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Abstract

Natural killer (NK) cells are cytotoxic lymphocytes important in defense against viral infection
and cancer. NK cells mediate cytotoxicity predominantly through directed secretion of lytic
granules which are specialized lysosome-related organelles, containing effector molecules such as
perforin and granzymes. Although many requirements for lytic granule transport to and secretion
at the NK cell lytic synapse are known, the minimum number of degranulation events required by
an NK cell to kill its target is unknown. We performed high-resolution four-dimensional confocal
microscopy of human NK-target cell conjugates to quantify NK cell degranulation (using a
degranulation indicator, LAMP1-pHIluorin) as well as target cell death. Despite containing over
200 granules, we found that an individual NK cell needed only 2 to 4 degranulation events, on
average, to mediate target cell death. Although NK cells released approximately one-tenth of their
total lytic granule reserve upon a single target they required just over one-hundredth of their total
lytic granules to kill a target cell. Importantly, the kinetics of NK cell killing correlated to the size
of and the amount of effector molecules contained within lytic granules, as well as the temporal,
but not spatial organization of degranulation events. Thus our study answers a fundamental
question as to how many degranulation events it takes for a human NK cell to kill its target.
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INTRODUCTION

NK cells mediate cytotoxicity against virally infected and cancerous cells while also
producing a variety of chemokines and cytokines that influence other immune cells (1, 2).
Given that NK cells are a formidable defense against malignancy, their therapeutic use in
anti-tumor immunotherapy is being advanced in clinical trials (3). Promising approaches to
use NK-cell based immunotherapy include autologous NK cells, allogeneic NK cells, NK
cell lines and chimeric antigen receptor (CAR)-transduced NK cells (3). All of these
approaches are believed to take advantage of and rely upon the cytotoxic capacity of NK
cells and their ability to kill tumor cells. The most successful use of NK cells, as adoptive
immunotherapy, will require a deeper understanding of the complex biology that comprises

Corresponding author: Jordan S. Orange (orange@bcm.edu).



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gwalani and Orange

Page 2

killing activity of NK cells. With regards to the mechanics and cell biological mechanisms
of NK cell cytotoxicity, there are many unanswered questions including the minimum
cellular requirements for an NK cell to kill a susceptible target cell.

NK cells kill their targets predominantly by releasing the contents of preformed lysosomal-
related organelles known as lytic granules (4). The exocytosis of Iytic granules is a tightly
regulated process beginning with conjugation of an NK cell with its target cell to form an
immunological synapse (IS) at the contact site (5, 6). The lytic granules undergo transport on
microtubules converging towards the microtubule-organizing center (MTOC), which serves
to prevent them from being released outside of the IS (7, 8). Temporal and spatial integration
of signals at the lytic IS between the NK cell and its target cell lead to rearrangement of the
actin cytoskeleton followed by polarization of the MTOC and the lytic granules towards the
IS to allow for focused release onto the target cell (7-10). The lytic granules dock at the
plasma membrane before finally fusing with the plasma membrane and releasing their
cytotoxic contents at the IS (11-13); a process termed degranulation. This is followed by the
released lytic granule contents acting upon the target cell resulting in its death. Thereafter,
the NK cell disengages from the killed target, at which point the NK cell may mediate serial
kills eradicating additional target cells (14) .

A focus of research has been to unravel the molecular mechanisms governing key regulatory
steps in the lytic granule exocytosis pathway. Many critical checkpoints have been identified
as well as the signals leading up to and allowing passage through them (6). While these
culminate in degranulation as is frequently measured as a hallmark of NK cell activity, the
quantitative requirements for this function are unclear. More specifically, the number of
degranulation events in individual NK cells needed for target cell death is a fundamental
question that remains unanswered. Furthermore, the functional relevance of any specific
number of degranulation events in determining the outcome of interactions between NK
cells and their targets at a single cell level is unknown.

The standard measure of NK cell killing activity is the “gold standard” 51Cr-release
cytotoxicity assay (15) which is augmented by a variety of flow cytometry based assays
(16). These assays measure NK cell killing but do not measure the killing ability of a single
NK cell or the dynamics of the cytotoxic process. We used high resolution confocal
microscopy to measure degranulation events during a single NK cell’s interaction with its
target to better understand the quantitative relationship between degranulation and the
dynamics of NK cell killing.

The lysosomal-associated membrane protein-1 (LAMP1/CD107a) is widely used as an
indicator of NK-cell degranulation as it appears on the cell surface due to fusion of
lysosomes with the plasma membrane (17-19). We used a previously designed LAMP1
fusion protein with pHIluorin, the pH sensitive variant of the GFP (20, 21), to obtain stable
expression of an indicator of degranulation in NK cell lines. The typical acidic conditions in
the lytic granules contained within NK cells keep the pHIuorin fluorescence masked, but as
the lytic granules fuse with the NK cell synaptic membrane, the acidity of lytic granules is
lost and pHIuorin encounters a neutral pH environment and can fluoresce under green light.
This system has allowed for the sensitive detection of single degranulation events (20, 21)
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In this present study, we utilized high resolution confocal microscopy in live NK cells to
quantify degranulation events throughout 3-dimensions between the NK cells expressing
LAMP1-pHluorin in conjugation with susceptible target cells. We found that, at a single cell
level, an NK cell kills its target using a surprisingly low number of degranulations,
representing a small fraction of the total NK cell lytic granule content. Characterization of
the lytic granules contained within the NK cells and the degranulation events that lead to
target cell death further demonstrated that the efficiency and kinetics of target cell killing by
NK cells related not only to the number of degranulations but also to the size of the lytic
granules, their effector molecule density and the speed with which the Iytic granules were
released at the NK cell IS.

