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Cytolytic killing is a major effector mechanism in the elimination of
virally infected and tumor cells. The innate cytolytic effectors,
natural killer (NK) cells, and the adaptive effectors, cytotoxic T cells
(CTL), despite differential immune recognition, both use the same
lytic mechanism, cytolytic granule release. Using live cell video
fluorescence microscopy in various primary cell models of NK cell
and CTL killing, we show here that on tight target cell contact, a
majority of the NK cells established cytoskeletal polarity required
for effective lytic function slowly or incompletely. In contrast, CTLs
established cytoskeletal polarity rapidly. In addition, NK cell killing
was uniquely sensitive to minor interference with cytoskeletal
dynamics. We propose that the stepwise NK cell cytoskeletal
polarization constitutes a series of checkpoints in NK cell killing. In
addition, the use of more deliberate progression to effector func-
tion to compensate for inferior immune recognition specificity
provides a mechanistic explanation for how the same effector
function can be used in the different functional contexts of the
innate and adaptive immune response.

he immune system eliminates virally infected and tumor cells

through cytolytic killing. Natural killer (NK) cells (1) are the
cytolytic effectors of the innate immune system (2). They are
present with great frequency, and their effector functions can be
activated rapidly as a first line of immunological defense. How-
ever, their recognition specificity is limited to a small number of
prototypical immune patterns, such as lack of MHC class I, the
presence of stress-induced proteins, or MHC-related viral pro-
teins (3-7). The cytolytic effectors of the adaptive immune
system, cytotoxic T cells (CTLs), dominate an immune response
after ~6 d and recognize a practically unlimited number of small
nonself peptides with high specificity (8). They exist in small
precursor frequencies and require extensive proliferation and
effector differentiation explaining their belated action. How-
ever, the precursor expansion allows for extensive controls
against erroneous activation. Interestingly, NK cells and CTLs,
despite their different immune recognition properties, use the
same cytolytic mechanisms, directed release of cytotoxic gran-
ules and expression of ligands for death receptors. Here, we have
investigated the cytoskeletal dynamics of innate and adaptive
cytolytic effectors. We propose that the compensation of inferior
immune recognition specificity, by more deliberate progression
to effector function, provides a mechanistic understanding of
how the same effector mechanism can be used under the
different physiological conditions of the innate and adaptive
immune response.

Experimental Procedures

Cells. Lymphokine-activated killer (LAK) cells were obtained by
culturing B6 splenocytes with 1 ng/ml IL-12 and 100 ng/ml IL-18
for 5 days (9) and contained >90% NK cells (CD32B4*DX5").
Poly I/C-stimulated NK cells were prepared by isolating spleno-
cytes from SCID mice that had been injected i.p. with 200 ug of
polyinosinic:polycytidylic acid the day before (10). They con-
tained 15% NK cells (CD3"NK1.1"). YAC-1 lymphoma inter-
cellular adhesion molecule-1-GFP (11) transfected YAC-1, or
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CD48-GFP (similar to ref. 11) P815 cells were used as targets.
CTLs from P14 TCR-transgenic mice (12) were obtained as
described for SC.C7 T cells (11). B6 CTLs were obtained in the
same way from CD4* cell-depleted lymph node suspensions but
primed by using irradiated spleen plus 2 ug/ml anti-CD3e
antibody 2C11 (PharMingen). In some cultures, additional IL-12
and -18 was added (9). EL4 thymoma or H2-DP-transfected
CH27 B lymphoma cells preincubated with 10 uM of the p33
LCMYV peptide (KAVYNFATM) were used as targets for P14
CTLs; DC2.4 dendritic cells preincubated with 10 pg/ml 2C11
were used as targets for B6 CTLs.

