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Cytolytic effectors polarize toward target cells for effective killing
and IFN-γ secretion. The spatiotemporal features of this polariza-
tion and their importance for cytolysis have not been resolved. In
cytotoxic T cells and natural killer (NK) cells, transient polarization
was consistently associated with effective killing. Polarization was
regulated by Cdc42, a small Rho family GTPase universally critical
for cytoskeletal dynamics. Transient accumulation of active Cdc42
at the cytolytic effector/target cell interface and focus of such
accumulation on the interface center were closely related to cytol-
ysis. Surprisingly, however, the intensity of Cdc42 activation was
not. We interfered with Cdc42 activation in NK cells such that
sustained polarization in long lasting nonkilling cell couples was
selectively blocked. Thus the proportion of the NK cell population
displaying transient polarization was increased. As a consequence,
cytolytic responder frequency and IFN-γ production were enhanced
upon such interference with Cdc42 activation. These data support
the notion that transience in polarization is critical for cytolytic
effector function, likely by preventing cytolytic effectors from be-
coming trapped in nonproductive target cell interactions.
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Cytotoxic T lymphocytes (CTLs) and natural killer (NK) cells
are the central cytolytic effectors of the immune system.

Each can also secrete IFN-γ to modulate adaptive immune
function. To acquire effector capability, cytolytic effectors need
to be primed. CTL priming occurs as the consequence of naive
CD8 T cell interactions with antigen-presenting dendritic cells.
NK cell priming requires cytokines generated predominantly by
dendritic cells. However, the nature of the cytokines involved
is less certain. IL-12 and IL-18 enable NK cells to secrete IFN-γ
(1, 2) and are synergistic (3). IL-15 can promote NK cell expan-
sion (4, 5). IL-15 needs transpresentation by the IL-15 receptor α
chain (6, 7), which is induced on dendritic cells by engagement of
Toll-like receptors (7). High concentrations of IL-2 effectively
prime NK cells in vitro, as often used in clinical settings (8, 9).
However, in vivo, IL-2 is dispensable for NK cell priming (5). To
understand the role of the polarization of cytolytic effector in
their function, the effect of priming conditions on NK cell po-
larization needs to be taken into account.
Target cell contact triggers the complex polarization of primed

cytolytic effectors, recruitment of cytolytic granules to the in-
terface (10, 11), cytoskeletal reorientation (12, 13), and receptor
clustering (14, 15). Cytolytic effector polarization is likely func-
tionally important, as key regulators of cytoskeletal dynamics,
Vav and WASP, play critical roles (16–19). However, WASP
and Vav are complex molecules with functions that may or may
not require cytoskeletal regulation (20, 21). The Rho family
GTPases Rac and Cdc42 are the central regulators of cytoskel-
etal dynamics in many cell types (22). Although it has been
established that Rac is required for cell coupling and polariza-
tion of cytolytic granules (16), the role Cdc42 has not been
addressed. Despite the established importance of cytolytic ef-
fector polarization, the spatiotemporal features of this polari-

zation and their importance for cytolysis have been discussed
(23) but not resolved.
Here we show that the transience of polarization of cytolytic

effectors, i.e., rapid initial recruitment of actin to the cytolytic
effector/target cell interface followed by actin release from the
interface, was coupled to effective cytolytic effector function.
Such transient actin interface accumulation was dependent on
Cdc42. Initial rapid polarization permits effective signaling and
secretion of cytolytic granules. Later reductions in Cdc42 activity
and actin accumulation at the cytolytic effector/target cell in-
terface likely allow dissociation of nonproductive cell couples. To
test this notion, we interfered with Cdc42 activation (24, 25) such
that initial polarization was preserved while sustained actin ac-
cumulation was blocked. This enhanced the frequency of cytolytic
effectors involved in killing and secretion of IFN-γ. Thus, specific
spatiotemporal features of cytolytic effector polarization, promi-
nently its transience, were critical for cytolytic effector function.

Results
In Vitro Models of NK Cell Polarization.Here we characterize features
of cytolytic effector polarization and its regulation. Addressing
different NK cell priming conditions is a practical necessity in
establishing appropriate in vitro models of murine NK cell po-
larization. We therefore consistently compared multiple NK cell
priming conditions; splenocytes were cultured in IL-12 plus IL-18
(“IL-12/18 NK cells”) or with LPS-activated dendritic cells
transpresenting IL-15 (“IL-15 NK cells”). In addition, high doses
of IL-2 with concomitant depletion of T cells are commonly used
(“IL-2 NK cells”). To allow CTL activation by physiological T cell
receptor (TCR) engagement, T cells from TCR transgenic P14
mice were used. We used susceptible targets: YAC-1 lymphoma
cells for NK cells and EL4 thymoma cells for CTLs. In all of the
different effector/target cell combinations killing is mediated by
cytolytic granule release, independent of FasL (12, 26). Expression
of the critical activating receptor NKG2D and of perforin was
comparable (Fig. S1). Importantly, even under the strong activa-
tion conditions used, the fate of individual NK cell/target cell
couples varied (12). Some cell couples rapidly (<5 min) proceeded
to target cell lysis, some more slowly so, and approximately 50% of
the cell couples persisted (>30 min) without over target cell
damage. At the single-cell level, we thus can separately analyze
polarization in lytic and nonkilling interactions to discover par-
ticular polarization features linked to cytolysis. Differences in the
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morphological changes in the target cells upon killing by different
cytolytic effectors (SI Text) allow a separate assessment of lytic
and nonkilling interactions only for IL-12/18 and IL-15 NK cells.

Transient Polarization of Cytolytic Effectors Is Coupled to Effective
Killing. Cytolytic effectors interacting with target cells polarize
toward the cellular interface. To determine whether intensity of
polarization, its duration, or localization within the interface are
critical for effective killing, these elements of cytolytic effector
polarization were quantified. First, the intensity of the interface
accumulation of actin or signaling sensors at the population level
is governed by two factors, the percentage of cytolytic effectors
that show interface accumulation beyond a threshold and the
amount of cellular actin or signaling sensor that is moved to the
effector/target cell interface in the portion of the population that
does shown accumulation. Therefore, to measure interface ac-
cumulation at the population level, the percentage of cell cou-
ples with interface accumulation was multiplied by the average
fraction of actin or the signaling sensor that is translocated to the
interface (25). This number thus gives the population-averaged
percentage of cellular actin or signaling sensor that is moved to
the effector/target cell interface and is used throughout the
manuscript. Separate percentages of cell couples with interface
accumulation of actin or signaling sensors is also provided.
Second, we measured the transience of polarization by the de-
crease of interface accumulation following its initial peak at cell
coupling. Third, spatial patterns of interface accumulation were
measured (27).
C57BL/6 IL-12/18 NK cells can effectively kill YAC-1 target

cells (12). Actin interface accumulation in these cell couples was
moderate and transient. Only 1.9 ± 0.2% of actin was moved to
the interface at the time of tight cell couple formation (Fig. 1A).
Within 1 min this percentage decreased significantly (P ≤ 0.01)
to less than half (Fig. 1A and Fig. S2 A and B). Interestingly,
interface actin accumulation was moderately more transient in
lytic versus nonkilling interactions. In lytic interactions the av-
erage amount of actin moved to the interface decreased from
2.3 ± 0.4% at the time of tight cell coupling to 0.5% to 1.0%
thereafter. This reduction was less in nonkilling interactions
(1.6 ± 0.3% to 0.4–0.8%; Fig. 1B). Extending such analysis to
NK cell priming with another innate cytokine, IL-15, we found
similar phenotypes (Fig. 1A, SI Text, and Fig. S2 A–D) with a
dramatic difference in transience between lytic and nonkilling
interactions (Fig. S2C). Taken together, transient actin accu-
mulation in NK cells primed with innate cytokines was closely
related to efficient target cell lysis.
C57BL/6 IL-2 NK cells can also kill YAC-1 target cells, albeit