MATERIALS and METHODS

Cell lines and Primary human NK cells

LAMP-1-pHIuorin transduced human NK cell lines NK92 and YTS were generated as
described (20). The NK cell lines NK92 and YTS, and the target cell line 721.221 cells were
maintained in culture as described (20, 22). Ex vivo NK cells (eNK) were isolated from
concentrated human blood using RosetteSep™ Human NK Cell Enrichment Cocktail
(Stemcell Technologies) and were used in live cell cytotoxicity assays. RosetteSep™
enriched or CD56" CD3™ flow sorted primary human NK cells were expanded in-vitro as
described previously (22). LAMP-1-pHluorin transduction of in-vitro expanded primary
human NK cells was performed using a protocol similar to the one used for transduction of
human NK cell lines (20). LAMP-1-pHluorin positive primary human NK cells were flow
sorted, further expanded in-vitro and were subsequently used in live cell cytotoxicity assays.

Live cell cytotoxicity assay

For live cell imaging, the LAMP-1-pHIluorin transduced human NK cell lines NK92 and
YTS (effectors) were prepared by staining with 1uM of LysoTracker Deep Red
(ThermoFischer Scientific) for 30 minutes at 37°C and washed twice with warm phenol red
free RPMI medium supplemented with 10%FBS (imaging medium). The target cell line
721.221 was prepared by staining with1uM of Calcein Red-Orange, AM (ThermoFischer
Scientific) in serum free imaging medium for 10 minutes at 37°C and washed. AT dishes
(Bioptechs) were prepared by coating with 5ug/ml of mouse anti-human CD48 antibody
(Clone TU145 BD Biosciences) for 60 minutes at 37°C and washed with imaging medium
to remove unbound antibody. The effector and target cells were mixed in imaging medium at
a 2:1 ratio in the AT dish and immediately placed on the stage top 37°C incubator
(Pathology Devices Inc.) of a Zeiss Axioplan Observer Z1 microscope with a Yokogawa
CSU10 spinning disk and a Hamamatsu Orca-R2 C10600 CCD camera. After 5 minutes of
incubation, a single cell conjugate between the NK and its target cell was selected and time
lapse images acquired. The NK cell was identified by LysoTracker stained granules and the
target cells were identified by their calcein staining. Even though target cells were not
stained with LysoTracker, some the excess dye from the NK cells that leaked back in to the
medium was taken up by the target cells and most of the target cells were positive for both
calcein and LysoTracker dyes. This phenomenon was confirmed through specific control
experiments using both lysotracker labeled and unlabeled YTS cells.
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Image acquisition began within 10 minutes of effector —target cell incubation and was
considered as time zero for image analysis. Imaging was performed using the plan
apochromatic 63% 1.4NA oil immersion objective. Laser lines used included 488, 561, and
637 nm Coherent OBIS LX (Santa Clara, CA), housed and powered using a MultiLine
LaserBank and controller (Cairn Research, Faversham, UK). Motorized stage (LEP 96S107-
Z3-RE) and filter wheel (LEP 99A351) were controlled by an LEP MACG6000 unit (all from
Ludl Electronic Products Ltd., Hawthorne, NY). Imaging for live cell cytotoxicity assays
was optimized at a frame rate of one image every 2.4 minutes for 90 to 120 minutes until
target cell death was observed as evidenced by complete loss of calcein fluorescence and
appearance of morphological changes in the target cell. Images were captured at 5 z-axis
planes focused on the NK cell and a single reference z-axis plane focused on the target cell.
Images were acquired using the Volocity3D (PerkinElmer) or Metamorph 3D (Molecular
Devices) image acquisition software.

For photo-ablation of effector cells during live cell imaging, the YTS cells (effectors) and
721.221(targets) were prepared for live cell imaging as above. Chamber slides (Lab-Tek)
were prepared by coating with 5ug/ml of mouse anti-human CD48. The effector and target
cells were mixed in imaging medium at a 2:1 ratio in the chamber slides and immediately
placed in the incubation chamber (maintained to 37°C) of a Leica SP8 laser scanning
confocal fluorescence microscope. After 5 minutes of incubation, a single cell conjugate
between the NK and its target cell was selected and time lapse images acquired. Imaging
was performed with 100X 1.45 NA objective with excitation by a white light laser at 496,
568 and 647nm. To affect photo-ablation of the effector YTS cell, Argon laser pulses at
405nm with 80% intensity were applied to the region of the YTS cell either before or after
the lytic granules had polarized to the target cell. 20 pulses were applied over duration of 5
minutes. Live cell imaging was resumed after application of photo-ablation laser pulses for a
duration of 60 to 90 minutes. Images were acquired using zaxis planes at every 500nm from
the top to the bottom of the cell using the Leica LAX application suite.

Fixed cell imaging

For fixed cell imaging, LAMP-1-pHIuorin transduced human NK cell lines (NK92 and YTS)
were plated on warmed Silane coated slides (Electron Microscopy Sciences) and fixed/
permeabilized using the Cytofix/Cytoperm kit (BD Biosciences). Cells were then stained
with Alexa Fluor 647 anti-human perforin antibody (Clone §G9 Biolegend) for 60 minutes
at 37°C, washed with perm/wash buffer and mounted overnight in ProLong Gold antifade
mounting medium (ThermoFischer). Imaging was performed on the Leica SP8 laser
scanning confocal microscope with a 100X 1.45 NA objective with excitation by a white
light laser at 496 nm and 647nm and emission detected by HyD detectors. Images were
acquired with z-axis planes every 120nm from top to the bottom of the cell.

Image analysis

Image analysis was performed using Volocity3D image analysis software (PerkinElmer).
Live cell time-lapse images were cropped to the selected single cell conjugate and
thresholded using fluorescence intensity in the respective channels to remove background
and nonspecific fluorescence. Degranulation events were measured in the synaptic region of
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interest (ROI) drawn on the region of the overlap between NK and its target cell observed in
bright field illumination. Due to the dynamism of the degranulation signal, degranulation
events were measured at each time point. Every additional degranulation event measured
was cumulatively added to an already measured event from a previous time point and a
cumulative frequency of degranulation events were plotted. Total calcein fluorescence was
measured in the target cell as a sum of all the volumes multiplied by the mean fluorescence
intensity at each time point and plotted as a percentage of maximum total fluorescence
intensity observed during the imaging period.

For fixed cell images, deconvolution was performed using the Huygens Professional
software suite (Scientific Volume imaging). Images were then converted to a format
compatible with Volocity3D and image analysis for measurements of lytic granule number
was performed using Volocity3D image analysis software.

