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Cutting Edge: Differential Segregation of the Src
Homology 2-Containing Protein Tyrosine
Phosphatase-1 Within the Early NK Cell Immune
Synapse Distinguishes Noncytolytic from Cytolytic

Yatin M. Vyas, Hina Maniar, and Bo Dupont”

Inhibitory NK receptors with ligand specificity for MHC class
I recruit Src homology 2-containing protein tyrosine phospha-
tase-1 (SHP-1) phosphatase and prevent autocytotoxicity. Ac-
tivation of SHP-1 depends upon Src kinase-mediated tyrosine
phosphorylation of the cytoplasmic domain of the inhibitory
receptor. In this study we demonstrate, by quantitative tem-
poral analysis, that talin, Lck, and SHP-1 are recruited to the
synapse within 1 min in both cytolytic and noncytolytic con-
jugates. Polarization of talin and Lck rapidly disappears in the
noncytolytic interactions but persists in cytolytic interactions,
where protein kinase C-60, Src homology 2 domain-containing
leukocyte protein of 76 kDa, and lysosomes are recruited
within 5 min. At 1 min SHP-1 clusters in the periphery of the
cytolytic synapse, whereas it clusters in the center of the non-
cytolytic synapse. Lck has multifocal distribution in both syn-
apses consistent with the shared requirement for early tyrosine
phosphorylation. Our studies indicate that the spatial location
of SHP-1 in the synapse distinguishes noncytolytic from cyto-
lytic interactions within the first minute. The Journal of Im-
munology, 2002, 168: 3150-3154.

atural killer cells are cytotoxic lymphocytes capable of
destroying MHC class I-deficient target cells (1). Major
regulatory control of cytolytic NK cell function is me-
diated by MHC class I molecules with ligand specificity for in-
hibitory NK cell receptors (2). Inhibitory NK receptors contain in
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the cytoplasmic domains one or more immunoreceptor tyrosine-
based inhibitory motif, and ligand binding induces recruitment of
cytoplasmic phosphatase, Src homology 2-containing protein ty-
rosine phosphatase-1 (SHP-1),? to the tyrosine-phosphorylated im-
munoreceptor tyrosine-based inhibitory motifs (3, 4). SHP-1 me-
diated dephosphorylation may occur already at the level of the
activating receptors (5). Conjugate formation by NK cells and T
cells with its target cells is a process mediated by integrins and
other adhesion molecules (6, 7). The cytolytic NK cell undergoes
morphological changes leading to translocation of the microtu-
bule-organizing center, secretory lysosomes, and talin to the con-
tact area (i.e., synapse) (8), where talin accumulates at the contact,
forming an outer ring, while the cytolytic granules become assem-
bled in the talin-depleted center of the synapse (9, 10). Further-
more, in cytolytic NK cell conjugates lipid rafts become polarized
to the contact area and this redistribution requires activation of Src
and Syk kinases (11). The inhibitory NK receptors and their cor-
responding MHC class I ligands colocalize in the contact area
between NK cells and target cells (12, 13), and the ligand binding,
in addition to blocking raft polarization (14), may also down-reg-
ulate integrin function, leading to temporal shortening of contact
between effector and target cells (15). While the topology of signal
transduction molecules in the immune synapses has been described
in the CD4 T-APC conjugates (9), CD8 CTL-target cell conjugates
(10), and NK cell conjugates (16), the temporal progression of the
signaling events occurring at the cell-cell interface during NK cell
interactions with susceptible and nonsusceptible target cells has
not been characterized. To determine these sequential events in the
NK cell immune synapse (NKIS), we have performed a quantita-
tive temporal analysis in single NK cells of the distribution of key
elements involved in initiation or inhibition of cytolytic effector
function during the first 10 min of conjugate formation. We dem-
onstrate that the spatial distribution of SHP-1 in the “early” im-
mune synapse provides the physical environment in the NK cell
for interruption of activation signals during interactions with non-
cytolytic targets, while this phosphatase is displaced when cyto-
lytic effector function has to proceed.

Materials and Methods
Cells

NK cell clones were generated and maintained from freshly isolated PBMC
of healthy donors homozygous for HLA-Cw*0304 as previously described
(16). Clones (CD56"CD16"CD3~ GL183"EB6 DX9 CD94 ") that dem-
onstrated lysis of the MHC class I-deficient 721.221 EBV-B lymphoblas-
toid cell line (BLCL) and 721.221-Cw*0401 (non-self) EBV-BLCL but
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protection of 721.221-Cw*0304 (self) EBV-BLCL were used for conjugate
analysis as previously reported (16).

Antibodies

Primary. NK cells were phenotyped with anti-KIR3DL1 (DX9), anti-
KIR2DL2/3, 2DS2/3 (GL183), anti-KIR2DL1/2DS1 (EB6), and anti-
human CD94 mAbs, which were purchased from Immunotech (Marseilles,
France). Mouse monoclonal and goat polyclonal anti-human talin were
purchased from Chemicon International (Temecula, CA) and Santa Cruz
Biotechnology (Santa Cruz, CA) respectively. Affinity-purified goat poly-
clonal anti-human protein kinase C-6 (PKC-0), rabbit polyclonal anti-
human SHP-1, and Lck were purchased from Santa Cruz Biotechnology.
Sheep anti-human Src homology 2 domain-containing leukocyte protein of
76 kDa (SLP-76) was a gift from Dr. G. Koretzky (University of Penn-
sylvania, Philadelphia, PA). Mouse anti-human lysosome-associated mem-
brane protein (H4A3) was obtained from the Developmental Studies Hy-
bridoma Bank, Department of Biological Sciences, University of Iowa
(Ames, IA). Cells were labeled with any three primary Ab combinations of
mouse, rabbit, goat, or sheep.

Secondary. Affinity-purified second Abs and species-absorbed conjugates
(FITC, Cy3, Cy5) for multiple labeling were purchased from Chemicon
International. Appropriate final dilutions and controls of these affinity-
purified primary and secondary Ab were done for each experiment (16).

Conjugation assay and immunofluorescent cell imaging

NK cell-target cell conjugates were formed, immunofluorescent labeled,
and analyzed after fixing at 1, 5, and 10 min as previously described (16).
To facilitate identification of the target cell in an NK cell-target cell con-
jugate the target cells were preincubated with CellTracker Blue CMAC
(Molecular Probes, Eugene, OR). A digital imaging system (Intelligent
Imaging Innovations, Denver, CO) with a Zeiss Axiovert 200 M inverted
microscope and Xenon light source (Zeiss, New York, NY) was used.
Images were obtained both in two-dimensions (x-y-axis) and three-dimen-
sions (x-z-axis) (9) and analyzed using the masking and statistics capabil-
ities of SlideBook software (Intelligent Imaging Innovations). Sixty to 70
serial optical sections of 0.2-um thickness were acquired for each label.
Data were deconvolved using constrained iterative (three-dimensional) de-
convolution algorithm with SlideBook software. The contact areas (syn-
apses) delineated by segmentation were acquired following volume
renderings.

Statistical analysis of cell imaging data

Lysosomes and signaling molecules were considered polarized to the cell-
cell contact when they were located in the proximal one-third area of NK
cell in contact with the target (16). Talin was considered polarized when it
clustered at the contact, as determined by the fluorescent intensity. Thirty
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to 50 conjugates were analyzed for each molecule and target combination
for each time point. It is specifically mentioned in the figures when fewer
than 30 conjugates were analyzed. The relative enrichment (RE), which is
the fluorescence per unit volume at the contact site divided by the fluo-
rescence per unit volume of the entire cell, was determined and is described
in Results and Discussion as percentage of translocation (17). NK cell
contact areas (measured as a percentage) were defined as the volume of NK
cell in contact with the target cell divided by the total NK cell volume,
multiplied by 100, as previously described (17). For quantitative enrich-
ment analysis, 10 conjugates each with 721.221 or 721.221-Cw*0304 tar-
gets for each time point were randomly selected, their immune synapses
(i.e., the projection in z-axis of 60—70 serial optical sections) were analyzed
for enrichment of Lck and SHP-1, and 20 conjugates for each time point
were analyzed for enrichment of talin. Wilcoxon nonparametric two-sam-
ple test was used to determine the p values comparing the statistical dif-
ferences in the enrichment of a molecule.

Results and Discussion

Polarization of talin, lysosomes, Lck, SHP-1, PKC-6, and SLP-76
to the cell-cell contact area was determined by two-dimensional
analysis of conjugates at 1, 5, and 10 min (Figs. 1 and 2). Talin,
Lck, and SHP-1 were polarized to the interface in a majority of
both the cytolytic and noncytolytic conjugates at 1 min but con-
tinued to remain polarized only in the cytolytic conjugates when
analyzed over the next 10 min (Figs. 1 and 2). Therefore, recruit-
ment of talin, Lck, and SHP-1 to the contact areas is a common
early event for both the cytolytic and noncytolytic interactions. In
the cytolytic conjugates, PKC-6 and lysosomes (i.e., lytic gran-
ules) were not recruited to the contact area before 5 min, whereas
SLP-76 was already polarized at 1 min in about half of these con-
jugates, suggesting rapid formation of the activation complex.
(Fig. 2, A and B). Therefore, in cytolytic conjugates talin accumu-
lation preceded granule polarization, similar to what is observed in
CTL (10). PKC-6, SLP-76, and lysosomes become polarized in the
cytolytic conjugates by 5 min (Fig. 2B), suggesting rapid initiation
of the target cell killing, similar to the time taken by CTL to induce
target cell death (10).

Because our two-dimensional analysis of cytolytic and noncy-
tolytic conjugates at 1 min demonstrated similar polarization of
Lck and SHP-1, it was of interest to determine whether these mol-
ecules had similar segregation patterns in the NKIS. Therefore,
three-dimensional analysis of NKIS was made at the same time
points for talin, Lck, and SHP-1. This included quantifying RE (the

Target: .221-Cw*0304
(self allele)
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FIGURE 1. Temporal recruitment of molecules in cytolytic and noncytolytic conjugates. NK cell conjugates with 721.221 (left panel, susceptible target),
221-Cw*0401(middle panel, susceptible target), and .221-Cw*0304 (right panel, nonsusceptible target) were analyzed for indicated molecules (see
symbols) at indicated time points (x-axis). Percentage of conjugates showing polarization of the indicated event to the cell-cell contact area, as analyzed
in two dimensions, is shown (y-axis). The ranges of polarization for each component are given in detail in Fig. 2.
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FIGURE 2. Two-dimensional temporal analysis of NK cell-target cell
conjugates. NK cell conjugates with 721.221 (left panel, susceptible target)
and .221-Cw*0304 (right panel, nonsusceptible target) were analyzed for
indicated molecules (color-coded letters) at 1’ (A), 5’ (B), and 10’ (O).
Conjugates are shown as Nomarski (differential interference contrast) and
its corresponding two-dimensional fluorescent images. In each conjugate,
NK cell is the top cell. For each target, the representative conjugates with
different combinations of the polarized (+) or nonpolarized (—) molecules
are shown along with the observed frequency (%) and range of the indi-
cated event. A thin line separates each set of experiments. Any event oc-
curring in < 5% of the conjugates is not shown. Overlapping distributions
of labels results in yellow (red and green), pink (red and blue), and white
(red, green, and blue) pseudo-colors.

translocated fraction) (17) (Fig. 3) and visualizing the molecular
distribution in the NKIS (Fig. 4).

In both the cytolytic and noncytolytic NKIS analyzed at 1 min,
talin, Lck, and SHP-1 were greatly enriched above the baseline.
Approximately 90% (RE = 1.9) of talin within the NK cell was
translocated to both the cytolytic and noncytolytic NKIS at 1 min.
However, the enrichment of talin, Lck, and SHP-1 rapidly de-

CUTTING EDGE: SHP-1 LOCATION WITHIN THE EARLY NKIS
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FIGURE 3. Translocation of NK cell talin, Lck, and SHP-1 in cytolytic
and noncytolytic immune synapses analyzed from 1 to 10 min. The bar
graph represents the mean (£ SEM) values for the RE (y-axis) at the
contact sites of the indicated molecules at indicated time points (x-axis).
RE is described as the percentage of molecules within the NK cell that is
translocated to the synapse, e.g., RE of 1.9 = 90% translocation and RE of
1 = baseline membrane distribution. NK cell conjugates with .221-
Cw*0304 (left panel, nonsusceptible) and 721.221 (right panel, susceptible
target) were imaged in 0.2-um steps through the entire cell volume (10-15
um). Data represent results obtained from 10-20 conjugates, each with
721.221 and .221-Cw*0304 for each time point. Two-sided p values were
determined by Wilcoxon nonparametric two-sample test.

creased and reached baseline (RE = 1) distribution at 10 min in the
noncytolytic interactions (Fig. 3). The early talin enrichment is
probably mediated by Src kinase activation of integrins such as
LFA-1 via the cytoplasmic domain of its 2 chain (18). In cyto-
lytic conjugates enrichment of talin was sustained during the first
10 min, consistent with the ongoing tyrosine phosphoryla-
tion-dependent signaling. In contrast, talin enrichment was rapidly
dissolved in noncytolytic conjugates, probably mediated by early
interruption of tyrosine phosphorylation, which parallels the ex-
clusion of the Src kinase, Lck, from the synaptic region during the
ensuing 5-10 min (Figs. 1, 2, B and C, and 3). Similarly, the NK
cell contact area in noncytolytic conjugates decreased from 13% at
1 min to 8% at 10 min (p = 0.03), suggesting the beginning of the
deconjugation process. In contrast, the contact area in the cytolytic
conjugates was 20% at 1 min and 17% at 10 min (p = 0.5),
demonstrating sustained interaction during this period.