Microscopy. NK cell-target cell couple formation is relatively
rare. Large fields have to be imaged to allow the analysis of a
significant number of interactions, thus limiting resolution. Only
one to five interactions on average for different assays could be
analyzed per experiment. To avoid bias in data interpretation, we
used exactly defined analysis criteria as described below. The
microscopy system and sample handling were the same as before
(11), with the following modifications. Cells were loaded with
dye by incubation with 0.4 or 4 uM SNARF-1-AM ester or 4 uM
fura 2-AM ester (Molecular Probes). Effector-to-target cell
interactions were followed for 60-90 min at 37°C by acquiring
one differential interference contrast microscopy (DIC) bright-
field image, one SNAREF, and the two fura 2 images every 20 s
by using a X20 air (for NK cells) or a x40 oil (for CTLs)
objective. When intercellular adhesion molecule—-GFP trans-
fected YAC-1 or actin-GFP or tubulin-GFP transduced effectors
were used, images were recorded every 20 s to 1 min, and an
additional 13-21 GFP images with a z-distance of 1 um were
acquired at each time point.

Drug Treatments. For moderate interference with cytoskeletal
dynamics, effectors were pretreated with the minimal effective
concentration (0.5 uM) of Jasplakinolide (13) (Molecular
Probes) at room temperature for 5 min, and the marginal
concentration of 0.1 uM Jasplakinolide (13) was present during
the effector-target cell interaction. Effectors were pretreated
with 0.1 uM Nocodazole (Calbiochem) for 30 min at 37°C
and 0.1 uM Nocodazole was present in the assay. For strong
interference, 2 uM/1 uM Jasplakinolide and 10 uM/10 uM
Nocodazole were used.

Interface Diameters, Actin-GFP, F-Actin Staining, and Tubulin—-GFP.
Effector—target cell interface diameters were measured in DIC
images by using the METAMORPH software (Universal Imaging,
Downingtown, PA). We defined an initial tight NK cell-target
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contact as a cellular interface with a diameter of at least
two-thirds of the NK cell diameter in conjunction with tight
membrane apposition. This criterion excluded random cell con-
tacts, as seen in incidental target cell-target cell and NK cell-NK
cell encounters. B-Actin-GFP and B-5 tubulin—-GFP (14, 15)
were expressed from a Moloney murine leukemia virus-derived
retroviral expression vector (16) containing an additional inter-
nal phosphoglycerol kinase promoter (actin-GFP) or not (tubu-
lin-GFP). T cell and NK cell transduction was performed as
described (16). For analysis of 3D actin—-GFP data at each time
point, the average actin—-GFP fluorescence intensity of the area
of actin accumulation at the effector-target cell interface was
measured (METAMORPH) and compared with the average inten-
sity of an area of the same size at the most intense part of the
rest of the cell (>40% of that is a strong accumulation), and at
the least intense part of the cell, the cellular background (>40%
of that is a partial accumulation). For analysis of the 3D
tubulin—-GFP data, a cell was counted as having a well defined
microtubule organizing center (MTOC), when in a maximum
projection (METAMORPH) the top one-third of the tubulin—-GFP
fluorescence was contained in <10% of the effector area. This
was the case in >90% of the effectors (the remainder was
excluded from the analysis). We defined the MTOC to be at the
NK cell-target cell interface if it was located at the edge of the
NK cell and not farther than one-quarter of the NK cell diameter
away from the center of the interface.

Other Assays. Specific target lysis was determined in a standard
chromium release assay, and Western blots for perforin were
performed as before (17).

Results

Variable NK Cell-Target Cell Couple Fates. To study innate cytolysis,
we investigated the interaction of live IL-12/IL-18-stimulated
LAK cells (9) (>90% NK cells (Experimental Procedures) with
susceptible YAC-1 target cells in real time by using video
fluorescence microscopy. Killing in this interaction depends
entirely on cytotoxic granule release (17). To visualize NK cell
signaling, we used the calcium-sensitive dye fura 1. To visualize
killing, we used the release of a membrane-impermeable inert
dye, SNARF-1, from target cells on lysis.