Isolation of NK lytic granules

Lytic granules were isolated from the NK cell lines using the Thermo Scientific™ lysosome
enrichment kit as previously described previously (22).

Western Blots

For Western blot analysis, the isolated lytic granules were pelleted and solubilized in 30 to
100ul of 1X CHAPS cell extract buffer (Cell Signaling Technologies) supplemented with 1X
Halt™ protease inhibitor cocktail (ThermoFischer Scientific), incubated at room
temperature for 10 mins, vortexed and directly used. Lytic granule lysates from
approximately 10x10° cell equivalents were first boiled with NUPAGE LDS sample buffer
(Novex-ThermoFischer Scientific) and NUPAGE sample reducing agent (ThermoFischer
Scientific) before applying to a column of NUPAGE 4-12% Bis-Tris density gradient gel
(ThermoFischer Scientific). The separated proteins on the gels were transferred in an XCell
1™ Blot Module onto nitrocellulose membranes (Novex-ThermoFischer Scientific) which
were then blocked with 5% non-fat milk in PBS/0.05% Tween20 (PBST) for 60 minutes at
room temperature. The membranes were then incubated with the following primary
antibodies in 5% bovine serum albumin in PBST: anti-perforin 1: 500 (mouse monoclonal
BD48 — Abcam), anti- granzymeB 1:1000 (rabbit polyclonal — Abcam), anti-LAMP1 1:500
(mouse anti-human antibody; clone 25 BD Biosciences). Myosin 1A 1:1000 (rabbit anti-
myosin 1A Sigma-Aldrich) was blotted as loading control. The bound primary antibodies
were then probed with anti-mouse or anti-rabbit IRDye secondary antibodies (Li-COR) and
the membranes were imaged using the Odyssey® CLx imaging system (LI-COR
Biosciences). Analysis of western blot images and densitometry was performed using the
Image Studio Lite software.

Flow cytometry

Flow cytometry was performed on isolated lytic granules from LAMP-1-pHIluorin
transduced NK cell lines. The lytic granules were fixed and permeabilized using the Cytofix/
Cytoperm kit (BD Biosciences) and then stained with PE-Cy5 labeled mouse anti-human
CD107a antibody (Clone H4A3 eBiosciences) antibody. Subsequently the stained granule
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were washed in PBS/1%FBS twice at 18000xg and acquired on a BD LSR-I1 Fortessa flow

cytometer.

51Cr release cytotoxicity assay

Statistics

RESULTS

Cytotoxicity assays using the NK cell lines as effector cells and 721.221 cells as target cells
and measurement of specific lysis were performed as described previously(22).

Statistical analyses were performed using Graphpad Prism6é. Unless otherwise noted, all
analyzes utilized either Student’s #Test or one way Anova with correction for multiple
comparisons. Differences in measurements were considered statistically significant when the
p-value was less than 0.05.

Calcein as an indicator of cell death in live cell imaging assays

The number of degranulation events in an NK cell required to mediate killing of a single
target cell is unknown. Using high-resolution live-cell imaging we wanted to define the
minimum number of NK cell degranulations needed for target cell death. A number of
different approaches have been used to visualize target cell death at a single cell level in live
cell imaging experiments (23). These can be specific for: 1) activation of cell death
pathways; 2) rupture of cell membranes or 3) loss of nuclear integrity. Since we wanted to
determine the minimum number of degranulation events used by an NK cell to kill its target,
we sought a cell death indicator that would enable us to determine an early point in the
initiation of cell death. We selected the vital dye Calcein-AM as its extinction from target
cells in cytotoxicity assays has been shown to be comparable to the “gold standard” of 51Cr-
release (24-27). Calcein-AM is a highly cell permeable acetoxymethyl ester of calcein
which is cleaved by cellular esterases to remove the AM group to gain fluorescence
properties and become impermeant to the cell membrane. As such, the loss of calcein
fluorescence is an indicator of cell death.

In order to evaluate the kinetics of calcein loss as compared to nuclear permeabilization as
measures of cell death we imaged target cells loaded with Calcein-AM in media that
contained SYTOX Green nucleic acid dye in the presence of NK cells. YTS NK cells (28)
that contained a LAMP1-pHluorin degranulation indicator (hereafter referred to as “YTS”
cells) were incubated with calcein orange-red labeled 721.221 target cells at a 2:1 effector:
target ratio in a 37°C temperature controlled stage-top incubator of a spinning disc confocal
microscope capable of resolution approaching 200nm. NK-target cell conjugates were
imaged for 120 to 180 minutes until target cell death was observed. Loss of calcein
fluorescence by a representative target cell was identified as an early event after conjugate
formation and was almost always accompanied by morphological changes in the membranes
of the target cell. These changes were characterized by membrane blebbing, contraction, and
subsequent swelling of the target cell and only thereafter was SYTOX entry visualized
(Figure 1A and Suppl. Videol). Quantitative analysis of time-lapse images of this particular
representative conjugate demonstrated that loss of calcein fluorescence from the target cell

J Immunol. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gwalani and Orange

Page 7

preceded the gain of SYTOX fluorescence (Figure 1B). Thus we pursued the loss of calcein
fluorescence as a cell death indicator in our live cell cytotoxicity assays to determine the
earliest degranulation events that could lead to target cell death.

Calcein fluorescence as an indicator of cell death, however, is known to be complicated by
spontaneous loss of calcein from target cell lines resulting in a limited dynamic range of
specific release for the assay (29). In order to define this in our system, we determined the
spontaneous loss of calcein fluorescence by the 721.221 target cell line by imaging these
cells after calcein labeling in the absence of effector NK cells. Over the 90 min duration of
time-lapse imaging, 721.221 cells gradually lost 60% of calcein fluorescence intensity
(Figure 1C). The loss of calcein fluorescence in the 721.221 cells in these assays, however,
was never accompanied by morphological changes indicative of cell death (Suppl. Video 2).
Thus accelerated loss of calcein fluorescence in the target cell, when in concert with
morphological changes, was considered as a reliable indicator of target cell killing by NK
cells in our live cell imaging experiments.

Minimal degranulation in an NK cell initiates killing of single target cells

In order to determine the number, kinetics and orientation of NK cell degranulations that
lead to the killing of a target cell, we imaged YTS cells in conjugation with 721.221 target
cells over 90 min using maximal image capture rates through 3-dimensions that specifically
minimize photo-toxicity and photo-bleaching. YTS cells were labeled with LysoTracker™
Deep Red and mixed with calcein orange-red labeled 721.221 target cells at a 2:1 ratio.
While lytic granules could be identified throughout imaging as red fluorescent organelles in
the NK cells, as the imaging progressed green fluorescent events appeared in the synaptic
region and were identified as degranulation events. The appearance of degranulation was
followed by loss of calcein fluorescence from and subsequently morphologic change in the
721.221 target cell (Figure 2A and Suppl. Video 3). Quantitation of the cumulative
frequency of degranulation events in the YTS cell and comparison to the sum total intensity
of calcein fluorescence (as a percent of maximal fluorescence in the 721.221 target cell)
demonstrated that the initial degranulation event was associated with the majority loss of
calcein fluorescence (Figure 2C). This suggested that minimal NK cell degranulation could
be promoting target cell destruction.

To confirm that limited NK cell degranulation promotes target cell death and to ensure that
this was generalizable beyond the YTS cell line, we used a different human NK cell line,
NK92 (30) expressing the LAMP1-pHluorin degranulation indicator (hereafter referred to as
“NK92” cells). In similarly designed time-lapse experiments the ability of NK92- cells to
kill 721.221 was evaluated. Akin to that observed in YTS -721.221 conjugates,
degranulation events in the NK92 cell were followed by loss of calcein fluorescence in the
721.221 target cell along with appearance of the target cell membrane blebbing (Figure 2B
and Suppl. Video 4). Quantitative analysis of the cumulative degranulation frequency and
calcein fluorescence extinction kinetics in this representative conjugate demonstrated that a
single degranulation event in the NK92 cell was associated with a major loss of target cell
calcein fluorescence and a few additional degranulation events were observed before
complete extinction (Figure 2D). Similar to our observation with NK cell lines, calcein
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fluorescence extinction in target cells and the associated kinetics of degranulation were also
identified when primary human NK cells were used as effector cells. LAMP-1-pHluorin was
transduced into primary human NK cells, which were conjugated with 721.221 target cells
and observed in time-lapse experiments. A little as a single degranulation event initiated the
loss of calcein fluorescence and only a few additional degranulation events were observed
before major calcein fluorescence loss and target cell blebbing (Supplemental Figure 1).
Thus, at a single cell level, NK cells can kill their target cells via minimal degranulation
events.

NK cells use only a fraction of their lytic granules to kill a target cell

In light of the single cell observations of degranulation and death we next wanted to
quantitatively determine the number of degranulation events utilized by an NK cell to kill its
target cell. Thus, we performed time-lapse 3-dimensional imaging using multiple single-cell
conjugates between NK and target cells. Death of 721.221 target cells mediated by YTS
cells demonstrated two distinct patterns of calcein fluorescence loss following the first
observed degranulation event: abrupt and gradual (Figure 3A). Similar to that identified in
previous studies of NK cell cytotoxicity (31) we termed these distinct patterns mediated by
YTS cells as either “fast killing” or “slow killing” (Figure 3A). Interestingly, NK92 cells did
not demonstrate bimodal killing kinetics and instead were in between the “fast” and “slow”
killing mediated by the YTS cells (Figure 3B). Similar calcein fluorescence extinction
kinetics and the fast and slow killing patterns of target cell killing were also observed when
primary human NK cells were used as effector cells against the 721.221 target cells in live
cell time-lapse experiments (Supplemental Figure 2).

In order to generate a single quantitative measure of killing we considered the spontaneous
loss of calcein (likely photobleaching, which did not exceed 60%) of total to define the loss
of >60% as a threshold for commitment to cell death, when also accompanied by or
followed by morphological changes in the target cell. Using this measurement, the minimal
number of NK cell degranulations that effectively killed a 721.221 target cell were 2+1.4 for
fast and 4+3.4 for slow killing by YTS cells and 3+2.8 for killing by NK92 cells (Figure
3C). Thus, in two different human NK cell lines the average minimum number of
degranulation events required to kill a single target cell was in the range of 2 to 4.

Even though nearly all of an NK cell’s lytic granules were polarized towards the lytic
synapse formed with the target cell, we observed that only a few degranulate. This suggests
that only a fraction of an NK cell’s granules are released onto a target cell in any individual
killing interaction. To understand the relation between total number of lytic granules
contained in an NK cell, those that degranulate and the minimal number required to kill a
target cell we quantified the lytic granule content of both YTS and NK92 cells. We
performed three-dimensional high resolution laser scanning confocal fluorescence
microscopy on fixed NK cells to enumerate lytic granules using either the LAMP-1-
pHIluorin signal or perforin staining. The number of lytic granules based on perforin staining
was similar to the number obtained using the LAMP-1-pHluorin signal (Figure 3D). A
slightly higher number of lytic granules were measured using the LAMP-1-pHluorin signal.
This is most likely due to the LAMP-1-pHIluorin signal being detected in predecessors to
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lytic granules, which lack the mature form of perforin. YTS and NK92 cells contained an
average of 194+51and 20657 perforin positive lytic granules, respectively. Primary human
NK cells contained an average of 63+23 Iytic granules (Supplemental Figure 2), which
although different form the NK cell lines, was not surprising given the smaller size of
primary cells. The maximal number of lytic granules released in a single conjugation event
as determined by the degranulations in the synaptic region of the NK-target cell conjugate in
live cell imaging assays was 168 and 12+7 for YTS and NK92 cells, respectively. Thus
upon forming a lytic immunological synapse NK cells release approximately one-tenth of
their total lytic granule content onto the target cell, but may require as low as one-hundredth
of their total lytic granules to kill their target cell (Figure 3E).

