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A Dual Role for Talin in NK Cell Cytotoxicity: Activation of
LFA-1-Mediated Cell Adhesion and Polarization of NK Cells1
Emily M. Mace,*† Susan J. Monkley,§ David R. Critchley,§ and Fumio Takei2*‡
LFA-1 is critical for NK cell cytotoxicity because it mediates adhesion of NK cells to target cells. Talin is thought to associate with
the cytoplasmic tail of LFA-1 and activates its ligand-binding function. In this study, we report that talin is also required for
LFA-1-mediated outside-in signaling leading to NK cell polarization. NK cells generated from talin1-deficient murine embryonic
stem cells are defective in LFA-1-mediated adhesion. Although exogenously added manganese activates LFA-1 on talin-deficient
NK cells and induces conjugate formation with target cells, their LFA-1-dependent cytotoxicity is impaired. Binding of ICAM1-coated beads to wild-type NK cells induces reorganization of the actin cytoskeleton and coligation of the activating receptor
NKG2D induces polarization of cytotoxic granules, whereas talin1-deficient NK cells fail to polarize with or without NKG2D
coligation. Thus, talin1 plays a dual role in NK cell cytotoxicity, first by activation of LFA-1-mediated adhesion and then via
LFA-1-induced NK cell polarization. The Journal of Immunology, 2009, 182: 948 –956.
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(5), Vav1 phosphorylation (6), and Pyk2 phosphorylation (7).
However, the mechanism by which LFA-1 transduces signals leading to these events remains unclear.
NKG2D is one of the best-characterized activating receptors on
NK cells and is thought to be responsible for the killing by NK
cells of tumor cells and virus-infected cells, which often express
NKG2D ligands, including RAE1, MULT, and H60 in mice (8 –
11). In mice, NKG2D associates with both DAP10 and the ITAMbearing DAP12 adaptors. ITAM-coupled receptor signaling in NK
cells is similar to that of the B cell or TCR, as Src family kinases,
Syk, and ZAP70 mediate signals that converge on downstream
targets such as the MEK/ERK pathway, Akt, and NF-B. Although many NKG2D signaling intermediates that lead to NK cell
activation have been identified, NKG2D ligation alone seems insufficient for the degranulation of NK cells and efficient cytotoxicity requires costimulatory signals (12) Thus, the exact mechanisms by which NKG2D promotes NK cell cytotoxicity still
remain to be elucidated.
Talin is a large (⬃270-kDa) cytoskeletal adaptor protein that is
a ubiquitous component of focal adhesion complexes of adherent
cells (13). Talin has an N-terminal globular head with a Band 4.1
ezrin radixin moesin (FERM) domain containing a binding site for
the cytoplasmic tails of integrin ␤-chains (14) and an actin binding
site (15). It also contains binding sites for focal adhesion kinase
and the type 1 ␥ isoform of the phosphoinositide 4,5-kinase (16 –
18). The C-terminal talin rod contains a second integrin binding
site (19), at least two actin binding sites (15), and multiple binding
sites for vinculin, which itself binds actin (20, 21). Talin is thought
to be critical for the activation of integrins. Binding of the talin
FERM domain to the cytoplasmic tail of the ␤ integrin subunit
induces separation of the tails of the two integrin chains, which
results in a rapid transition to a high-affinity conformation (22, 23).
Thus, overexpression of talin head activates LFA-1 (22). In resting
lymphocytes, talin is mostly found in the cytosol and is thought to
be in an inactive form due to a head-tail interaction. Upon cell
activation, talin is thought to be released from the self-inhibited
state, bind to the cytoplasmic tails of integrins, and induce their
conformational changes by separating the two chains (24). Recent
studies using selective deletion of talin1 in hematopoietic cells
show that talin1 is required for the activation of ␤1 and ␤3 integrins
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atural killer cells kill virus-infected cells and tumor cells
without prior immunization. Killing of target cells by
NK cells is a multistep process. The first step is the
binding of NK cells to target cells, which is mediated by cell adhesion molecules. This is followed by polarization of NK cells,
translocation of cytotoxic granules toward the target cells, and finally the release of perforin and granzymes contained in the cytotoxic granules toward the bound target cells. The leukocyte integrin LFA-1 (␣L␤2 integrin, CD11a/CD18) plays an essential role
in natural cytotoxicity of NK cells as it mediates binding of NK
cells to target cells. NK cells from LFA-1-deficient mice are unable to kill target cells due to impaired conjugate formation (1).
Blocking Abs to LFA-1 also inhibit NK cell cytotoxicity by inhibiting NK cell binding to target cells (2, 3). Although the importance of LFA-1 in NK cell-target cell adhesion has been well
established, recent studies have suggested that LFA-1 may also
play a role in signaling events initiated by binding to its primary
ligand ICAM-1. In T cells, LFA-1 acts as a costimulatory molecule
by lowering the threshold for TCR-mediated signals required for T
cell activation. Engagement of LFA-1 in the absence of TCR signals results in the formation of an “actin cloud,” in which actin-,
LFA-1-, and tyrosine-phosphorylated proteins are found in a ring
at the contact site between a T cell and an APC (4). In NK cells,
LFA-1 has been implicated in a number of signaling processes
associated with cytotoxicity. These include granule polarization
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preincubated with 2.4G2 supernatant followed by primary mAbs. All incubations were performed at 4°C for at least 30 min and stained cells were subsequently analyzed on a FACSCaliber (BD Biosciences). Flow cytometry results were analyzed using WinMDI (Scripps Research Institute, La Jolla, CA).
Cell sorting was conducted on a FACSVantage SE (BD Biosciences).

Generation of ES-derived NK cells
Generation of NK cells from ES cells has been described elsewhere
(32, 33).

NK cell culture
CD49b⫹ splenocytes were isolated from 6- to 8-wk- old C57BL/6 mice
using an EasySep panNK positive selection kit (StemCell Technologies).
Cells were cultured for 7 days in RPMI 1640 medium supplemented with
10% FBS, penicillin, streptomycin, 5 ⫻ 10⫺5 M 2-ME (StemCell Technologies), and 100 g/ml IL-2 (PeproTech). Flow cytometric analysis confirmed that ⬎95% of cells generated this way were NK1.1⫹CD3⫺.

RT-PCR
RNA from ES cells or ES-derived NK cells was isolated with a Qiagen
RNeasy Mini Kit and reverse transcribed into cDNA using a Qiagen Omniscript Reverse Transcription Kit. Primer sequences were as follows:
talin1 FERM domain (forward), 5⬘-TTGTGGGCAGATGAGTGAAA-3⬘,
(reverse) 5⬘-TAGGTGTGCGTAGTGTGTG-3⬘ and talin2 FERM domain
(forward), 5⬘-GCCGAGAAGCGAATATTTCA-3⬘, (reverse) 5⬘-CAC
TCTCCGGTGAGGACTTC-3⬘.

H60-Fc and CD160-Fc fusion proteins
CD160-Fc fusion protein has been previously described (34). H60 cDNA
was generated by RT-PCR using RNA isolated from BALB/c mouse
splenocytes, subcloned into pBluescript, and sequenced. The cDNA encoding the extracellular domain of H60 was PCR amplified, sequenced,
and subcloned into the pIG vector (35). H60-Fc fusion protein was produced and purified as described for CD160-Fc fusion protein (34).

Cell adhesion assay

Materials and Methods

LFA-1-mediated cell adhesion to immobilized sICAM-1 was assayed as
described elsewhere (31). For adhesion of NK cells to YAC-1 cells, microwells were coated with 0.05% poly-L-lysine (PLL; Sigma-Aldrich) for
1 h at room temperature, then washed with PBS. YAC-1 cells (105/well)
were dispensed into PLL-coated wells, centrifuged at 1500 rpm for 5 min,
and unbound cells were washed away. This generated a confluent monolayer of YAC-1 cells. The binding of NK cells to the YAC-1 cell monolayer was tested as described for adhesion to ICAM-1-coated plates.

Mice, Abs, reagents, and flow cytometry

Cytotoxicity assays

C57BL/6 mice were bred in the British Columbia Cancer Research Centre
Animal Research Centre. All animal use was approved by the animal care
committee of the University of British Columbia and animals were maintained
and euthanized under humane conditions in accordance with the guidelines of
the Canadian Council on Animal Care. Tln1⫺/⫺ ES cells and WT ES cells
have been described (28). OP9 stromal cells were from RIKEN (Tokyo, Japan). L cells and ICAM-1-transfected L cells have been previously described
(29). Anti-CD44 mAb was a gift from Dr. P. Johnson (University of British
Columbia, Vancouver, Canada). YAC-1 cells, the mouse anti H-2Kk hybridoma (16-3-22S) and rat anti-murine LFA-1 hybridoma (TIB213) were from
American Type Culture Collection. 2.4G2 (anti-FcR␥) has been previously
described (30). Biotinylated anti-CD34 (RAM34) mAb was purchased from
eBioscience. FITC-conjugated anti-NKG2D and PE-conjugated streptavidin
were purchased from BD Biosciences. Anti-talin mAb (8D4) was from SigmaAldrich. Anti-ß-tubulin mAb (KMX-1) was from Chemicon International. Anti-phospho-Pyk2 (Tyr402) mAb (RR102) and anti-phosphotyrosine (4G10)
were from Upstate Biotechnology. Anti-Pyk2 (N-19) was from Santa Cruz
Biotechnology. Polyclonal anti-granzyme B (ab4059) was from Abcam. Rhodamine-conjugated phalloidin, Alexa Fluor 647 phalloidin, Alexa Fluor 488conjugated goat anti-mouse IgG, Alexa Fluor 568-conjugated donkey antirabbit IgG and rabbit anti-goat IgG were purchased from Invitrogen and
Molecular Probes. CFSE was purchased from Invitrogen and Molecular
Probes. Murine recombinant soluble ICAM-1 (sICAM-1) (31) was from StemCell Technologies. Manganese chloride solution was from MJS Biolynx. Polystyrene beads were from Polysciences. For flow cytometry, cells were first

YAC-1 target cells were labeled with a Vybrant CFDA SE Cell Tracer kit
(Invitrogen and Molecular Probes). CFSE-labeled YAC-1 (104) cells were
mixed at varying ratios with NK cells in RPMI 1640 and 10% FBS. When
talin-KO NK cells were used as effectors, MnCl2 was added to a final
concentration of 1 mM after mixing of effectors and targets. After 4 h, cells
were washed and stained with 5 g/ml propidium iodide and analyzed by
flow cytometry. The level of cytotoxicity was determined as the number of
CFSE⫹ cells stained with propidium iodide minus the background level (as
determined by target cells incubated without effectors). For cytotoxicity of
L cells, target cells were trypsinized, harvested, labeled with calcein acetoxymethyl ester (calcein AM; Invitrogen and Molecular Probes), resuspended in DMEM plus 5% FBS with penicillin and streptomycin, plated in
96-well plates at 104/well, and grown overnight as a monolayer. The following day targets were counted and NK cells were added at various ratios.
Where appropriate, target cells were preincubated with anti-H2K Ab for 10
min before the addition of NK cells. Where appropriate, NK cells were
preincubated with anti-CD44 Ab before their addition to target cells. After
4 h, cells were washed and fluorescence was measured by CytoFluor 2300
(Millipore). Specific cell lysis was calculated as a ratio of fluorescence of
remaining targets to fluorescence of targets incubated without effectors
(minus background).

3

Abbreviations used in this paper: MTOC, microtubule organizing center; PLL, polyES, embryonic stem; WT, wild type; KO, knockout; calcein AM, calcein
acetoxymethyl ester; sICAM-1, soluble ICAM-1.
L-lysine;

Pyk2 immunoprecipitation and Western blotting
Polystyrene 60-mm petri dishes (BD Falcon) were coated with 10 g/ml
sICAM-1 in Adhesion Buffer (20 mM Tris-HCl and 150 mM NaCl (pH
8.2)) for 1 h at room temperature. Coated plates were washed three times
with PBS before use. NK cells were harvested, resuspended in prewarmed
RPMI 1640 and 10% FCS at 7 ⫻ 106 cells/ml, and 0.5 ml of cell suspension was added to each plate. After cells were allowed to settle, 0.5 ml of
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in platelets. In addition, talin1 is required for ␣IIb␤3 integrin-mediated cell spreading (25). Thus, talin appears able to transduce
signals resulting in integrin activation as well as those induced by
integrin ligand occupancy.
In the immune synapse formed between a NK cell and a sensitive target (often termed a “cytolytic immune synapse”), LFA-1,
talin, and actin form a ring that provides stability to the immune
synapse and acts as the scaffold for the assembly of specialized
signaling complexes (26). In addition, this ring may act as a guide
for the delivery of cytotoxic granules to be delivered in a lethal hit
to the target (26). The signals that cause the accumulation of actin
and talin in the immune synapse with LFA-1 are not known. Polarization of the microtubule organization center (MTOC)3 toward
the target is also required for cytotoxicity, and this polarization is
followed by the accumulation of cytotoxic granules at the immune
synapse (26). Both the MTOC and granules are found to accumulate in the center of the LFA-1-talin-actin ring and it has been
observed in CTL that microtubules are anchored in the LFA-1 ring
(27).
To determine the role that talin plays in LFA-1-mediated NK
cell functions, we generated talin1-knockout (KO) NK cells from
Tln1⫺/⫺ embryonic stem (ES) cells in vitro. Our analyses of
talin1-KO NK cells suggest that talin plays a dual role. Initially, it
is required for LFA-1-mediated cell adhesion, presumably by inside-out activation of LFA-1 conformation. Talin1 is then also
required for outside-in signaling via ligand-bound LFA-1, resulting in the reorganization of the actin cytoskeleton and NK cell
polarization, both of which are essential for NK cell cytotoxicity.
Our results also clarify the role of LFA-1 in NK cell cytotoxicity.
Binding of ICAM-1 to LFA-1 mediates initial binding of NK cells
to target cells. It also induces reorganization of the actin cytoskeleton, but not polarization of cytotoxic granules. Although cytotoxic granule polarization can be induced by coligation of the activating receptor NKG2D, reorganization of the actin cytoskeleton
mediated by LFA-1 is a talin1-dependent process and is required
for granule polarization.
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FIGURE 1. