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SUMMARY

Natural killer (NK) cell inhibitory receptors recruit
tyrosine phosphatases to prevent activation, induce
phosphorylation and dissociation of the small
adaptor Crk from cytoskeleton scaffold complexes,
and maintain NK cells in a state of responsiveness
to subsequent activation events. How Crk contrib-
utes to inhibition is unknown. We imaged primary
NK cells over lipid bilayers carrying IgG1 Fc to stim-
ulate CD16 and human leukocyte antigen (HLA)-E
to inhibit through receptor CD94-NKG2A. HLA-E
alone induced Crk phosphorylation in NKG2A* NK
cells. At activating synapses with Fc alone, Crk was
required for the movement of Fc microclusters and
their ability to trigger activation signals. At inhibitory
synapses, HLA-E promoted central accumulation of
both Fc and phosphorylated Crk and blocked the
Fc-induced buildup of F-actin. We propose a unified
model for inhibitory receptor function: Crk phosphor-
ylation prevents essential Crk-dependent activation
signals and blocks F-actin network formation,
thereby reducing constraints on subsequent en-
gagement of activation receptors.

INTRODUCTION

Regulation, both positive and negative, at multiple levels is
required to maintain proper balance in cellular responses.
Among the mechanisms for negative regulation is the dominant
inhibition by receptors that carry immunoreceptor tyrosine-
based inhibition motifs (ITIMs) in their cytoplasmic tail (Long,
1999; Ravetch and Lanier, 2000). For example, the cytotoxic
activity of natural killer (NK) cells is blocked by the binding of
inhibitory receptors to major histocompatibility complex (MHC)
class | molecules expressed on target cells (Ciccone et al.,
1992; Karlhofer et al., 1992). ITIM-bearing receptors constitute
a large family, which are involved in negative regulation of
many responses in different types of cells (Daéron et al., 2008;
Long, 2008; Ravetch and Lanier, 2000). The importance of
understanding the mechanism of inhibition for the purpose of
clinical intervention is underscored by the case of exhausted
T cells and B cells, which upregulate expression of multiple

600 Immunity 36, 600-611, April 20, 2012 ©2012 Elsevier Inc.

ITIM-bearing receptors during chronic viral infection (Barber
et al., 2006; Day et al., 2006; Kardava et al., 2011; Virgin et al.,
2009).

MHC class I-specific inhibitory receptors have a role in
promoting intrinsic responsiveness of NK cells to subsequent
activation signals (i.e., signals delivered in the absence of inhib-
itory receptor engagement) (Anfossi et al., 2006; Hoglund and
Brodin, 2010; Kim et al., 2005). NK cells tune their responsive-
ness commensurate with the strength of signals received from
inhibitory receptors (Brodin et al., 2009; Hoéglund and Brodin,
2010; Joncker et al., 2009). However, it is not clear yet whether
inhibitory receptors prevent desensitization of NK cells caused
by continuous stimulation, the “disarming” model, and/or deliver
a specific signal that results in “arming” or “licensing” of NK cells
(Joncker and Raulet, 2008; Yokoyama and Kim, 2006).

Inhibitory receptors on NK cells have been the prototype in
studies of the ITIM-based inhibitory signaling pathway (Burshtyn
and Long, 1997; Daéron et al., 2008; Long, 2008). In human NK
cells, they include the family of killer cell Ig-like receptors (KIR)
and the lectin-like heterodimer CD94-NKG2A. Phosphorylation
of two ITIMs in the cytoplasmic tail of an inhibitory receptor
results in specific recruitment of tyrosine phosphatase SHP-1
or SHP-2 (Burshtyn et al., 1996; Olcese et al., 1996). SHP-1 is
required for ITIM-dependent functional inhibition of natural
cytotoxicity (Burshtyn et al., 1996; Gupta et al., 1997). Work on
some of the other members of the ITIM-bearing receptor family
suggests a similar mechanism for inhibition (Daéron et al.,
2008; Long, 2008). An advance in understanding inhibitory
signaling was the identification of Vav1 as a major substrate of
SHP-1 in NK cells during inhibition by MHC class | on target cells
(Peterson and Long, 2008; Stebbins et al., 2003). Given the
essential role of Vav1 in TCR-dependent signals for Ca®* mobi-
lization, F-actin remodeling, and synapse formation (Tybulewicz,
2005), dephosphorylation of the activating phospho-tyrosines in
Vav1 can explain the inhibition of actin-dependent signals by
ITIM-bearing receptors (Dietrich et al., 2001; Guerra et al.,
2002; Masilamani et al., 2006; Riteau et al., 2003).

A new component of the inhibitory signaling pathway used
by KIR and by CD94-NKG2A has been identified (Peterson and
Long, 2008). During contact of NK cells with target cells that
express an MHC class | ligand for the inhibitory receptor, the
small adaptor Crk becomes phosphorylated, associates with
the tyrosine kinase c-Abl, and dissociates from signaling
complexes that form during activation. A membrane-targeted
form of Crk lacking the tyrosine that serves as a substrate for
c-Abl can partially overcome inhibition by KIR, suggesting that
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Figure 1. Inhibitory NK Cell Inmunological Synapses Formed with
lgG1 Fc and HLA-E

(A and B) Three-dimensional confocal images of fixed NK cells over lipid
bilayers carrying Fc-Alexa Fluor 488 (A) and HLA-E-Alexa Fluor 488 (B).

(C) TIRF image of two different fixed NK cells over a lipid bilayer carrying HLA-
E-Alexa Fluor 568. Cell #1 shows HLA-E clustering without hole. Cell #2 shows
HLA-E clustering with a central hole.