Even though 2 to 4 NK degranulations were effective in causing over 60% calcein loss in
target cells, we observed additional degranulation events in the synaptic region, even after
appearance of morphologic changes in the target cell. To ensure that the initial 2 to 4
degranulation events in the NK cells were sufficient to kill the target cell and that the target
cell endured irreversible damage during this initial time interval, we disrupted the
YTS-721.221 cell conjugate by photo-ablating the YTS NK cell right after Iytic granules
polarized towards the IS and calcein had begun to leak from the target. Specifically, we
destroyed the YTS cell using focused high intensity UV pulses directed at only the NK cell
after granule polarization occurred and calcein loss began. This photo-ablation procedure led
to immediate deformation of the YTS cell and its eventual blebbing. Despite the destruction
of the YTS cell via photo-ablation, however, the target cell continued to lose its calcein and
underwent morphological changes indicative of cell death (Figure 4A, B and Suppl. Video
5). As a control, the YTS cell was photo-ablated earlier in the conjugate formation process
before the lytic granules polarized towards the IS and before calcein extinction had begun.
Such disruption prevented the accelerated loss of calcein fluorescence (Figure 4B) as well as
any morphological changes in the target cell. Thus membrane integrity loss in the target cell
due to initial NK degranulations was irreparable and sufficient to allow for target cell death.

Relative differences in lytic granule size and content relate to killing efficiency

Since at a single cell level we observed kinetic and efficiency differences in target cell
killing between the YTS and NK92 cells, we wanted to determine if this might be due to an
inherent characteristic of the different NK cells themselves. The disparity in killing
effectiveness between YTS and NK92 cells was also identified at a population level in
standard 51Cr release cytotoxicity assays, with the former having significantly higher killing
of 721.221 target cells compared to the latter (Figure 5A). One explanation for potency
differences between YTS and NK92 cells could be because of specific properties of the lytic
granules themselves. To evaluate this possibility we isolated lytic granules from each of the
NK cell lines using density gradient ultracentrifugation (22) and compared their
characteristics. We first stained isolated lytic granules using anti-LAMP-1 antibody and
performed flow cytometric analyses. Forward scatter comparison of the LAMP-1 positive
lytic granules indicated that those from YTS were larger than those from NK92 cells (Figure
5B). To determine if this size disparity correlated with a difference in cytolytic effector
content, lytic granules from a fixed number of YTS and NK92 cells were lysed and contents
separated via electrophoresis under denaturing conditions and then evaluated via Western
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blot analysis using antibodies specific for perforin and granzymeB. Both perforin and
granzymeB were identified at higher levels in the YTS cell lytic granules (Figure 5C). Since
the lytic granules were prepared from the same number of cells and there are essentially the
same numbers of lytic granules per cell (Figure 3D) the YTS granules can be considered to
have greater cytolytic molecule content per granule. Thus, differences in the overall
cytotoxic efficiency between the YTS and the NK92 were likely a feature of lytic granule
size and the quantity of cytolytic effector molecules contained in the lytic granules
themselves.

Spatiotemporal organization of NK cell degranulation and efficiency of individual target

cell killing

While differences in the lytic granules between YTS and NK92 cells may explain the
difference in the number of degranulations needed to Kill a target cell between the two cell
lines, they do not explain the observed fast and slow killing mediated by the YTS cells. Our
initial hypothesis for the kinetic difference was that the spatial relation of degranulation
relative to the lytic synapse was going to be a determining factor. Prior studies have
identified a “lytic cleft” as a potentially protected zone of the lytic synapse specialized for
promoting target cell death (32) and thus we speculated that degranulation closer to the
center of the synapse within the presumed lytic cleft would translate to greater lytic
effectiveness. To evaluate this possibility we performed three-dimensional time-lapse
imaging of the interaction between NK cells and their targets and measured the distance of
individual degranulation events from the centroid of the lytic synapse, which we then related
to target cell calcein extinction. The three-dimensional distances between the degranulation
events and the centroid of the synaptic region in conjugates between YTS, or NK92 and
721.221 target cells demonstrated a range of distances throughout the synapse. When each
distance was normalized to the size of the synapse in which that degranulation was
measured, there were no significant differences of the mean of each of the two cell lines
(Figure 6A). The overall mean synapse sizes were also not different (Figure 6B). More
importantly, however, the distance of the degranulations from the centroid of the synapse
when normalized to the size of the synapse did not distinguish the fast from the slow killing
subsets of the YTS cells (Figure 6A). Thus, it seemed unlikely that the spatial characteristics
of degranulation within the synapse were relevant to killing efficiency.

A second hypothesis for the dichotomy in NK cell killing kinetics and efficiency on a single
cell level is more simply that it relates to the temporal organization of degranulation. To
evaluate this we measured the time needed to reach the minimal degranulation events
required for commitment to target cell death (from Figure 3C) and compared that to the
actual time of commitment to death (>60% loss of calcein). For both the YTS and NK92
cells conjugated to 721.221 target cells there was a positive correlation between the time of
commitment to target cell death and that to achieve minimal effective degranulation (Figure
6C and D). Importantly in YTS cells, the appearance of rapid degranulation events after
conjugate formation resulted in fast killing and a more gradual appearance of degranulations
resulted in slow killing of target cells. For the NK92 cells, there was still an association
between appearance of degranulation events and target cell death even though there was no
overall dichotomy of cell death that allowed for fast and slow killing categories. We also
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performed these correlation analyses by evaluating the membrane changes in the target cell
as a measure of commitment to death (Figure 6E and F) and verified the positive correlation
between degranulation and death similar to using calcein loss as a measure of commitment
to death (Figure 6C and D). However, for both the YTS and NK92 cells conjugated to
721.221 target cells the exact location of degranulation within the synaptic cleft did not
correlate to the time of commitment to target cell death (>60% loss of calcein) (Figure 6G
and H). Thus the number of degranulations, the size and contents of lytic granules and the
speed with which the lytic granules are released at the lytic synapse direct the efficiency of
target cell killing by NK cells.