less efficiently. Surprisingly, interface actin accumulation was
intense and sustained (Fig. 1A and Fig. S2E). At all time points
after cell coupling, 8.5% to 11.5% of actin was moved to the
interface, significantly higher (P < 0.005) than interface actin
accumulation in all other cytolytic effectors (Fig. 1A). Interface
actin accumulation was virtually identical at cell coupling and 7
min thereafter (Fig. 1A), establishing a lack of transience. The
dynamics of MTOC localization and the delivery of the lytic hit
also differed between IL-12/18 and IL-2 NK cells (SI Text, Fig.
S2F, Movie S1, Movie S2, Movie S3, Movie S4, Movie S5, Movie
S6, Movie S7, and Movie S8). Actin interface accumulation in
the interaction of P14 CTLs with EL4 target cells in the presence
of 10 μM gp33 peptide (12), a strong stimulus, was intense and
transient. At the time of tight cell couple formation 8.4 ± 0.6%
of the cellular actin was moved to the interface. However, within
2 min after tight cell coupling, the intensity of interface actin
accumulation decreased significantly (P < 0.001) to half (Fig. 1A
and Fig. S2A).
In a comparison of the different cytolytic effector populations,

transience of polarization was also strongly related to target cell
lysis. Using the same effector/target combinations as in the as-

sessment of interface actin accumulation, P14 CTLs with strong
and transient polarization yielded 60 ± 4.5% specific lysis (Fig.
1C). IL-12/18 NK cells with moderate and transient interface
actin accumulation, similar to ex vivo human NK cells (28, 29),
yielded moderately less specific lysis (43.5 ± 5%, P < 0.05; Fig.
1C). IL-2 NK cells, combining strong polarization with a lack
of transience, yielded the least specific lysis (26 ± 3%, P < 0.02;
Fig. 1C). Thus, both a comparison of lytic versus nonkilling IL-

Fig. 1. Transient accumulation of actin at the effector/target cell interface
is related to effective target cell lysis (A). The percentage of actin-GFP
translocated to the cytolytic effector/target cell interface is given with SEs as
a function of time relative to tight cell couple formation for the following
interactions: P14 T cells/EL4 target cells/10 μM gp33 agonist peptide, IL-2 or
IL-15 NK cells/YAC-1 target cells, or IL-12/18 NK cells with YAC-1 or P815/α–
NKG2D target cells, as indicated. To account for low numbers of cell couples
with interface actin accumulation in IL-15 and IL-12/18 NK cells, time points 3
through 7 (also point 2 for P815/α-NKG2D targets) were averages of time
points 2, 3, 4 to 6, 7, and 8, respectively. Differences relative to values at time
0 are significant (P ≤ 0.01) at all time points ≥1 min for P14 CTLs and IL-12/18
NK cells. On average 28 cell couples (range, 21–37) were analyzed per con-
dition. For normalized data and percentage of cell couples with accumula-
tion displayed separately, see Fig. S2 A and B. (B) For IL-12/18 NK cell/YAC-1
interactions, the data from A are displayed separately for nonkilling (broken
line) and lytic (solid line) interactions. Differences relative to values at time
0 are significant (P ≤ 0.05) at all time points at or grearer than 1 min for lytic,
but not nonkilling interactions. For comparable IL-15 NK cell data, see Fig.
S2C. (C) The percent specific lysis with SEs at a 20:1 effector-to-target cell
ratio from five to nine independent repetitions of chromium release killing
assays per condition is given for cytolytic effector/target cell interactions
defined in A as indicated. All pair-wise differences are significant at P < 0.05.
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12/18 and IL-15 NK cell target cell couples and a comparison of
different cytolytic effector populations established that, in re-
sponse to susceptible targets, transience of polarization is closely
related to cytolysis. Sustained effector polarization might trap
individual cytolytic effectors in long-lasting, nonproductive cell
couples, thus preventing lysis of the target and sequential inter-
actions of the cytolytic effector with other targets. As a conse-
quence, target cell killing at the population level is reduced.