(D) The frequency of each type of clustering is shown.

(E) Three-dimensional confocal images of fixed NK cells over bilayers carrying
HLA-E-Alexa Fluor 568 (red) and Fc-Alexa Fluor 488 (green).

(F) TIRF image of a live NK cell over a bilayer carrying HLA-E-Alexa Fluor 568
(red) and Fc-Alexa Fluor 488 (green). See also Movie S2.

(G) Frequency of organized, concentric synapses versus disorganized
synapses.

Scale bars represent 3.0 um. NK cells were fixed about 60 min after addition
to bilayers. The images are representative of 79 cells for TIRF images and
48 cells for 3D confocal images in three independent experiments. See also
Movie S1.

phosphorylation of Crk contributes to inhibition (Peterson and
Long, 2008). Complexes of Crk with the scaffold proteins c-Cbl
and p130CAS contribute to cytoskeletal organization and
promote actin-driven lamellipodiae (Birge et al., 2009; Chodnie-

wicz and Klemke, 2004; Nakashima et al., 1999). There are two
isoforms of Crk, Crkll and CrkL, which are encoded by separate
genes (Matsuda et al., 1992; ten Hoeve et al., 1993). Each is
composed of one Src homology-2 (SH2) and two SH3 domains.
NK cells express both isoforms, which we refer to here as Crk.
Crk binds to phosphorylated tyrosine motifs in p130CAS and
c-Cbl via its SH2 domain and recruits the guanine exchange
factor C3G via the N-terminal SH3 domain. C3G activates the
small GTPase Rap1, which promotes leukocyte function-associ-
ated antigen-1 (LFA-1)-dependent adhesion (Reedquist et al.,
2000). The phosphorylation of Crk during inhibition of NK cells
has raised new questions about the role of Crk in NK cell activa-
tion, the contribution of Crk phosphorylation to inhibition, and
how it may relate to the ITIM-dependent tuning of NK cell
responsiveness.

To address these questions, we imaged human primary NK
cells over supported planar lipid bilayers that carry ligands of
activating and inhibitory receptors. Live imaging would provide
information on the dynamics of inhibitory immunological
synapses not available from previous images of fixed NK cells
(Almeida and Davis, 2006; Culley et al., 2009; Davis et al.,
1999; Vyas et al., 2001). Inhibitory synapses were formed with
the combination of an IgG1 Fc as a ligand for CD16 and of
HLA-E as a ligand for inhibitory receptor CD94-NKG2A. Our
live imaging showed that both ligands coalesced into a single
central cluster at the early phase of inhibitory synapse formation.
HLA-E inhibited the formation of Fc microclusters, but not the
central accumulation of Fc. Crk was phosphorylated in response
to CD94-NKG2A binding to HLA-E and accumulated at the
center of inhibitory synapses. Silencing of Crk expression in
primary NK cells resulted in impaired activation through CD16,
as shown by deficient Fc clustering and decreased Vav1 phos-
phorylation. Crk silencing also impaired the ability of inhibitory
receptors to prevent central accumulation of F-actin. A model
for ITIM-based inhibition is proposed to accommodate these
findings.

RESULTS

Inhibitory Immunological Synapses with Primary NK
Cells

To image inhibitory immunological synapses, we used human
primary NK cells over lipid bilayers carrying ligands for activating
and inhibitory receptors. For activation, human IgG1 Fc was
used to engage FcyRIII (CD16). HLA-E is a ligand for both inhib-
itory CD94-NKG2A and activating CD94-NKG2C receptors. We
therefore depleted NKG2C* NK cells from our NK cell prepara-
tions (Figure S1 available online). The distribution of Fc alone
and of HLA-E alone was imaged by 3-dimensional (3D) confocal
microscopy and 2-dimensional (2D) total internal reflection fluo-
rescence (TIRF) microscopy. Images of fixed NK cells showed
that Fc and HLA-E accumulated at the center of synapses
(Figures 1A-1C). About 65% of HLA-E clusters included a central
hole (Figure 1D). Lipid bilayers carrying both Fc and HLA-E were
used to image inhibitory synapses. NKG2A is expressed on a
subset of primary NK cells, so we used clustering of HLA-E as
our operational definition of inhibitory synapses. We imaged
degranulation on live cells, as described (Liu et al., 2009), to
monitor inhibition. Consistent with dominant inhibition of CD16
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by CD94-NKG2A (Bryceson et al., 2009), NKG2A™ NK cells did
not degranulate, whereas strong degranulation occurred in NK
cells that did not engage HLA-E (Movie S1).

As shown by 3D confocal microscopy, Fc was observed
mostly at the center, surrounded by HLA-E (Figure 1E). This
organized pattern was also observed with live NK cells in 2D
TIRF images (Figure 1F; Movie S2). The majority of inhibitory
synapses appeared well organized (Figure 1G). Therefore,
primary NK cells form inhibitory synapses over lipid bilayers
carrying ligands for CD16 and CD94-NKG2A.

On lipid bilayers carrying Fc alone, Fc formed peripheral mi-
croclusters, which moved toward the center, where they accu-
mulated (Figure 2A; Movie S3). HLA-E alone also accumulated
rapidly at the center, apparently by forming a peripheral ring
that moved toward the center (Figure 2B; Movie S4). Live images
of inhibitory synapses formed over Fc and HLA-E revealed
dynamics that could not have been inferred from images of fixed
cells. Fc and HLA-E formed a few transient microclusters (Fig-
ure 2C; Movie S5) and converged to form a single central cluster
(Figure 2C). The number of Fc clusters formed in the presence of
HLA-E was reduced (7 + 1.2), as compared to the number
observed with Fc alone (15 + 2.3) (Figure 2D). However, the
size of central Fc clusters was not affected by HLA-E (Figure 2E).
We conclude that inhibitory receptor CD94-NKG2A blocks the
formation of Fc microclusters, but not the overall accumulation
of Fc at the center of inhibitory synapses.