Target cell lysis was dramatic. All SNARF-1 was released and
the target cell turned into a membrane ghost in <20 s (Fig. 1;
Movie 1, which is published as supporting information on the
PNAS web site, www.pnas.org). Target cell lysis could be brief.
The minimal time between initial tight NK cell-target cell
contact and target cell lysis was 2-5 min (Fig. 1, Movie 1). During
this time, the NK cell intracellular calcium concentration was
elevated (Fig. 1o, Movie 1), the two cells were closely apposed,
and the target cell was lysed. This brief period of target lysis is
designated here a lytic hit. In 47% of the lytic events (n = 72),
the NK cell killed the target in such a manner within 5 min. We
term this rapid killing. In the remaining 53% of the lytic events,
the lytic hit was preceded by 9 = 5 min of NK cell-target cell
contact. We term this delayed killing. During the time preceding
the final lytic hit, the NK cell intracellular calcium concentration
fluctuated, often returning to baseline (Fig. 15). We term such
a phase of an NK cell-target cell interaction tentative. Next, we
determined whether all initial tight contacts (Experimental Pro-
cedures) (n = 151) resulted in target cell lysis. Only 48% did, as
characterized above. The remainder persisted without target cell
lysis throughout the observation period of 1 h or until the NK cell
detached (Fig. 5, which is published as supporting information
on the PNAS web site). We term this a nonkilling interaction.
NK cell binding to target cells was strong, as judged by the
persistence of the cell couples during target cell movement (Fig.
1c, Movie 2, which is published as supporting information on the
PNAS web site), including occasional abrupt changes of direc-

7768 | www.pnas.org/cgi/doi/10.1073/pnas.1336920100

tion (data not shown). Signaling was tentative, because the
elevations of the NK cell intracellular calcium concentration
were intermittent and fluctuating (Fig. 1d).

Three principal target cell fates (a statistical analysis of the
reliability of their distinction can be found in Supporting Text,
which is published as supporting information on the PNAS web
site) were thus observed after the formation of an initial tight NK
cell-target cell interface. (i) The target cell was rapidly lysed in
an immediate lytic hit (23% of all cell couples), called rapid
killing. (i) The target cell was belatedly lysed in a final lytic hit
after an extended period of tentative cell couple maintenance
(25%), called delayed killing. (iii) The target cell was spared,
persisting in a tentative cell couple (52%), called nonkilling. The
tentative nature of many NK cell-target cell couples suggests the
existence of regulatory checkpoints in the progression from cell
couple formation to target cell lysis. Such variable dynamics were
not restricted to LAK-YAC-1 interactions, because they were
also seen in the killing of YAC-1 target cells by splenic NK cells
from SCID mice stimulated with polyinosinic/polycytidylic acid
(Experimental Procedures) (Fig. 1e), in the killing of P815 tumor
cells by LAKSs (Fig. 5B), and in the interaction of the rat-derived
RNK-16 NK cell leukemia line with susceptible target cells (18).
These data suggest that variable dynamics are a general feature
of NK cell killing. Potential explanations for this variability are
discussed in Supporting Text.

Decisive CTL-Target Cell Couple Maintenance. To investigate adap-
tive cytolysis, we used primary in vitro primed CTLs from P14 T
cell receptor transgenic mice (12) that effectively lyse EL4
thymoma and H2-Db-transfected CH27 B cell lymphoma target
cells incubated with the lymphocytic choriomeningitis virus gp33
peptide (12) (Fig. 64, which is published as supporting infor-
mation on the PNAS web site). Anti-FasL antibodies did not
block this lysis (Fig. 6A4), suggesting (10) that target cell death
depended primarily on cytotoxic granule release. The CTLs and
NK cells used here thus rely on the same effector mechanism.

Cellular events in CTL-mediated target cell lysis controlled by
recognition of allo-MHC have previously been characterized
(19, 20). Using peptide-MHC recognition, we extend these data
here (Supporting Text and Fig. 6; see also Fig. 7 and Movies 3 and
4, which are published as supporting information on the PNAS
web site). As our main observations, we found that CTL-target
cell contact was persistently tight, and the elevation of the CTL
intracellular calcium concentration was sustained. In contrast to
the tentative nature of many NK cell-target cell couples, CTL
cell couple maintenance was thus decisive. However, target cell
lysis was slower (Supporting Text). The differential cell couple
maintenance of CTLs and NK cells suggests that often-tentative
progression from cell couple formation to target cell lysis is
unique for NK cells.

Stepwise Cytoskeletal Polarization in NK Cell-Target Cell Couples. To
better understand these distinguishing cell couple characteris-
tics, we investigated effector cytoskeletal polarization by mea-
suring interface diameters, by visualizing actin distribution as a
likely mediator of interface maintenance, and by visualizing
MTOC orientation as an indicator of cell polarity.

First, we measured interface diameters. The mostly spherical
interface geometry and the availability of the whole interface for
receptor/ligand binding (21-23) make the determination of an
interface diameter based on bright-field data a reasonable
approximation for the extent of effector/target cell contact. In
NK cell-target cell interactions, the initial interface remained
tight in rapid or delayed killing interactions. Its diameter was
87 £ 15% of the NK cell diameter (Fig. 8, which is published as
supporting information on the PNAS web site). In contrast, the
initial tight interface could not be maintained in nonkilling NK
cell-target cell interactions despite persistent cell contact, be-
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Fig. 1. Three target cell fates in NK cell killing, rapid killing, delayed killing,
and nonkilling. (a) The interaction of two LAKs with YAC-1 target cells (black
arrows at t = 0:00 min) is shown in panels from Movie 1. DIC bright-field
images have been duplicated. The top is overlaid with a rainbow color scale
representation of the NK cell intracellular calcium concentration (blue for low
to red for high), which also identifies NK cells. The bottom is overlaid with an
image of the red fluorescent dye SNARF that is released on target cell lysis and
also identifies target cells. The left couple displays a rapid killing event. The
tight interface forms at —1:20 min, lysis (SNARF release and target cell swell-
ing) occurs between 0:00 and 0:20 min, and detachment occurs at 1:20 min.
The right cell couple displays a delayed killing event. Persistent tight cell
apposition is visible, but target cell lysis can be seen only in Movie 1. An
additional small NK cell and the NK cell of the left couple touch the target cell
of the right couple but do not form a tight interface and are, therefore, highly
unlikely to contribute to the lysis of that cell. (b) Traces of the NK cell
intracellular calcium concentration (as the ratio of the emission intensities of
the calcium-sensitive dye fura 2) for the two cell couples shown in a are given.
The dark and light traces correspond to the NK cells in the left and right
couples, respectively. Because of NK cell movement, one trace is shown for
only part of the experiment. Target cell lysis coincides with the decline in the
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cause the interface diameter dropped significantly (P < 0.001)
from 79 £ 11% to 49 = 9% of the NK cell diameter (Fig. §,
Movie 2). These data suggest that the maintenance of a large
contact area may be required for efficient NK cell killing,
possibly because a wider interface is likely to allow increased
receptor-ligand engagement.

To characterize NK cell actin dynamics, we used a retrovirally
expressed (16) actin—-GFP fusion protein (14) in combination
with 3D live cell video fluorescence microscopy (Fig. 2a, Movie
5, which is published as supporting information on the PNAS
web site). As quantified in more detail in the Supporting Text, we
made three principal observations. (i) Actin accumulated at the
interface during the lytic hit in all cell couples (Fig. 9, which is
published as supporting information on the PNAS web site). (if)
In tentative cell couples, actin accumulated at the NK cell-target
cell interface only intermittently (Figs. 2a and 9 and Movie 5).
Analyzing one time point per minute for the first 5 min after cell
couple formation, 60% of the delayed (before the lytic hit) and
89% of the nonkilling cell couples did not show any strong
(Experimental Procedures) actin accumulation (Fig. 9), corrob-
orating the tentative nature of such couples. (iii) These data also
demonstrate that more interface actin accumulation occurred in
delayed killing interactions before the lytic hit than in nonkilling
interactions, thus corroborating the differential interface main-
tenance described above. We corroborated the only occasional
occurrence of actin accumulation at the NK cell-target cell
interface by F-actin staining of fixed NK cell-target cell couples
[data not shown; as also described earlier (24-26)], and in a much
less extensive analysis of live cell actin accumulation in the
anti-2B4 redirected lysis of P815 targets (data not shown). In
summary, we found moderate actin accumulation at the NK
cell-target cell interface, consistent with the often-tentative
nature of the NK cell-target cell couples.

Next, we investigated NK cell polarity by visualizing the
MTOC with a tubulin-GFP fusion protein (15) similar to the
actin-GFP approach (Fig. 3a and Movies 6 and 7, which is
published as supporting information on the PNAS web site) (n =
54). As expected (27, 28), the MTOC was at the interface
(Experimental Procedures) during the lytic hit (Fig. 3a, Movies 6
and 7). In rapid killing, it moved there in 1.0 = 1.1 min after
interface formation (Fig. 104, which is published as supporting
information on the PNAS web site). In delayed killing, MTOC
reorientation was significantly (P = 0.001) delayed, occurring
only 5.4 + 4.4 min after interface formation (Fig. 104), corrob-
orating the tentative nature of the initial cell couples in delayed
killing. In nonkilling interactions, a reorientation of the MTOC

calcium concentration at 13 and 15 min, respectively. At 20 min, an elevation
of the intracellular calcium concentration of the right NK cell as triggered by
new target cell contact can be seen. (c) A nonkilling interaction of a LAK with
a polarized YAC-1 target cell (arrow at t = 6:00 min) is shown in panels from
Movie 2. The NK cell has been overlaid with a representation of the intracel-
lular calcium concentration similar to a. The target cell has been overlaid with
the intensity of the intercellular adhesion molecule (ICAM)-1-GFP fluores-
cence in green as a marker of polarity. High ICAM-1 concentration marks the
posterior end of the target cell. Interface formation was at t = 0:00 min. As
seen here and better in Movie 2, only a narrow interface was maintained. (d)
The trace of the intracellular calcium concentration similar to b is shown for
the NK cell from c. (e) The cumulative percentage of the indicated type of NK
cells in killing interactions bound to their YAC-1 target cells or showing an
elevation of their intracellular calcium concentration before (negative time
values) and after (positive time values) lysis (t = 0 min) is shown. Thirty to 40
cell couples from at least six independent experiments were analyzed per
condition. (f) The cumulative percentage of P14 CTLs in killing interactions
bound to their target cells before (negative time values) and after (positive
time values) the onset of blebbing (t = 0 min) is shown. Data for EL4 and
H2-Db-transfected CH27 target cells were pooled. Thirty-four cell couples from
five independent experiments were analyzed.
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Fig. 2. Actin accumulates differentially at the NK cell- and CTL-target cell
interface. (a) A nonkilling interaction of an actin-GFP transduced LAK with a
YAC-1 target cell is shown in panels from Movie 5. (Upper) A DIC image.
(Lower) A projection of the 3D actin—-GFP fluorescence data in a rainbow color
scale (increasing from blue to red). The interface is marked with an arrow
(Left). The NK cell is on top, and the target cell is on the bottom. A strong actin
accumulation with an extended NK cell lamellopod can be seen in the third
panel (3:00 min). One additional cell each is bound to the NK and the target
cell. These interactions were not productive, because the cellular interfaces
never reached two-thirds of the NK cell diameter. (b) A persistent interaction
of an actin—-GFP-transduced P14 CTL with an EL4 target cell is shown in panels
from Movie 8, similarto a. The interface is marked with an arrow (Left); the CTL
is on the bottom, the target cell on top.

occurred in only 14% of the cell couples (Supporting Text),
revealing a predominant lack of NK cell polarization. In sum-
mary, MTOC localization at the NK cell-target cell interface was
also moderate, being mostly limited to the later stages of lytic
interactions. Interestingly, it was not sufficient for target cell
lysis, because the MTOC was located at the interface in several
nonkilling interactions. In this context, we observed that the
actin accumulation at the NK cell-target cell interface that
accompanied target cell lysis occurred significantly (P < 0.05)
(1.9 = 2.6 min before target cell lysis) later than the MTOC
orientation (4.9 * 6.0 min) (Fig. 10B), suggesting that, after
successful MTOC reorientation, an additional actin cytoskeletal
polarization step might be required for the delivery of the lethal
hit.

Table 1 summarizes how differential establishment of NK cell
cytoskeletal polarity and signaling correlated with target cell
fate. The more tentative the NK cell-target cell couple, the less
likely the target cell was to be lysed. These data suggest that a
series of sequential steps needs to be completed for successful
progression of NK cell-target cell couples to target cell lysis (Fig.
4a). First, a tight interface (likely involving actin dynamics)
needs to be maintained. Second, the MTOC has to orient toward
the interface. Finally, actin accumulation at the interface occurs
as part of the lytic hit. Although a requirement for MTOC
orientation was expected (27, 28), it was surprising that it was
only a single parameter in a series of cytoskeletal polarization
steps. That the dynamics and extent of cytoskeletal polarization
correlated with the effectiveness of target cell lysis strongly
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Fig.3. The MTOC orients toward the center of the interface differentially in
NK cell- and CTL-target cell interactions. (a) A delayed killing interaction of a
tubulin—GFP-transduced LAK with a YAC-1 target cell is shown in panels from
Movie 6. (Upper) ADICimage isoverlaid with a red intensity scale of the SNARF
fluorescence to visualize membrane permeability. (Lower) A projection of the
3D tubulin—GFP fluorescence data is shown in a rainbow color scale (increasing
from blue to red). The interface is marked with an arrow (Left). Target cell lysis
is setto t = 0:00 min. NK cell-target cell contact without MTOC localization at
the interface can be seen (Left). The MTOC reorients 5 min before target cell
lysis (t = =5:00 min), remains at the interface until target cell lysis, and moves
away from the interface after lysis (Right). (b) An interaction of a tubulin-
GFP-transduced P14 CTL with an EL4 target cell is shown in sections derived
from panels from Movie 9 similar to a but lacking the SNARF overlay. The cell
couple is marked with an arrow (Left), the CTLis on the left, and the target cell
is on the right. In the first four panels, a rapid reorientation of the CTL MTOC
toward the center of the interface after interface formation (t = 0:00 min) can
be seen. In the last frame, blebbing indicates substantial target cell damage;
the MTOC, however, is still located at the center of the interface (bottom
arrow). The CTL has formed a second interface (top arrow). A later reorien-
tation of the MTOC toward the second interface can be seen in Movie 9.

suggests that cytoskeletal polarization serves as a series of
checkpoints in NK cell killing.

Rapid Cytoskeletal Polarization in CTL-Target Cell Couples. Next, we
investigated cytoskeletal polarization in CTL killing. In contrast
to NK cells, the interface diameter in CTL-target cell couples
was consistently large at 98 = 10% of the T cell diameter (Figs.
6B, 74, and 8 and Movies 3 and 4). Actin accumulated at the
CTL-target cell interface immediately and remained there
through most of the interface persistence (Supporting Text and
Figs. 6B and 9; Movie 8, which is published as supporting
information on the PNAS web site). Analyzing one time point
per minute for the first 5 min after cell couple formation, all
CTL-target cell couples showed strong actin accumulation at
least once, 76% in more than half of the time points (Fig. 9). This
decisive actin accumulation likely explains the superior ability of
CTLs to maintain a tight effector—target cell interface. The CTL
MTOC reoriented toward the CTL-target cell interface within
0.9 = 0.7 min (n = 33) of cell couple formation and remained
localized at the interface unless the CTL was moving to another
target (Figs. 3B, 7, and 104; Movie 9, which is published as
supporting information on the PNAS web site). The rapid CTL
polarization was seen over a wide range of concentrations of
antigenic peptide and with different TCR transgenic T cell-FAPC
combinations (data not shown and I. Tskvitaria-Fuller and C.W.,
unpublished results). To establish that decisive cell couple
formation and cytoskeletal polarization are not limited to TCR
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Table 1. More deliberate cytoskeletal polarization in models of NK cell vs. CTL killing