DISCUSSION

Live cell imaging assays of single NK-target cell interactions have provided insight in to
understanding how NK cells kill (33, 34). NK cells are heterogeneous in their Killing ability
with some cells being more cytotoxic than others at any given time (33). The process of how
an NK cell organizes its lytic machinery is well established, but the number of lytic granules
required for the cytotoxic activity has been unknown. Using high-resolution four-
dimensional confocal microscopy we determined the minimum number of degranulations
required by NK cells to kill single target cells. This also allowed us to correlate the
characteristics of lytic granules themselves, the kinetics of degranulation, and the three
dimensional orientation of the degranulations to the cytotoxic efficiency of NK cells at a
single cell level. We found that a small fraction of NK cell lytic granules were needed to
mediate a target cell kill and that the kinetics of degranulation and size of granules was
relevant but the positioning of degranulation was not.

We quantified degranulation in NK cells using a pH sensitive degranulation indicator
LAMP1-pHluorin (20) in two distinct human NK cell lines (YTS and NK92) and in primary
NK cells in concert with using calcein for sensitive detection of target cell death. The MHC-
class I negative 721.221 B lymphoblastoid cells were used as a single common target as they
are more uniformly susceptible to NK cell killing than K562 target cells (14), and the use of
a common target cell allowed us to minimize the influence of target cell characteristics on
the cytotoxicity from the two different NK cell lines. When evaluated using time-lapse
confocal microscopy visualization and measurement of the entire NK cell kill was possible.

On average, 2 to 4 degranulation events were sufficient for an NK cell to kill its target cell.
Interestingly, in some experiments target cells lost most of their calcein and ultimately died
from a single degranulation event. Even though target cells lost most of their calcein and
demonstrated membrane changes indicative of cell death after these initial fatal
degranulations, the NK cells continued to degranulate at the immune synapse and released
an average of 12 to 16 lytic granules on to the dying target cell. This difference in the
minimal number of degranulation events required for a single target cell kill and the total
number of lytic granules exocytosed on to the target cell could be a mechanism in NK cells
whereby NK cells release more lytic granules on to the target cell than the minimum
required to ensure target cell killing. A simple explanation for this could be that the
continued presence of the target cell allows for continued activation signaling for
degranulation and that these events continue until the NK cell detaches from the target cell.
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The absence of active detachment in our imaging experiments, to be induced either by the
complete disintegration of the target cell or by a neighboring target cell, might lead to
continued attachment and degranulation observed even after death of the target cell. This
would be consistent with recent work demonstrating the active detachment process utilized
by NK cells during cytotoxicity and that NK cells maintain their activation status and
continue to express markers for degranulation immediately after detachment from the dead
target (35).

Following exocytosis, the lytic granules are endocytosed for recycling of its membrane
proteins as one of the mechanisms to promote serial Killing of target cells (36, 37).
Persistence of the degranulation signal after target cell death observed in our experiments,
and in some cases, even after detachment of the NK cell from the target cell, however, might
be in part due to the inability the lytic granules to acidify after endocytosis as a result of the
stress endured by the NK cells in our experimental imaging system. While this might lead to
more apparent accumulated degranulations it would not interfere with our observed minimal
number of degranulations needed for Killing.

Using high resolution fixed cell imaging we further demonstrated that YTS and NK92 cells
contained an average of 194 and 206 lytic granules, respectively. In accordance with
previous findings (20, 21), we observed that even though NK cells polarize nearly all of their
lytic granules towards the lytic immune synapse, the entire lytic granule load does not get
exocytosed on to a single target cell. Even in the case of CTLs, it is implied that a small
number of their total lytic granules are needed to kill a single target cell (38-40).
Quantitative analysis of live single cell interactions between NK cells and their targets in our
study demonstrates that while NK cells release approximately 10% of their total lytic
granules on to the target they require approximately 1% to Kill. This suggests that NK cell
lytic granules are extremely efficient and that by not releasing its entire lytic granule reserve
on to a single target, an NK cell is able to preserve its capacity for serial killing of multiple
targets.

At a single cell level, the kinetics of target cell killing between the YTS and NK92 was
different, with the former having a bias towards faster kills. This was largely explicable by
two features of the NK cells themselves. The first is that lytic granules from YTS cells were
larger and contained higher amounts of effector molecules perforin and granzymeB
compared to the lytic granules from NK92 cells, thus likely leading to faster Kills for every
given degranulation. The second was simply a feature of the kinetics of the degranulation
events themselves. Interestingly, YTS induced killing of 721.221 target cells was bimodal.
As observed previously (31, 33) majority of the target cells demonstrated slow Killing
however a minor proportion of target cells were killed quickly. While again, this related to
the kinetics of the degranulations it is important to consider that NK cells induce two
cytotoxic pathways in their target cells (41, 42). Apoptosis is the primary mechanism of
target cell death initiated by granzymes and mediated by the caspase pathway of apoptosis.
However a small proportion of NK cells kill their target cells by inducing necrosis in their
targets mediated by perforin induced osmotic lysis. Also when apoptosis is inhibited, the
proportion of targets that undergo necrosis increases (41, 42). The patterns of loss of
viability in the 721.221 target cells when conjugated to the YTS cells are most likely a
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reflection of the two mechanisms of killing by NK cells. Even though majority of the YTS
cells induced the apoptotic or slow mode of killing, the higher amounts of perforin released
on to target cells via the larger granules in the YTS cells may be high enough in a small
proportion of target cells to bias towards necrotic or fast mode of killing. In NK92 cells, the
release of relatively lower quantities of lytic granule effector molecules initiated only
apoptosis of target cells and could explain the lack of fast mode of killing.

We had initially hypothesized that the spatial relationship of the degranulation to the lytic
synapse and target cells would also be a relevant factor. Canonically, lytic granules in CTL
are thought to be secreted in a central secretory domain of the immune synapse and the
spatial organization of lytic granules within the secretory domain (as well as the kinetics of
their delivery to the synapse) have been related to the CTL’s killing efficiency (9, 43, 44).
Our measurements of distances between individual degranulation events and the centroid of
the respective immune synapses did not define differences between the YTS and NK92 cells
and did not correlate to the rate of calcein extinction from target cells. Thus, the exact point
of lytic granule exocytosis and its three-dimensional orientation in relation to the immune
synapse is not a determining factor in the kinetics and efficiency of NK cell killing. This
may be a feature of the observed diffuse actin meshwork at the NK cell lytic synapse and the
lack of degranulation in any definable isolated secretory domain (20, 43). It is unclear at
present whether this represents a defined distinction between NK cells and CTLs, but it is
possible that T cell signaling more specifically promotes use and definition of a secretory
domain at the synapse. It is increasingly clear, however, that a diffuse actin mesh exists at
both the NK cell and T cell synapse (20, 45, 46).