HLA-E Induces Crk Phosphorylation in NKG2A™ NK Cells
Binding of inhibitory NK cell receptors to MHC class | on target
cells induces tyrosine phosphorylation of the adaptor Crk,
concomitant with dephosphorylation of Vav1 (Peterson and
Long, 2008). To examine these signaling events, we fixed and
stained NK cells on lipid bilayers with phosphospecific Abs to
Vav1 and Crk. Phosphorylation of Vav1 at tyrosine 174 (pY174-
Vav1) is a marker of activation. The majority of NK cells activated
by Fc showed strong staining for pY174-Vav1, which had a fair
overlap with the Fc cluster under 3D reconstructions of confocal
slices (Figure 3A). Most of the synapses formed with HLA-E
alone did not show any central pY174-Vav1 staining (Figure 3B).
However, punctate staining for pY174-Vav1 was often observed
at the edge of NK cells (Figure 3B), which may relate to active
peripheral membrane dynamics. Phosphorylation of Crk was
examined with an Ab to CrkL phosphorylated at tyrosine 207
(pY207-CrkL). No pY207-CrkL was seen at activating synapses
induced by Fc alone (Figure 3C). In contrast, central pY207-
CrkL staining was obtained with NK cells bound to HLA-E
(Figure 3D). There was very good overlap between pY207-CrkL
staining and the HLA-E cluster. These results suggest that
engagement of CD94-NKG2A by HLA-E alone is sufficient to
induce Crk phosphorylation.

We considered the possibility that HLA-E, which was refolded
with B2-microglobulin and peptide after expression in bacteria,
could induce Crk phosphorylation independently of its binding
to NKG2A. A control experiment with NKG2C* NK cells (obtained
by depletion of NKG2A™ cells) was devised to directly test it.
HLA-E clusters formed with NKG2C* NK cells, but did not
show staining for pY207-CrkL (Figure S2). Therefore, Crk phos-
phorylation occurs only when HLA-E bound to the inhibitory
receptor CD94-NKG2A.
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To further demonstrate Crk phosphorylation in NK cells that
were bound to HLA-E alone and to visualize Crk phosphorylation
in live cells, primary NK cells expanded in interleukin-2 (IL-2)
were transfected with a CrkL biosensor, which includes a trun-
cated CrkL protein sandwiched between Venus, a variant of
YFP, and enhanced cyan fluorescent proteins (Mizutani et al.,
2010). The CrkL biosensor is designed to emit Forster resonance
energy transfer (FRET) signals when CrkL is phosphorylated
(Mizutani et al., 2010). As control, we generated a mutant in
which tyrosine 207 had been changed to phenylalanine
(Y207F). A strong signal, measured as the ratio of FRET and
ECFP emissions, was observed in NK cells bound to HLA-E (Fig-
ure S3). Crk phosphorylation was highly dynamic, suggesting
a continuous balance of phosphorylation and dephosphorylation
(Movie S6). These results confirm that HLA-E alone induces
phosphorylation of Crk in NKG2A* NK cells.

We then stained fixed NK cells that had formed inhibitory
synapses over lipid bilayers carrying Fc and HLA-E. pY174-
Vav1 was detected at the center of most inhibitory synapses
(Figure 3E), but a quantitative analysis by TIRF microscopy
showed that the fluorescence intensity of pY174-Vavl was
lower than it was in NK cells stimulated by Fc alone (Figure 3F),
consistent with dephosphorylation of Vavl by SHP-1 during
inhibition of NK cells (Peterson and Long, 2008; Stebbins
et al., 2003). Staining for pY207-CrkL in fixed inhibitory
synapses formed over Fc and HLA-E revealed strong accumu-
lation of phosphorylated Crk at the center of inhibitory synapses
(Figure 3G). Tracings of fluorescence intensity of HLA-E and
pY207-CrkL across several inhibitory synapses showed that
p-CrkL was distributed mostly inside a ring of HLA-E (Figure S4).
These images cannot determine where CrkL becomes phos-
phorylated, i.e., whether it was phosphorylated at the center
of the synapse or whether phosphorylated CrkL moved to the
center. Note, however, that Fc and HLA-E overlapped at the
early stages of inhibitory synapse formation (Figure 2C). A quan-
titative analysis of TIRF images showed that the intensity of
phosphorylated Crk was even higher than on lipid bilayer
carrying HLA-E only (Figure 3H). Therefore, we conclude that
central accumulation of phosphorylated Crk is a striking feature
of inhibitory synapses formed by NKG2A* NK cells over Fc and
HLA-E.

We next tested whether the accumulation of phosphorylated
Crk occurred also at inhibitory synapses of NK cells in contact
with a target cell. Tyrosine phosphorylation of Crk has been
detected after the binding of NK cells to resistant, HLA class
l-expressing target cells (Peterson and Long, 2008). The
NKG2A™" cell line NKL cell was allowed to form conjugates with
the HLA class I-negative cell line 721.221 and 721.221 cells
expressing HLA-E at the cell surface (221-E). As expected, phos-
phorylated Vav1 accumulated at synapses of NKL with 721.221
cells, but not at inhibitory synapses with 221-E cells (Figure 4).
Perforin-containing lytic granules polarized toward 721.221
cells, but not 221-E cells (Figure 4). In contrast, phosphorylated
Crk was not detected at activating synapses, but accumulated at
inhibitory synapses of NKL with 221-E cells (Figure 4). Thus, the
presence of phosphorylated Crk is a general feature of inhibitory
synapses formed between NK cells and membranes that include
a ligand for an MHC class I-specific inhibitory receptor on the
NK cells.
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Figure 2. Live Imaging of Inhibitory NK Cell Inmunological Synapses

(A and B) Live TIRF images of NK cells after addition to bilayers carrying either Fc-Alexa Fluor 568 (A) or HLA-E-Alexa Fluor 568 (B). See also Movies S3 and S4.
(C) TIRF images of a live NK cell ~2 min after addition to a lipid bilayer carrying HLA-E-Alexa Fluor 568 (red) and Fc-Alexa Fluor 488 (green). See also Movie S5.
(D) Number of peripheral Fc microclusters (MC) formed on Fc alone and on Fc with HLA-E (Fc + HLA-E).

(E) The size of central clusters (CC) of Fc formed on Fc alone and on Fc with HLA-E (Fc + HLA-E).

Scale bars represent 3.0 um. Error bars indicate the standard error of the mean (SEM). The images are representative of at least 17 cells in two independent
experiments.

Impaired Fc Clustering and Vav1 Phosphorylation after ure S5). After Crk silencing, NK cells on lipid bilayers carrying
Crk Silencing Fc displayed Fc clusters that remained dispersed over the entire
To investigate the role of Crk in activating synapse formationand  synapse and failed to move toward the center (Figures 5A and
signaling, expression of Crkll and CrkL was silenced in NKG2C*-  5B; Movie S7). To overcome the partial Crk silencing by siRNA
depleted, IL-2-activated NK cells by siRNA transfection (Fig- (Figure S5), we stained the fixed cells with an Ab to CrkL and
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Figure 3. HLA-E Induces Central Accumula-
tion of Phosphorylated Crk

(A and B) 3D confocal images of NK cells on lipid
bilayers carrying either Fc-Alexa Fluor 568 (A) or
HLA-E-Alexa Fluor 568 (B). Fixed and per-
meabilized cells were incubated with Abs to
pY174-Vav1 and with Alexa Fluor 488-conjugated
secondary Ab. The frequency of cells showing
overlapping Fc and p-Vav (A) or HLA-E and p-Vav
(B) is indicated by dark shaded bars on the right.

n=30

Frequency (%)

n=234

Frequency (%) Cells with nonoverlapping staining are indicated
by light shaded bars.
n=21 (C and D) 3D confocal images of NK cells on lipid

bilayers carrying either Fc-Alexa Fluor 488 (C) or
HLA-E-Alexa Fluor 488 (D). Fixed and per-
meabilized cells were incubated with Abs to
pY207-CrkL and with Alexa Fluor 568-conjugated
secondary Ab. The frequency of cells showing
overlapping Fc and p-CrkL (C) or HLA-E and
p-CrkL (D) is indicated by dark shaded bars on the
right. Cells with nonoverlapping staining are indi-
cated by light shaded bars. See also Figure S3.
(E) 3D confocal imaging of an NK cell on a lipid
bilayer carrying Fc-Alexa Fluor 568 (blue) and
HLA-E-Alexa Fluor 488 (green). pY174-Vav1 was
stained as in (A) but with an Alexa Fluor 647-
conjugated secondary Ab (red). The dark shaded
bar on the right indicates cells displaying phos-
phorylated Vav-1 at the center within a ring-like
distribution of HLA-E. The light shaded bar indi-
cates cells with organized inhibitory synapses and
without central pY174-Vav1.

(F) The mean fluorescence intensity of phosphor-
ylated Vav1 was determined for activating (Fc)
and inhibitory (Fc + HLA-E) synapses by TIRF
microscopy.

(G) 3D confocal imaging of an NK cell on a lipid
bilayer carrying Fc-Alexa Fluor 568 (blue) and
HLA-E-Alexa Fluor 488 (green). Phosphorylated
CrkL was stained as in (D) (red). The dark shaded
bar on the right indicates cells with central accu-
mulation of p-Crk within a ring-like distribution of
HLA-E. The light shaded bar indicates cells with
organized inhibitory synapses without central
o accumulation of p-Crk. See also Figure S4.

Frequency (%)

n=34

Frequency (%)

n =62

Frequency (%)

HLIA-E Fc + I—IiLA-E (H) The mean fluorescence intensity of phosphor-
ylated CrkL induced by HLA-E alone (HLA-E) or at
inhibitory synapses (Fc + HLA-E) was determined
by TIRF microscopy.

Scale bars represent 3.0 um. Error bars indicate the standard error of the mean (SEM). Images were captured ~60 min after adding NK cells onto the bilayer. The
images are representative of at least 20 cells in two independent experiments. See also Figure S2 and Movie S6.

selected cells with strong Crk silencing to image pY174-Vav1.
Staining for pY174-Vav1 revealed a striking decrease after Crk
silencing, as seen by TIRF microscopy (Figure 5B) and 3D
confocal imaging (Figure 5C). A quantitative analysis of TIRF
images showed that the intensity of p-Vav1 in Crk-silenced NK
cells was decreased (Figure 5D). We conclude that Crk controls
not only the clustering of activating receptors but also their ability
to signal.

Despite incomplete Crk silencing in the NK cell population
(Figure S5), degranulation by NK cells stimulated with an Ab to
CD16 was reduced by 19.2% + 9.6% (n = 9, p = 0.0003), as
compared to NK cells transfected with control siRNA (Table
S1). These results are in line with other studies (Peterson and
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Long, 2008; Segovis et al., 2009) and show that Crk (either CrKll,
CrkL, or both) contributes to CD16-induced degranulation.

HLA-E Restores Fc Clustering after Crk Silencing

Clustering of HLA-E on lipid bilayers was not affected by Crk
silencing, as seen by TIRF microscopy with live (Figure 6A) and
fixed (Figure 6B) NK cells. Similar results were obtained by 3D
confocal microscopy (Figure 6C). We then examined inhibitory
synapses formed with Fc and HLA-E. By TIRF microscopy, Fc,
HLA-E, and pY207-CrkL all appeared accumulated at the center
of the inhibitory synapse (Figure 6D). This synapse was probably
caught at an earlier stage than inhibitory synapses where Fc and
HLA-E have been segregated (as in Figure 3G). A strong
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Perforin

Figure 4. Phosphorylated Crk Accumulates at
Inhibitory Synapses between NKL and 221-E Cells
NKL cells were conjugated with the HLA class I-negative
human cell line 721.221 (221) and 221 cells expressing
HLA-E (221-E) for 60 min. DIC images are shown on the
left. Confocal microscope z-series were obtained and
projected serial confocal sections are shown.

(A) Fixed and permeabilized cells were incubated with Abs
to pY174-Vav1 followed by Alexa Fluor 488-conjugated
secondary Abs (green). Perforin was stained with a primary
Ab followed by Alexa Fluor 647-conjugated secondary
mAb (red). Merged overlays are on the right. For conju-
gates with 221 cells, the dark shaded bar indicates the
frequency of cells displaying polarization of perforin and
pVav-1. For conjugates with 221-E, the dark shaded bar
indicates cells displaying polarization of p-Vav1, but not
perforin; the light shaded bar indicates cells with neither
perforin nor p-Vav1 polarization.

Merge

n=24 n=22 (B) Fixed and permeabilized cells were incubated with Abs

to pY207-CrkL followed by Alexa Fluor 488-conjugated

221 221-E secondary Abs (green). Perforin was stained as in (A). For
| i i . | . . i . . 221 conjugates, the dark shaded bar indicates cells dis-

0 20 40 60 80 100 0 20 40 60 80 100 playing polarization of perforin and no p-CrkL. For 221-E
Frequency (%) Frequency (%) conjugates, the dark shaded bar indicates cells displaying

. no perforin polarization and no p-CrkL; the light shaded

EIC pCrkL Perforin Merge bar indicates cells displaying polarization of p-CrkL, but

not perforin.
Scale bars represent 2.0 um. The images are representa-
tive of 20 cells in two independent experiments.

chalasin D (Cyto D) on activating and inhibitory
synapses. A short incubation of 2 to 5 min with
low concentrations of Cyto D (0.5 or 1.0 uM)
was used. After Cyto D treatment, primary NK
cells were tested on lipid bilayers carrying Fc:
Clustering of Fc was undetectable by 3D con-
focal (Figure S6A) and 2D TIRF microscopy (Fig-
ure S6B). In contrast, HLA-E clustering was
observed with NK cells added to lipid bilayers

n=20 carrying HLA-E alone after Cyto D treatment

(Figures S6C and S6D). Furthermore, clusters

221-E of Fc were observed after Cyto D treatment

T . of NK cells on lipid bilayers carrying Fc and

20 _ 40 100 20 40 60 80 100 HLA-E (Figures S6E and S6F). These results
Frequency (% Frequency (%)

colocalization of Fc and HLA-E was also observed after Crk
silencing (Figure 6D), even though Crk silencing impaired the
clustering of Fc alone (Figure 5). Therefore, HLA-E overcomes
the Crk dependence of Fc clustering and promotes Fc clustering
in the absence of Crk.

The ability of HLA-E to cluster and to promote clustering of Fc
may be related to the role of the actin cytoskeleton in receptor
movement. Clustering and signaling by most transmembrane
receptors at the cell surface requires actin polymerization. One
exception is the clustering of inhibitory KIR upon binding to
HLA-C, which is not completely dependent on actin polymeriza-
tion (Davis et al., 1999; Faure et al., 2003; Standeven et al., 2004).
To understand how F-actin may contribute to receptor clustering
and inhibitory synapse formation, we tested the effect of cyto-

show that CD94-NKG2A promotes clustering

of CD16 by overcoming the need for actin poly-

merization in CD16 clustering. They further
suggest that the Crk dependence of CD16 clustering is due to
the contribution of Crk to actin dynamics.

Crk Is Required for HLA-E-Dependent Control of F-Actin
Remodeling

To further address how Crk controls immunological synapse
formation, we imaged F-actin in NK cells over lipid bilayers. NK
cells have little basal F-actin, which appeared evenly dispersed
in both control NK cells and NK cells after Crk silencing (Fig-
ure 7A). At activating synapses formed with Fc alone, accumula-
tion of F-actin was clearly observed in the central part of the
synapse, but extending further to the periphery than the Fc
cluster (Figure 7B). After Crk silencing, dispersed Fc clusters
were observed, asin Figure 5, but actin remodeling was impaired,
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as shown by the fact that F-actin appeared as disorganized
patches (Figure 7B). In NK cells bound to HLA-E alone, F-actin
did not accumulate at the center but formed a peripheral ring
(Figure 7C). HLA-E clustering still occurred after Crk silencing,
but F-actin was more evenly distributed than in control cells (Fig-
ure 7C). At inhibitory synapses formed over Fc and HLA-E,
F-actin accumulated only at the cell periphery, and HLA-E formed
a concentric ring inside the F-actin region (Figure 7D). These
results suggest that the phosphorylation of Crk at the center of
inhibitory synapses prevents F-actin accumulation. Furthermore,
F-actin appeared at the center of inhibitory synapses after Crk
silencing (Figure 7D). We conclude that Crk-dependent signaling
by inhibitory receptor CD94-NKG2A prevents F-actin accumula-
tion in the central region of inhibitory synapses.

DISCUSSION

Activation of many types of cellular responses is under negative
control by ITIM-bearing receptors (Long, 2008). A common
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Figure 5. Crk Silencing Inhibits Fc Clustering and
Vav1 Phosphorylation

(A and B) TIRF images of NK cells transfected with control
siRNA (Mock) and siRNAs for Crkll and CrkL (Crk Silenced)
incubated for 30 min on lipid bilayers carrying Fc-Alexa
Fluor 568. Brightfield (BF) images are shown on the left.
(A) Live NK cells.

(B) Fixed and permeabilized NK cells stained for pY174-
Vav1 followed by Alexa Fluor 647-conjugated secondary
Ab. Total CrkL was stained with primary Ab followed by
Alexa Fluor 488-conjugated secondary Ab in order to
select cells with strong silencing.

(C) 3D confocal imaging of NK cells ~45 min after addition
to a lipid bilayer carrying Fc-Alexa Fluor 568 (red). Treat-
ment with siRNA and staining for pY174-Vav1 and CrkL
was as in (A) and (B).

(D) Mean intensity, in arbitrary units (au), of pY174-Vav1 in
NK cells treated with control siRNA (Mock) and Crk siRNAs
(Crk silenced), incubated for 60 min on lipid bilayers
carrying Fc and imaged by TIRF.

Scale bars represent 3.0 um. Error bars indicate the
standard error of the mean (SEM). The images are repre-
sentative of at least 23 cells in three independent experi-
ments. See also Figure S5, Table S1, and Movie S7.

feature among receptors in the large ITIM-
receptor family is recruitment of tyrosine
phosphatases SHP-1 and SHP-2, which block
tyrosine kinase-dependent activation pathways.
However, we have shown here that dephos-
phorylation by SHP phosphatases was not the
only component contributing to inhibition. We
have imaged inhibitory immunological synapses
formed by primary NKG2A* NK cells over lipid
bilayers carrying ligands for activation (CD16)
and inhibition (CD94-NKG2A) receptors.
Binding of an inhibitory receptor to HLA-E
blocked the formation of IgG1 Fc microclusters,
but not the central accumulation of IgG1 Fc at
inhibitory synapses. HLA-E was sufficient to
induce phosphorylation of Crk in NKG2A* NK
cells. Silencing experiments with siRNA showed that Crk was
required for IgG1 Fc microcluster movement and Vav1 phos-
phorylation during activation and for the block in F-actin
accumulation during inhibition. Our findings support a revised
model for inhibition: Phosphorylation of adaptor Crk induced
by inhibitory receptors blocks essential, Crk-dependent sig-
naling for NK cell activation.

The minimal requirements to form an inhibitory NK cell syn-
apse is to activate through CD16, which induces degranulation,
and inhibit through an ITIM-bearing receptor like CD94-NKG2A,
as shown with an insect cell line transfected with HLA-E (Bryce-
son et al., 2009). We have reconstituted these receptor-ligand
interactions by attaching IgG1 Fc and HLA-E onto lipid bilayers.
The live images obtained here have given insights into the inhib-
itory mechanism, which had not been apparent from images of
fixed NK cell immunological synapses. The concentric distribu-
tion of activating receptors at the center surrounded by inhibitory
receptors was typical of mature synapses. In contrast, early
events, which are more likely to correspond to active signaling
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events, were highly dynamic. Addition of HLA-E to IgG1 Fc on
the lipid bilayer reduced the number of Fc microclusters, as
compared to clusters formed with Fc alone. Because TCR and
BCR microclusters that migrate from the periphery of cells to
the center of immunological synapses represent active signaling
platforms (Harwood and Batista, 2010; Tolar et al., 2008; Varma
etal., 2006), it is likely that peripheral Fc microclusters contribute
to NK cell activation.

The primary NK cells used here formed stable inhibitory
synapses, unlike the cell line NKL transfected with KIR2DL2 on
lipid bilayers carrying ULBP3 (a ligand for activating receptor
NKG2D) and HLA-Cwa3 (a ligand for inhibitory receptor KIR2DL2)
(Abeyweera et al.,, 2011). To overcome the weak inhibitory
synapse formation by NKL cells, Huse’s group used a photoacti-
vation system to switch inhibition on after NKL cells had already
formed an activating synapse. Photoactivation of HLA-Cw3
results in rapid formation of HLA-C microclusters at the cell
periphery and a concomitant loss of the formation of new

Figure 6. HLA-E Promotes
Central Clustering of Fc

(A-C) Images of NK cells transfected with control siRNA
(Mock) and Crk siRNAs (Crk silenced) and incubated on
lipid bilayers carrying HLA-E-Alexa Fluor 568. Brightfield
(BF) images are shown on the left.

(A) TIRF images of live NK cells at 30 min.

(B) TIRF images of NK cells fixed after 30 min and stained
with pY207-CrkL primary Ab followed by Alexa Fluor-488-
conjugated secondary Ab.

(C) 3D confocal imaging of NK cells fixed ~60 min after
addition to the lipid bilayer. Staining for pY207-CrkL
(green) was as in (B).