Transient and Central Accumulation of Active Cdc42 at the Interface
Between Cytolytic Effectors and Their Targets Is Related to Effective
Killing. Cdc42 is a well expressed (SI Text and Fig. S3A), critical
regulator of cytoskeletal dynamics and cellular polarization. To
address its role in cytolytic effector polarization, we investigated
the intensity, transience, and patterns of active Cdc42 at the cy-
tolytic effector/target cell interface using live cell imaging of
a retrovirally expressed biosensor for active Cdc42 (25, 27). As the
function of the closely related Rho GTPase family member Rac
has previously been studied (16), we will address Rac only (SI Text
and Figs. S3 and S4) to assess specificity of roles of Cdc42.
Accumulation of active Cdc42 at the effector/target cell in-

terface in the interaction of B6 IL-12/18 NK cells with YAC-1
target cells (Fig. 2A) was moderate and transient with a mix of
spatial patterns. Similar to the actin data (Table S1), only 1.6 ±
0.2% of the Cdc42 sensor was moved to the effector/target cell
interface upon cell coupling (Fig. 3A and Fig. S3 B and C). In-
terface accumulation of active Cdc42 was strongly transient in
lytic cell couples (Fig. 3B). Interface sensor accumulation de-
creased from 1.1 ± 0.4% of sensor moved to the interface at cell
coupling to no accumulation at 5 min thereafter. In contrast, in

nonkilling interactions, such accumulation was barely transient,
remaining greater than 1.25%. These data extend the notion that
transience in polarization is coupled to effective target cell lysis.
Central, diffuse, and asymmetric patterns occurred in fairly even
proportions (Fig. 3C).
Contrasting the IL-12/18 NK cell data, accumulation of active

Cdc42 at the effector/target cell interface in the interaction of B6
IL-2 NK cells with YAC-1 target cells (Fig. 2B) was intense and
sustained with a mix of spatial patterns. Similar to the actin results
(Table S1), the accumulation of active Cdc42 was higher in IL-2
NK cells than in any other cytolytic effector (P ≤ 0.01 at all time
points ≥0; Fig. 3A), with 3.5% to 4.5% of the Cdc42 sensor being
moved to the interface. Interface accumulation of the sensor of
active Cdc42 did not decline over time (Fig. 3A and Fig. S3B).
Central, diffuse, and asymmetric patterns occurred in fairly even
proportions (Fig. 3C). Accumulation of active Cdc42 at the ef-
fector/target cell interface in the interaction of P14 CTLs with
EL4 target cells in the presence of 10 μM gp33 peptide (Fig. 2C)
was of low intensity, yet strongly transient and central. Only 0.6 ±
0.05% of the Cdc42 sensor was moved to the interface at the time
of tight cell couple formation. Within 7 min, enhanced interface
Cdc42 activity could no longer be detected (Fig. 3A and Fig. S3 B
and C). Interface accumulation of active Cdc42 occurred prefer-
entially at the center of the interface: 57 ± 4% of time points with
accumulation showed a central pattern (Fig. 3C). The role of the
weak and central nature of the accumulation of active Cdc42 at
the CTL/target cell interface in the regulation of CTL interface
actin dynamics is discussed in SI Text. Interestingly, limited and
highly transient interface accumulation of active Cdc42 in CTLs
was in stark contrast to the extensive Cdc42 accumulation of
helper T cells (SI Text and Fig. S3E), consistent with a selective
need of transient target cell interactions for sequential killing in
cytolytic effector function.
We next examined the relation between spatiotemporal fea-

tures of Cdc42 interface accumulation and target cell lysis (Fig.
1C) at the population level. In comparing killing to intensity,
transience, and centrality of interface activity of active Cdc42
(Fig. 3D), only transience and centrality showed a positive re-
lation. This strongly suggests that, in response to susceptible
targets, transience and centrality of Cdc42 activity are required
for effective killing. These data mirror the actin data (Table S1),
underscoring the importance of transience in polarization and
consistent with a critical role of Cdc42 in the regulation of cy-
tolytic effector polarization, as detailed later. The lack of a pos-
itive relation between the intensity of Cdc42 interface activity
and killing is somewhat counterintuitive, as one would expect
that more intense polarization yielded higher killing efficacy. We
confirmed that effective polarization was indeed related to cy-
tolysis over large differences in the efficiency of polarization by
studying the response of IL-12/18 NK cells to less susceptible
target cells, P815 target cells incubated with α-NKG2D (SI Text).

Cdc42 Is a Critical Regulator of Interface Actin Accumulation Pref-
erentially in Nonkilling Interactions. To address roles of Cdc42 in
cytolytic effector function, we interfered with the activation of
Cdc42, and Rac as a control, with well established dominant-
negative mutants (Cdc42dn, Rac1dn), as applied short-term and
quantitatively as protein transduction reagents at a concentra-
tion of 100 nM (24, 25). As expected (22), both Cdc42dn and
Rac1dn blocked interface actin accumulation, by more than 70%
in NK cells and a bit less in CTLs (Fig. S5 A–C). Interestingly,
however, in lytic IL-12/18 NK cell/YAC-1 target cell interactions,
100 nM Cdc42 had no significant effect (Fig. 4A). The amount of
actin moved to the interface at all times was only modestly re-
duced from a range of 0.5% to 2.3% to a range of 0.4% to 1.0%
upon treatment with 100 nM Cdc42dn, not reaching significance
at any time point. In contrast in nonkilling interactions, actin
moved to the interface dropped from a range of 0.4% to 1.6% to

Fig. 2. Accumulation of active Cdc42 at the effector/target cell interface.
Representative interactions between cytolytic effectors (NK or CTL) trans-
duced with a sensor for active Cdc42 and their target cells (T) are shown as
follows: (A) IL-12/18 NK cell with YAC-1 target cell, nonkilling interaction
(Movie S9 and Movie S6 with an alternate cell couple, Movie S10 at higher
resolution); (B) IL-2 NK cell with YAC-1 target cell, two sequential lytic
interactions [Movie S3 for the second cell couple (only cell couple formation
is shown), Movie S11 at higher resolution]; and (C) P14 CTL with EL4 target
cell/10 μM gp33 agonist peptide (Movie S12). Differential interference con-
trast images are shown in the top rows, with top-down, maximum projec-
tions of 3D Cdc42 sensor fluorescence data (in a rainbow false-color scale
increasing from blue to red) in the bottom rows. Time relative to tight cell
couple formation (in min) is indicated at the bottom.
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a range of 0% to 0.4%. The selective lack of an effect of Cdc42dn
in lytic interactions is consistent with the prior observation that
Cdc42 activity ceases rapidly in such interactions, thus rendering
interference with Cdc42 activation mute. Cdc42dn thus exerted its
most prominent effect on nonkilling interactions, suggesting
a dominant role of Cdc42 in the stabilization of such interactions.
Rac data that establish specificity for Cdc42dn are given in the
SI Text (Fig. 4A and Fig. S5).

Increasing Transience of NK Cell Polarization by Interference with
Cdc42 Activation Enhances the Percentage of Responders in Target
Cell Lysis and IFN-γ Secretion. If transience in cytolytic effector
polarization was required for efficacious function, then desta-
bilization of nonkilling cell couples by impairing cytolytic effector
polarization, as accomplished by Cdc42dn, should enhance cy-
tolytic effector function. We therefore determined the effect of
Cdc42dn on target cell killing and IFN-γ secretion for IL-12/18
NK cells, as summarized in relation to polarization features in
Table S1.
As an indirect measure of killing activity at the single-cell

level, we studied cell surface expression of CD107a (LAMP),
a lysosomal protein that remains temporarily on the NK cell
surface after lytic granule release (Fig. 4 B and C, Fig. S6 A–C,
and Table S2). Upon treatment with Cdc42dn, the percentage of
IL-12/18 NK cells with enhanced CD107a expression was in-
creased by 14 ± 5% (P < 0.05; Fig. 4B and Table S2). In IL-15
and IL-2 NK cells, the frequency of NK cells with enhanced
CD107a expression in response to YAC-1 contact was also in-
creased by 12 ± 5% and 12 ± 2% (P < 0.05; Fig. 4B and Table
S2). Treatment with Cdc42dn thus modestly enhanced the
number of NK cells that degranulate. In addition, upon treat-
ment with Cdc42dn, the percentage of IL-15 NK cells producing
IFN-γ in response to YAC-1 target cells (Fig. S7 and Table S2)
was significantly increased by 40 ± 16% (P < 0.05; Fig. S7A and
Table S2). NK cell priming with IL-18 induces substantial IFN-γ
secretion per se, preventing a determination of IFN-γ secretion
in response to target cell contact. In the bulk lysis of YAC-1
target cells by IL-12/18 NK cells (Fig. 4D, Fig. S6 D–F, and Table
S2), treatment of the IL-12/18 NK cells with Cdc42dn did not
have a substantial effect (Fig. 4D). Given the high frequency of
cell coupling under these conditions (Fig. S5D), the modest
enhancement of the percentage of NK cells that degranulate
(Fig. 4B) likely did not register as substantial change in bulk
killing. Interestingly, however, in the lysis of P815 cells incubated
with anti-NKG2D, a weaker stimulus as characterized in the
supplementary text, killing by IL-12/18 NK cells was significantly
enhanced (P = 0.001) upon treatment with Cdc42dn by 40 ± 6%
(Fig. 4D) from 7.5% to 10% specific lysis at an effector-to-target
ratio of 20:1 across multiple assays to 10% to 13.5% (Table S2).
Thus, under limiting conditions, freeing IL-12/18 NK cells from
nonproductive cell couples by enhancing their transience could
affect bulk lysis.
Together these data establish an important role of transient

polarization in effective NK cell function: selective destabiliza-

Fig. 3. Transient and central accumulation of active Cdc42 at the effector/
target cell interface is related to effective target lysis (A). The percentage of
sensor for active Cdc42 translocated to the cytolytic effector/target cell in-
terface is given as a function of time relative to tight cell coupling with SEs
for the following interactions: P14 T cells/EL4 target cells/10 μM gp33 agonist
peptide, IL-2 NK cells/YAC-1 target cells, or IL-12/18 NK cells with YAC-1 or
P815/α-NKG2D target cells, as indicated. To account for low numbers of cell
couples with interface Cdc42 accumulation in IL-12/18 NK/ P815/α-NKG2D
targets cell interactions, time points 2 through 7 were averages of time
points 1, 2, 3 to 6, 7, and 8, respectively. On average 42 cell couples (range,
31–64) were analyzed per condition. For normalized data and percentage of
cell couples with accumulation displayed separately, see Fig. S3 B and C. (B)
For IL-12/18 NK cell/YAC-1 interactions, the data from A are displayed sep-
arately for nonkilling (broken line) and lytic (solid line) interactions. Com-
parable data for IL-12/18 NK cell/P815/α-NKG2D interactions are given in Fig.
S3D. (C) Of all time points with interface accumulation from all cell couples
analyzed for each condition, percent time points with interface accumula-
tion of active Cdc42 in the indicated pattern is given with SEs for interactions
defined in A. Differences in percentage of central accumulation of active
Cdc42 between CTLs and both NK cell types are all significant at P < 0.001.

On average 220 time points (range, 71–687) from an average of 42 cell
couples (range, 31–64) were analyzed. (D) Average percentage of specific
lysis from chromium release assays (Fig. 1C) is plotted against measures for
the intensity of interface accumulation of active Cdc42 (percentage of sensor
for active Cdc42 translocated to the interface at time 0; Fig. 3A), its tran-
sience (percentage of sensor for active Cdc42 translocated to the interface at
time point 0 min relative to time 5; Fig. S3B), and its centrality (percentage of
time points with central accumulation; Fig. 3C) for the following inter-
actions: P14 T cells/EL4 target cells/10 μM gp33 agonist peptide (data points
on the right), IL-2 (data points on left), or IL-12/18 NK cells (data points in
middle) with YAC-1 target cells. Measures of Cdc42 accumulation are nor-
malized to the most intense value. Linear regression analysis was performed
and regression curves with correlation coefficients are given.
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tion of interface actin accumulation in nonproductive NK cell/
target cell couples by Cdc42dn could consistently enhance re-
sponder frequencies in killing and cytokine secretion. Cdc42dn
had no comparable effects on CTL function, neither with
a strong stimulus (10 μM gp33 agonist peptide; Fig. 4D) nor with
a limiting one (1 nM gp33; Table S2). In CTLs, cellular polari-
zation was inherently more transient, thus alleviating a need for
experimental destabilization of nonproductive cell couples.
Establishing specificity, effects of Rac1dn differed (SI Text).

Discussion
Cytolytic effectors must polarize toward their target cells for
effective function. Here we show that, in the physiological in-
teraction of primary cytolytic effectors with susceptible target
cells, spatiotemporal features of polarization, in particular
transience, were critical. In the regulation of cytolytic effector
polarization, Cdc42 promoted sustained actin dynamics, thus
diminishing transience. This model refines our previous char-
acterization of different mechanisms of polarization in adaptive
versus innate cytolysis (12). CTLs, having undergone extensive
control of their specificity in their initial priming with dendritic
and helper T cells, can afford to polarize effectively and, as
shown here, highly transiently for effective killing in sequen-
tial target cell interactions. In contrast, NK cells, because of
more limited checks on their specificity during innate cytokine
priming, have to polarize more tentatively. NK cell/target cell
couples often proceed to target cell lysis more slowly. This

delay should be beneficial in allowing time for the necessary,
more sensitive distinction between self and nonself during the
actual target cell contact. Yet, as shown here, the decreased
transience comes at the price of reduced killing efficacy. NK
cells are more easily trapped in long-lasting (>30 min) inter-
actions, decreasing availability for sequential target cell inter-
actions. Stable interface actin accumulation could impair killing
by preventing repolarization toward secondary targets, as dy-
nein motors associated with the peripheral actin ring are used
to position the microtubule organizing center (MTOC) at the
cytolytic effector/target cell interface (30). In addition, long
lasting NK cell/target cell couples did not lead to target cell
lysis, thus further diminishing killing at the population level.
Here sustained strong and stable interface actin accumulation
could impede the myosin-dependent transport of cytolytic
granules through the actin cortex (31) or translocation of
granules from the periphery of the interface to its center (32).
As an important future challenge, signaling events that down-
regulate the initially strong polarization in efficient cytolysis
need to be identified. They could involve tyrosine phosphatases
to terminate proximal signaling, GTPase-activating proteins to
limit Rho GTPase activity, or actin severing proteins to de-
polymerize cortical actin.

Materials and Methods
Cells. CTLs were generated from P14 TCR transgenic mice by primingwith APC
plus peptide (12). IL-12/18 NK cells were generated by culturing murine B6

Fig. 4. Increasing transience in NK cell polarization with Cdc42dn yields enhanced target cell lysis (A). The percentage of actin-GFP translocated to the IL-12/
18 NK cell/YAC-1 target cell interface is given with SEs upon treatment with 100 nM Cdc42dn or Rac1dn as a function of time relative to tight cell couple
formation separately for nonkilling (broken line) and lytic (solid line) interactions, as indicated. Differences relative to buffer only are significant (P ≤ 0.05) at
all time points at or greater than 0 min for treatment with Rac1dn and Cdc42dn in nonkilling interactions, but not for treatment with Cdc42dn in lytic
interactions. On average 30 cell couples (range, 18–37) were analyzed per treatment condition. For data on all cytolytic effectors without distinction between
lytic and nonkilling cell couples, see Fig. S5 A–C. (B–D) Changes in cytolysis upon treatment with 100 and 350 nM Cdc42dn or Rac1dn in the following
interactions as indicated was analyzed: P14 T cells/EL4 target cells/10 μM gp33 agonist peptide, IL-2, IL-15, or IL-12/18 NK cells/YAC-1 (default) or P815/
α-NKG2D target cells. (B and C) Percentage change with SEs in percent cytolytic effectors expressing CD107a (B) and in the median CD107a expression within
this population (C) are given. Single and double asterisks denote significance (P < 0.05/P < 0.005) between Cdc42dn/Rac1dn–treated and buffer only samples.
Three to six independent replicates of each assay were performed. Raw analysis and representative data are given as Table S2 and Fig. S6 A–C. (D) Percentage
change in bulk killing as assessed by chromium release at a 20:1 effector-to-target cell ratio is given similar to B. Two to four independent replicates of each
assay were performed. Raw analysis and representative data are given in Table S2 and Fig. S6 D–F.
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splenocytes with 1 ng/mL IL-12 and 100 ng/mL IL-18 (12). For the generation of
IL-15 NK cells, first, mitomycin C–treated splenocytes were treated with 10 ng/
mL LPS to induce expression of the IL-15 receptorα-chain.Oneday later, 3× 106

B6 splenocytes were added in the presence of 20 ng/mL IL-15 (R & D Systems).
For the generation of IL-2 NK cells, T cell–depleted B6 splenocytes were cul-
tured with 500 U/mL IL-2. Before use, IL-2 NK cells were sorted again for ab-
sence of CD3. Moloney murine leukemia virus–based retroviral transduction
was performed 1 d after culture initiation (12). All functional assays were ex-
ecuted on d 5 or 6 of the cultures. As target cells, EL-4 thymoma cells incubated
with gp33 agonist peptide (for CTLs), YAC-1 lymphomas, and P815 cells in-
cubated with 5 μg/mL anti-NKG2D (for NK cells) were used. All experiments
involving vertebrate animals were approved by the University of Texas
Southwestern Medical Center Institutional Animal Care and Use Committee.

Protein Transduction. Protein transduction versions of Cdc42dn and Rac1dn,
their purification, and their functionality in primary lymphocytes are
established (24, 25). Cytolytic effectors were incubated with the protein
transduction reagents for 30 min at 37 °C at the indicated concentrations
before the functional assays (25). To account for the slow loss [τ of ap-
proximately 4 h (24)] of protein transduction reagents in the long-term IFN-γ
assays, the initial incubation concentration was doubled (e.g., 200 nM
reagents for the 100 nM condition). As in the functional assays significant
differences between 100 and 350 nM data were not found, pooled data for
100 and 350 nM Cdc42dn are presented.

Imaging. Imaging methods are extensively published (12, 24, 25, 27) and
repeated in detail in the SI Text.

Cytolysis, IFN-γ Production, NKG2D, and Perforin Expression. Chromium-
release bulk killing assays were executed as established (12). As numbers of
IL-15 NK cells were low, chromium-release assays could not be executed.
CD107a expression on NK cells was determined in NK cell–target cell couples
by FACS. Target cells were identified by labeling with carboxyfluorescein
succinimidyl ester. The staining was as in the work of Andzelm et al. (11). For
the reliable detection of changes in CD107a cell surface expression, strong
NK cell stimuli were required, as provided by YAC-1 target cells. Of note,
CD107a expression is an indirect measure of killing activity that is not neces-
sarily correlated with target cell lysis. IFN-γ production in cytolytic effector–
target cell couples was determined by intracellular cytokine staining (33).
For FACS staining for NKG2D, a phycoerythrin-conjugated antibody from
eBioscience (CX5) was used. For Western blotting for perforin, 250,000 live
cells were sorted and lysates were blotted with the antiperforin antibody
from Cell Signaling Technologies.
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