The spatio-temporal distribution of Lck, SHP-1, and talin in the
NKIS was also determined at 1, 5, and 10 min (Fig. 4). This anal-
ysis demonstrates that the spatial distribution of SHP-1 within the
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FIGURE 4. Three-dimensional temporal analysis
of talin, Lck, and SHP-1 in cytolytic and noncytolytic
NKIS. Synapses visualized as projection in x-z-axis of
the NK cell conjugates with 721.221 (susceptible tar-
get) and .221-Cw*0304 (nonsusceptible target) la-
beled for talin (A and B, green), SHP-1 (A, red), and
Lck (B, red) analyzed at 1’, 5', and 10" are shown.
Representative NKIS with each target at the indicated
time points are shown along with the frequency of the
observed event (%). Data represent 20-30 immune
synapses analyzed for each combination of the mole-
cules from two independent experiments.

NKIS at 1 min clearly distinguishes the cytolytic from noncyto-
lytic interactions at this early time (Fig. 4A). The cytolytic NKIS
at 1 min displayed segregation of SHP-1 in the periphery (i.e.,
peripheral supramolecular activation cluster (peripheral SMAC))
(9) as two separate clusters each surrounded by talin. In contrast,
the noncytolytic NKIS at 1 min displayed SHP-1 as a single cluster
in the center (i.e., central supramolecular inhibition cluster) (19)
surrounded by talin (Fig. 4A). This would suggest that SHP-1 in
the noncytolytic interaction becomes localized in the vicinity of
activating receptors and early mediators of activation signals such
as SLP-76, linker for activation of T cells and { chain-associated
protein 70, leading to interruption of signal transduction (5, 20,
21). Our findings of SHP-1 enrichment at the point of cell-cell
contact complements previous studies in which the inhibitory NK
receptors were shown to accumulate at this site (12, 13). Presum-
ably the inhibitory killer Ig-like receptors, which recruit SHP-1,
would also be located in the center of the “early” evolving syn-
apse; however, a previous study demonstrated localization of in-
hibitory killer Ig-like receptors in the periphery of the “late” ma-
ture synapse (12). These issues require further studies with directly
tagged receptor constructs. Interestingly, the segregation pattern
for SHP-1 at 10 min in the cytolytic NKIS demonstrated clustering
in the center (i.e., central SMAC), presumably recruited to the rafts
in association with linker for activation of T cells as a component
of the activation complex (22). Only 30% of the noncytolytic
NKIS, at 10 min, showed SHP-1 clustered in the central supramo-
lecular inhibition cluster, consistent with our previous observations
(16) (Fig. 4A, 10’ column). In fact, 20—25% of 10-min noncyto-
Iytic conjugates also showed polarization of Lck (Fig. 2C) and
quantitative enrichment of talin to the contact area (data not
shown) similar to the 1-min conjugates, while the majority of these
noncytolytic conjugates had baseline talin, Lck, and SHP-1 con-
centrations (RE = 1) in the NKIS (Fig. 3). This suggests comple-

3153

tion of “self” recognition by the majority of primary conjugates by
10 min and formation of an early inhibitory NKIS by newly
formed secondary conjugates.

The majority of cytolytic and noncytolytic NKIS had similar
distribution of Lck at 1 min with formation of two to three scat-
tered clusters enclosed by talin (Fig. 4B). At 5 and 10 min Lck
clustered in the cSMAC in the majority of the cytolytic NKIS,
whereas Lck remained dispersed as multiple small clusters in the
majority of noncytolytic NKIS (Fig. 4B). The 5-min NKIS for
talin, Lck, and SHP-1 displayed a spectrum of configurations vary-
ing from the typical patterns observed at 1 min to the predominant
patterns seen at 10 min (Fig. 4, 5’ column). Furthermore, a mi-
nority of the 10-min NKIS displayed configurations similar to the
1-min NKIS, again suggesting formation of new secondary con-
jugates (Fig. 4, 10" column). In cytolytic interactions recruitment
of lysosomes to the contact area occurs within the first 5 min (Fig.
1). This is preceded by recruitment of SLP-76 and PKC-6, which
can be observed in some conjugates already at 1 min (Fig. 24). It
is likely that interactions between SLP-76 and SLP-76-associated
phosphoprotein/Fyn-binding protein mediate the “inside-out” sig-
naling, thereby sustaining adhesion during cytolytic interactions
(23). The studies reported in this work show that NK cells form
productive immune synapses with both the susceptible and non-
susceptible targets as early as 1 min into the interactions. Within
these early synapses SHP-1 segregates into separate domains, al-
lowing clear distinction between noncytolytic and cytolytic NKIS.
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