(D) TIRF images of NK cells fixed ~50 min after addition
to a lipid bilayer carrying Fc-Alexa Fluor 488 (green) and
HLA-E-Alexa Fluor 568 (red) and stained for pY207-CrkL
with primary Ab followed by Alexa Fluor 647-conjugated
secondary Ab (white). Treatment with siRNAs was as in
(A-(D).

Scale bars represent 3.0 pm. The images are representa-
tive of at least 100 cells in three independent experiments.
See also Figures S5 and S6.

Crk-Independent

ULBP3 microclusters (Abeyweera et al., 2011).
Our results are consistent with theirs in one
important aspect: HLA-E engagement impaired
the formation of Fc microclusters. Therefore,
inhibition of CD16 by CD94-NKG2A is similar
to inhibition of NKG2D signals by KIR2DL2.
However, we also observed the formation of a
large central cocluster of Fc with HLA-E. Our
data show that inhibitory receptors block the
ability of activation receptors to signal rather
than their accumulation at the synapse. These
results are consistent with our earlier work
showing that binding of inhibitory KIR to HLA-
C promotes the clustering of activation recep-
tors 2B4 and CD2 (Schleinitz et al., 2008).

HLA-E alone on the lipid bilayer was sufficient
to induce phosphorylation of Crk, as detected
with a phospho-specific Ab in fixed cells and
with a FRET biosensor in live cells. Phosphory-
lated Crk was also detected at inhibitory synapses formed
with human target cells that express HLA-E. The ability of
CD94-NKG2A to induce a phosphorylation event in the absence
of other receptor-ligand interactions represents a paradigm shift
for signaling by an ITIM-bearing receptor. It should no longer be
considered a coinhibition receptor that signals only in the
context of signaling by activation receptors.

Silencing of Crk expression with siRNAs targeted to both iso-
forms, Crkll and CrkL, had profound effects on NK cell activation
by IgG1 Fc. Movement of Fc microclusters, phosphorylation of
Vav1, and accumulation of F-actin were all greatly reduced.
This result places Crk at a very proximal step of the activation
pathway, upstream of the bulk of Vav1 phosphorylation. In
contrast, HLA-E clustering was not affected by Crk silencing
and could in fact restore Fc clustering. Even though HLA-E clus-
tering occurred after Crk silencing, Crk was required for the
ability of HLA-E to prevent accumulation of F-actin at inhibitory
synapses. It is likely that F-actin is disrupted through Crk

Immunity 36, 600-611, April 20, 2012 ©2012 Elsevier Inc. 607
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Figure 7. Crk Is Required for the HLA-E-Dependent Block in F-Actin Accumulation

Confocal z-series of NK cells transfected with control siRNA (Mock) and Crk siRNAs (Crk silenced) and stained for F-actin with phalloidin-Alexa Fluor 647. Total
CrkL was stained with primary Ab followed by Alexa Fluor 488-conjugated secondary Ab in order to select cells with strong silencing. DIC images are shown on
the left. Scale bars represent 3.0 um.

(A) NK cells on poly-L-lysine.

(B) NK cells incubated for ~60 min on lipid bilayers carrying Fc-Alexa Fluor 568. Dark shaded bars represent the frequency of cells with F-actin accumulation
toward the center. Light shaded bars represent cells with disorganized or dispersed F-actin.

(C) NK cells incubated for ~60 min on lipid bilayers carrying HLA-E-Alexa Fluor 568. Dark shaded bars represent cells with a peripheral F-actin ring. Light shaded
bars represent cells with diffuse F-actin.

(D) NK cells incubated for ~60 min on lipid bilayers carrying HLA-E-Alexa Fluor 568 and Fc. Dark shaded bars represent cells with a peripheral F-actin ring. Light
shaded bars represent cells with disorganized F-actin.

The images are representative of at least 20 cells in three independent experiments. See also Figures S5 and S6.

phosphorylation, which causes disassembly of Crk from scaffold  sufficient functional, unphosphorylated Crk remained during

proteins p130CAS and c-Cbl and from the guanine exchange
factor C3G.

The outcome of Crk phosphorylation during inhibition was not
equivalent to an absence of Crk, as obtained after Crk silencing.
Central accumulation of IgG1 Fc was unimpeded during inhibi-
tion but was blocked in the absence of Crk. The possibility that

608 Immunity 36, 600-611, April 20, 2012 ©2012 Elsevier Inc.

inhibition to promote F-actin-dependent clustering is unlikely
because central Fc accumulation was resistant to cytochalasin
D and occurred in a zone that appeared to be depleted of
F-actin. The unusual property of inhibitory receptors of pro-
moting actin-independent clustering of activation receptors
may be related to Crk phosphorylation. Phosphorylated Crk
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could even play a direct role, in addition to the fact that it has
been dissociated from signaling complexes. Phosphorylation
provides much finer temporal and spatial regulation than the
presence or absence of a molecule: Local Crk phosphorylation
may disrupt F-actin at the center of inhibitory synapses, while
allowing formation of a peripheral F-actin ring.

We propose a model for inhibitory signaling that incorporates
the important contribution of regulation by Crk and how it could
account for the ITIM-dependent maintenance of NK cell respon-
siveness to subsequent activation (also known as NK cell
licensing). The model is still compatible with an important contri-
bution of SHP-1 to inhibition. It is clear that the underlying
actin network is essential for the formation of and signaling by
microclusters of activation receptors. As an efficient way to
block NK cell activation at a proximal step, even upstream of
Vav1 phosphorylation, inhibitory receptors disrupt the actin
network through phosphorylation of Crk. This model can explain
the reduction in newly formed microclusters of activating recep-
tors when inhibitory receptors are engaged. Inhibitory receptors
may exploit the properties of Crk to achieve their dual function,
i.e., inhibition and NK cell licensing. For inhibition, they block
activation by inducing Crk phosphorylation to prevent actin-
dependent signaling. But, somewhat counterintuitively, Crk
phosphorylation may also set the stage for a more efficient
activation receptor engagement (once inhibition has been
removed) by reducing the constraints imposed by the F-actin
network on receptor movement.