Tentative cell couple

Tentative cell couple

Assay Lytic hit* in delayed killing® in nonkilling CTL
Interface tightness Tight Tight Narrow Tight
Intracellular calcium Elevated Fluctuating Fluctuating Elevated
Actin accumulation Always Intermittent, more Intermittent, less Always
MTOC reorientation Always Belated Rare Always

*All of rapid and final phase of delayed killing.
TApplies to delayed killing prior to the lytic hit.

transgenic models, we studied redirected lysis of DC2.4 dendritic
cells by B6 CTLs (Experimental Procedures) by using an anti-
CD3e¢ antibody. Killing as determined in a chromium-release
assay was equal to P14 CTL-mediated target cell lysis and
independent of FasL engagement (Fig. 6 and Fig. 11, which is
published as supporting information on the PNAS web site). The
elevation of the CTL intracellular calcium concentration on cell

—t—buffer only
—a—-Nocodazole

--%-- Jasplakinolide

—-e---Jasp. +
Nocodazoie
C

50%
40%
30% —eo—buffer only
20% —-a—-Jasplakinolide
10%

0%

E/T ratio
Fig. 4. Stepwise cytoskeletal polarization in effective NK cell killing. (a) A

schematic representation of the stepwise polarization in NK cell killing is
given. (/) NK cell killing begins with the formation of a tight NK cell-target cell
couple. (ii) If the initial tight interface cannot be maintained (intermittent
actin accumulation at the interface as depicted with a light gray bar is likely
important for interface maintenance), (iii) the cell couple persists without
target cell lysis. If a tight interface is maintained, (iv) the MTOC as depicted
with a black dot can reorient toward the interface. (v) Actin accumulation
at the interface as depicted with a dark gray bar always coincides with the
lytic hit that (vi) leads to target cell lysis. (b) LAK-mediated YAC-1 killing was
determined in a 1-h chromium-release assay (matching the duration of the
corresponding microscopy experiments) as percent of specific lysis. For mod-
erate interference with actin and microtubule dynamics, LAKs were treated
with Jasplakinolide, Nocodazole, or both (Experimental Procedures). One
representative of three assays is shown. (c) P14 CTL-mediated EL4 target cell
killing was independent of a low concentration (Experimental Procedures) of
Jasplakinolide, as in b.
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couple formation was immediate and sustained (data not
shown). Ninety-five percent of the B6 CTL-DC2.4 target cell
couples showed strong actin accumulation in at least one of five
time points within 5 min of cell couple formation (Fig. 9).
Although this percentage is slightly less than the 100% seen with
P14 CTLs, it is substantially more than the 40% and 11% seen
in NK cell-target cell interactions (Fig. 9). In our models of
CTL-target cell as opposed to NK cell-target cell interactions,
cell couple polarization was thus decisive (Table 1). These data
are consistent with earlier reports on T cell actin and MTOC
localization using fixed cell couples or modulated polarization
microscopy (29-32).

NK Cell Killing Is Particularly Sensitive to Interference with Cytoskel-
etal Dynamics. The differential establishment of cytoskeletal
polarity (stepwise in NK cells and immediate in CTLs) suggests
that cytoskeletal polarization serves as a series of checkpoints in
NK cell but not CTL killing. If this were true, a moderate
interference with cytoskeletal dynamics should inhibit killing in
NK cells but not CTLs. To test this hypothesis, we interfered with
actin dynamics by using small concentrations of the inhibitor of
actin depolymerization, Jasplakinolide (13, 33) (Experimental
Procedures). As detailed in Supporting Text, this did not block but
only slowed actin dynamics in both NK cells and CTLs, thus
constituting a moderate interference.

As assayed in a chromium-release assay, this moderate Jas-
plakinolide treatment significantly reduced NK cell-mediated
target cell lysis to 35 = 18% of control (P < 0.05) (Fig. 4b and
Fig. 124 and B, which is published as supporting information on
the PNAS web site), as consistent with reduced NK cell-
mediated killing in humans that are deficient in the regulator of
actin polymerization, Wiskott—Aldrich syndrome protein (26).
The effect was of the same size as that a blocking MTOC
reorientation with Nocodazole (Fig. 4b). A combination of
Jasplakinolide and Nocodazole led to even less killing, consistent
with a sequential limiting action of actin and microtubule
dynamics (Figs. 4b and 12C). These data strongly suggest that the
stepwise establishment of cytoskeletal polarity constitutes a
series of checkpoints in a mechanism to regulate NK cell killing.
In contrast, moderate interference with CTL cytoskeletal dy-
namics using Jasplakinolide or Nocodazole did not significantly
impair CTL-mediated killing (Figs. 4c and 12 D and E), corrob-
orating that cytoskeletal polarization is a robust feature of T cell
activation. As expected, strong interference with cytoskeletal
dynamics using high inhibitor concentrations substantially re-
duced both CTL and NK cell killing (Supporting Text and
Fig. 12). The differential sensitivity of NK cell and CTL killing
to moderate interference with cytoskeletal dynamics suggests
that the establishment of cytoskeletal polarity is used as a series
of checkpoints in NK cell but not CTL killing.

Discussion

In our experiments, NK cells established cytoskeletal polarity in
a stepwise fashion, strongly suggesting a series of checkpoints. In
contrast, the establishment of CTL polarity was rapid and robust.
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The majority of our data is based on the comparison of primary
TCR transgenic CTLs (i.e., a homogeneous CTL population)
with primary NK cells with more variable receptor expression.
However, the consistent occurrence of the basic target cell
variability in the three NK cell/target cell combinations studied
here (Figs. le and 5 and Supporting Text) and in an additional
clonal NK cell line (18) in combination with the corroboration
of decisive CTL actin dynamics using B6 CTLs in redirected lysis
(Fig. 9) suggest that the data are valid beyond the effector-target
combinations investigated here. Fc receptor-mediated NK cell
activation as an adaptive effector function in antibody-
dependent cell-mediated cytotoxicity will need to be investigated
separately. The stepwise establishment of NK cell polarity is
reminiscent of the succession of different receptor/ligand couple
patterns seen in the interaction of T cells with activating
supported lipid bilayers (34).

The concept of stepwise cytoskeletal polarization as a series
of NK cell checkpoints helps to understand NK cell cytolysis as
part of the innate immune response. CTLs as part of the adaptive
immune response are subject to a variety of cell proliferation and
differentiation checkpoints to ensure that only those cells that
specifically recognize antigen-presenting targets become part of
the effector pool, thus effector availability is delayed by several
days. NK cells as part of the innate immune response do not
undergo such an education process. Therefore, their effector
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functions are available within hours after antigen exposure.
However, immune recognition specificity is coarse and not
double-checked in proliferation and differentiation. Effector
CTLs thus can afford to establish cytoskeletal polarity in an
immediate and robust manner without further checkpoints,
because the chance of their responding vigorously to anything
other than their intended target is slim. NK cells, however, have
to be more restrained, requiring additional checkpoints after the
formation of an NK cell-target cell couple to compensate for
their coarse immune recognition specificity. Our data strongly
suggest that stepwise cytoskeletal polarization provides such
checkpoints. This could well be the consequence of signals from
activation receptors being balanced by inhibitory ones (3-6). The
strong role of inhibitory receptors in NK cell biology might thus
reflect the need for balanced signaling in a series of checkpoints
to prevent erroneous killing.
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