = 1:3 or to Daudi-rituximab and Daudi-MICA at E:T:T = 1:1.5:1.5 
as indicated in clone media supplemented with 1 µl ToPro-3 to dis-
criminate dead cells (Thermo Fisher Scientific). For imaging in 
microwells, cells were mixed and immediately placed into micro-
chips with wells of dimensions 450 × 450 × 300 µm3 (large wells) 
or 50 × 50 × 300 µm3 (small wells). For imaging in Matrigel, cells 
were resuspended in a cold Matrigel solution diluted 1:4 with clone 
media and added to chambered glass coverslips. Time-lapse imag-
ing was performed using an inverted confocal microscope with 
20× 0.75 NA objective (SP8; Leica Microsystems) at 37°C and 5% 
CO2 for 8 h, with an image acquired every 3 min. Where indicated, 
1 µM TAPI-0 (Santa Cruz Biotechnology) was added to cells before 
acquisition. Wells with or without TAPI-0 and wells with NK92/
CD16-WT or NK92/CD16-S197P were imaged in parallel by using 
two separate basins, each covering multiple wells of the microchip. 
Images were analyzed using ImageJ.

Quantification and statistical analysis
Sample sizes chosen were appropriate to provide enough power 
for statistical tests used in this study. For each dataset, a D’Agos-
tino and Pearson omnibus test or Shapiro-Wilk normality test 
were used to evaluate the distribution of obtained values. The 
statistical significance of differences between two groups of 
data with normal Gaussian distribution was examined using a 
two-tailed Student's t test. The statistical significance between 
three or more conditions was assessed by one-way ANO​VA 
or two-way ANO​VA.

If at least one of the conditions did not have a normal distribu-
tion, nonparametric tests were used. A Mann-Whitney test was 
used to compare two groups of data, and multiple comparisons 
were evaluated using a Kruskal-Wallis test or matched-values 
Friedman test with Dunn’s post testing. Differences were defined 
as nonsignificant where P ≥ 0.05 and were statistically signif-
icant where *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 
0.0001. All statistical analyses were performed using Prism (7.0; 
GraphPad Software).

Online supplemental material
Fig. S1 shows a microscopy-based assay to assess perforin secre-
tion on a single-cell level. Fig. S2 shows how the concentration 
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of activating ligands affects NK cell degranulation. Fig. S3 shows 
how serial responses are independent of the type of ligand used. 
Fig. S4 shows how surface expression of CD16 and NKG2D are 
differentially affected by the ligands expressed by target cells. 
Fig. S5 shows the effects of ligand concentration and TAPI-0 on 
various NK cell activation responses. Video 1 shows NK cell inter-
actions with rituximab-coated surfaces. Video 2 shows NK cell 
interactions with MICA-coated surfaces. Video 3 shows how an 
NK cell detaches from an opsonized target cell. Video 4 shows how 
TAPI-0 prevents the detachment from an opsonized target cell.
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