A recent study has reported that activation receptors NK1.1
and NKp46 on mouse NK cells display a more constrained
movement at the plasma membrane in mice that lacked MHC
class | ligands for inhibitory receptors (Guia et al., 2011).
Evidence was provided that NKp46 movement on these hypo-
responsive NK cells is confined by an actin-based meshwork
(Guia et al., 2011). We propose that greater lateral mobility of
activation receptors, resulting from Crk phosphorylation in
licensed NK cells, may endow them with enhanced signaling
capacity once inhibition is removed. According to this model,
licenses would expire quickly, consistent with an NK cell respon-
siveness that is easily tuned according to the MHC class | envi-
ronment (Héglund and Brodin, 2010). Although our model
supports the “licensing” hypothesis (Kim et al., 2005), it does
not exclude a loss of responsiveness or “disarming” of NK cells
that are stimulated repeatedly in the absence of inhibition
(Joncker and Raulet, 2008).

Because Crk phosphorylation occurred after binding of
two structurally distinct inhibitory receptors, CD94-NKG2A and
KIR2DL1, to their MHC class | ligands on human target cells
(Peterson and Long, 2008), the model for ITIM-dependent inhibi-
tion through Crk phosphorylation described here is likely to be
relevant to many other cellular responses controlled by recep-
tors in the large ITIM family.

EXPERIMENTAL PROCEDURES

Cells

NK cells were isolated from human peripheral blood by negative selection
(Stem Cell Technologies, Vancouver, BC) and were >99% CD3 CD56".
Human blood samples from anonymized healthy donors were drawn for
research purposes at the NIH Blood Bank under an NIH IRB approved protocol
with informed consent. Freshly isolated NK cells were resuspended in Iscove’s

modified Dulbecco medium (IMDM; Mediatech, Manassas, VA) supplemented
with 10% human serum (Valley Biomedical, Winchester, VA) without IL-2 and
were used within 2 days. IL-2-activated NK cells were cultured in OpTmizer
(Invitrogen) supplemented with 10% purified IL-2 (Hemagen), 100 units/ml
recombinant IL-2 (Roche), and 5 pg/ml phytohemaglutinin (PHA, Sigma) and
expanded in the same medium without PHA and feeder cells, as described
(March and Long, 2011). To remove NKG2C* or NKG2A* NK cells, anti-
NKG2C (Clone 134522, R&D Systems, Minneapolis, MN) or anti-NKG2A
(2199, Beckman Coulter) was added to NK cells, followed by biotinylated rat
anti-mouse 1gG2b antibody (R12-3, BD PharMingen) and anti-biotin microbe-
ads (Miltenyi Biotec, Auburn, CA), and depleted with an LS column (Miltenyi Bi-
otec). The human cell line NKL (a gift of M. Robertson) was cultured in RPMI
1640 (Mediatech) containing 10% fetal calf serum, 2 mM L-glutamine (Invitro-
gen), 1 mM sodium pyruvate (Invitrogen), and 100 U/ml recombinant IL-2 (Hoff-
mann-La Roche). The 721.221 cell transfected with HLA-E (221-AEH) was
a gift of D. Geraghty (Fred Hutchison Cancer Research Center, Seattle, WA).

Antibodies and Reagents

The pY207-CrkL and pY174-Vav1 Abs were from Cell Signaling Technology
Inc. (Danvers, MA) and Abcam (Cambridge, MA), respectively. The specificity
and selectivity of pY207-CrkL and pY174-Vav1 antibodies was evaluated by
immunoblotting lysates of primary NK cells that had been treated with 4 mM
NaVO,. Other Abs and their source were perforin mAb (3G9, Pierce Chemical
Co.), NKG2A mAb (Z199, Beckman Coulter, Fullerton, CA), NKG2C mAb
(134522, R&D Systems); and Alexa Fluor 488-, 568-, and 647-labeled iso-
type-specific goat anti-mouse Abs (Molecular Probes, Eugene, OR). For
cytochalasin D inhibition, NK cells were preincubated with 0.5 or 1.0 uM cyto-
chalasin D (BIOMOL International L.P., PA) for 1 to 2 min at 37°C before adding
onto bilayers. The 1,2-Dioleoyl-sn-Glycero-3-Phosphocholine (DOPC) and
1,2-Dioleoyl-sn-Glycero-3-[(N-(5-amino-1-carboxypentyl) iminodiacetic acid)
succinyl] (Nickel salt) (DOGS-NTA) were from Avanti Polar Lipids, Inc
(Alabaster, AL). A CrkL biosensor plasmid, called Pickles2.31 (Mizutani et al.,
2010), was a gift of Y. Ohba (Hokkaido University Graduate School of Medi-
cine, Sapporo, Japan). The CrkL tyrosine at amino acid 207 in Pickles 2.31
was mutated to phenylalanine by Quick Change Mutagenesis (Stratagene,
La Jolla, CA). The following primers were used: forward (5'-GAACCTGCT
CATGCATTTGCTCAACCTCAGACC-3') and reverse (5'-GGTCTGAGGTTGAG
CAAATGCATGAGCAGGTTC-3'). The mutation was confirmed by sequencing.

SUPPLEMENTAL INFORMATION
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