All measures of degranulation in this study were defined from human NK cell lines YTS and
NK92, which even though are established models to study NK cell biology (47), the
question remains if these measures can be directly applied to primary human NK cells. In
addition to the limitation of maintaining primary cells in culture, a major challenge of using
primary NK cells was the difficulty of introducing the LAMP1-pHIuorin vector for stable
expression. Nevertheless, our limited observations using primary human NK cells against
721.221 target cells demonstrated parallels in the kinetics of degranulation and that of target
cell killing as observed when using NK cell lines, thus suggesting that primary human NK
cells can also kill target cells via minimal degranulation events.

Cytotoxic lymphocytes do represent spectacularly potent immune defenses which are only
further emphasized by the degranulation to killing efficiency demonstrated here. Several
approaches using NK cells as therapies against established tumors are advancing through
clinical and preclinical development (3). A deeper understanding of the degranulation ability
of NK cells could help in the refinement of therapy cells, especially in light of this new
information that even a single degranulation can be effective in killing. While its was already
known that NK degranulation is a highly regulated process (6), the potential reliance of
effect upon a single degranulation only emphasizes this further. This efficiency is also in part
contributory to the phenomenon of lytic granules convergence towards the MTOC prior to
the polarization of the MTOC along with the lytic granules towards the lytic synapse. Our
group demonstrated that this convergence process promotes killing of the conjugated target
cell while preventing collateral damage to surrounding healthy cells by aggregating the
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granules at the target away from potential bystander cells (as would be encountered during
immune surveilance) (8). However, in tumor microenvironments, the tumor cells would
vastly outnumber an infiltrating NK cell and in this setting the convergence of lytic granules
towards a single tumor cell could promote inefficiency in killing the surrounding tumor
cells. Thus the strategy of inhibiting convergence of lytic granules and thereby promoting
diffuse degranulation has been demonstrated to increase bystander cell killing and has been
proposed to increase the efficiency of tumor infiltrating NK cells to cause more widespread

local tumor cell killing (8). Our present work suggests were there to be diffuse degranulation
in an NK cell within a tumor, even if each surrounding tumor target receives only one or two
degranulations, this would be sufficient to cause destruction. While not an intent of this
study, the finding further supports the rationale for pursuing undirected degranulation in NK
cells and/or in cytotoxic therapy NK cells to improve their intratumoral efficacy. At a
minimum we have learned that NK cells are highly potent and efficient in their cytotoxicity
and that a single degranulation can mediate target cell destruction.
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Figure 1. Loss of calcein fluorescenceisan early indicator of target cell death
(A and B) YTS effector cells were incubated with calcein, orange-red labeled 721.221 target

cells (yellow) in the presence of SYTOX Green nucleic acid stain (green). Z stack images of
single cell YTS-721.221 conjugates were acquired by confocal microscopy. Imaging was
performed at a frame rate of one image every 4 minutes for 120 minutes to 180 minutes until
target cell death was observed. (A) Representative maximum projection time-lapse images
of the YTS-721.221 conjugate. Scale bar 5um. Target cell death was detected either through
loss of calcein from the target cell or through entry of SYTOX Green in to the target cell.
(B) Quantitative analysis of calcein and SYTOX Green fluorescence in the 721.221 target
cell from the representative live cell cytotoxicity assay shown in (A). Values are percentage
of maximum fluorescence intensity of the dyes in the target cell during the imaging time
frame. Results are representative of at least 5 independent experiments. (C) Quantitative
analysis of loss of calcein fluorescence in 721.221 target cells incubated without NK cells.
Analyses shown are from 6 independent experiments (n=9). Data are represented as mean +/
- standard deviation (SD).
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Figure 2. Live single-cell cytotoxicity for visualization and measurement of target cell killing by

NK cells

LAMP1-pHluorin transduced YTS and NK92 (effector) cells were loaded with LysoTracker
Deep Red (red) and incubated with calcein, AM orange-red labeled 721.221 target cells
(yellow). Z-stack images of single cell conjugates were acquired by confocal microscopy.
Even though the 721.221 target cells were not stained with LysoTracker™ Deep Red, the

excess dye from effector cells that leaked in to the medium was taken up by the target cell
and the accumulation in the target cell increased once the membrane integrity was lost.

Imaging was performed at a frame rate of 1 image every 2.4 minutes for 90 to 120 minutes
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until target cell death was observed. Representative maximum projection time-lapse image
sequences of a single YTS cell (A) and a NK92 cell (B) conjugated to a single 721.221
target cell. Left panel shows calcein fluorescence (yellow) and degranulation events (green)
at the NK-target cell synapse. Right panels show bright field images of the conjugates
showing degranulation events (green) and characteristic apoptotic membrane blebbing in the
target cell. The synaptic region of interest were selected as the overlapping region between
the NK and the target cell identified in bright field images. Scale bar 5um. (C and D)
Quantitative analysis of degranulation and calcein fluorescence in the representative
YTS-721.221 conjugate (C) and NK92-721.221 conjugate (D). Cumulative frequency of
degranulation events in the effector cells and the fluorescence intensity of calcein in the
target cell (calculated as a percent of maximum fluorescence intensity) were plotted against
imaging time. Images and analyses are representative of 10-15 independent experiments.
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Figure 3. Quantitative analysis of degranulation during NK cell mediated Killing of target cellsin
live single cell cytotoxicity assays
(A) Analysis of calcein fluorescence in 721.221 target cells conjugated to YTS cells showed
either a slow release or a fast release pattern. Both curves were significantly different from
each other. (B) Analysis of calcein fluorescence in 721.221 target cells conjugated to NK92
cells showed a single pattern of calcein release. In both (A) and (B) loss of calcein
fluorescence from 721.221 cells conjugated to NK effector cells were significantly different
from loss of calcein fluorescence seen in 721.221 cells incubated without effector cells (data
from Figure 1C). Statistical analysis was done by log transformation of the mean
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fluorescence data, linear regression analysis of the transformed data and comparison of
slopes; p<0.0001 for all comparisons. (C) Average minimal effective degranulation events
for cytotoxicity were determined for the different patterns of killing observed. Minimal
effective degranulation was defined as the number of degranulation events in the effector
cells corresponding to 60% loss of calcein fluorescence in target cells (dashed arrow). Data
from A, B and C are represented as mean values +/— SD. Data are from 5 to 15 independent
experiments in each group. (D) Representative extended focus confocal images and
quantitative analysis of the total number of granules in LAMP1-pHluorin transduced YTS
and NK92 NK cell lines. Lytic granules were counted either using the perforin signal or the
LAMP-1-pHIluorin signal. (E) Total number of lytic granules (determined using perforin
staining), the number of lytic granules released in the synaptic region during live cell
imaging and the minimal effective degranulation events needed for cytotoxicity against
721.221 target cells. Data are represented as mean values + SD. Data are from 25 single
cells to determine total number of granules and from 10 to 15 independent experiments to
determine the number lytic granules released and minimal effective degranulation events.
Statistical analysis were done using unpaired Student’s t test to compare total number to
number released and minimal effective events and paired Student’s Ztest to compare number
released and minimal effective events. **p<0.01; ****p<0.0001.
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Figure 4. Initial degranulationsin a NK cell are sufficient to kill the target cell
YTS effector cells stained with LysoTracker™ Deep Red (red) were incubated with calcein,

orange-red labeled 721.221 target cells (yellow). Z-stack images of single YTS-721.221 cell
conjugates were acquired at a frame rate of one image every 2.5 minutes. UV laser pulses
were applied in the region of the YTS cell for photo-ablation of the effector NK cell once
the lytic granules were polarized towards the target cell and the target cell had begun to lose
its calcein fluorescence. In control experiments the YTS cell was photo-ablated at an earlier
time point before polarization of the lytic granules towards the IS. (A) Representative
maximum projection time-lapse images of the YTS-721.221 conjugate. Top panel shows
calcein fluorescence (yellow); Bottom panel shows bright field images of the conjugate with
deformation of the YTS NK cell after photo-ablation and characteristic apoptotic membrane
blebbing in the target cell. The translucent white circle show the boundries of the region in
which the UV pulses were applied to photo-ablate the YTS cell. Scale bar 5um. (B)
Quantitative analysis of calcein fluorescence in the 721.221 target cell from the
representative live cell cytotoxicity assay shown in (A) and from a control experiment in
which UV laser pulses were applied to YTS cell before the lytic granules had polarized.
Images and analysis is representative of at least 5 independent experiments.
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Figure 5. Cytotoxic efficiency and lytic granule characteristics of LAMP-1-pHluorin transduced
NK cell linesYTSand NK92

(A) Cytotoxic activity of YTS-LAMP-1-pHIuorin and NK92-LAMP-1-pHluorin cells
against their target cell line 721.221 in a 4-hour 51Cr release cytotoxicity assay. Experiments
were performed in triplicates. Data represents mean +/— SEM from 3 independent
experiments. (B) Lytic granules were isolated from the NK cell lines by density gradient
ultracentrifugation. Isolated lytic granules were permeabilized, fixed and stained with anti-
LAMP1 antibody for flow cytometry analysis. LAMP-1 positive events were gated for
comparison of their relative sizes by their ability to scatter light. Overlay of forward and side
scatter plots of the granules from the two cell lines showed that YTS granules (red) were
relatively larger than the NK92 granules (green). (C) Western blots and densitometry
analysis of lytic granule lysates from the LAMP-1-pHIuorin transduced NK cell lines YTS
and NK92. Densitometry values of the LAMP1, Perforin and GranzymeB bands were
normalized to Myosin 1A and plotted as a proportion of effector molecule content in YTS
lytic granules. Data in (B) is representative of 3 independent experiments. Data in (C) is
average of 3 independent experiments, normalized to Myosin I1A, and plotted as fold change
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relative to YTS lytic granules Error bars represent £SD. Statistical analysis were performed
using unpaired Student’s ftest of log transformed densitometry data. *p<0.05
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Figure 6. Spatiotemporal association between degranulation and NK cell cytotoxicity
(A) Synapse to degranulation distances and synapse sizes were measured from time-lapse

imaging data of YTS-721.221 and NK92-721.221 conjugates illustrated in Figure 3. Mean
distances between degranulation events and the centroid of the synapse were measured at
each time point of the time-lapse images until target cell death was observed. Normalization
of the data was performed by dividing absolute granule to synapse distances by the size of
the synapse at the respective time point. (B) Synapse sizes were measured by drawing a ROI
in the region of overlap between the NK and target cells at each time point of the time-lapse
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images until target cell death was observed. Dots in (A) and (B) represent data from each
time point of live cell imaging from 5 to 10 independent experiments in each group. Lines
indicate mean values +/- SD. (C and D) Correlation between time to commitment to target
cell death (defined as time point after which loss of calcein fluorescence in the target cell
exceeded 60%) and time to reach minimal effective degranulation (defined as time point at
which the cumulative frequency of degranulation events reached the average minimal
effective level). (E and F) Correlation between membrane changes in the target cell (marked
by formation of blebs observed in the bright field channel) and time to reach minimal
effective degranulation events. (G and H) Correlation between average degranulation to
synapse distance for each conjugate (normalized as above) and time to commitment to target
cell death. Dots in (C, D, E, F, G and H) represent data from time-lapse imaging experiments
illustrated in Figure 3. Pearson’s correlation coefficient was determined for the fitted line in
each plot. A single data point in (E) and (G) was determined to be an outlier (value exceeded
1.5xInterquartile Range) and was removed from correlation analysis.
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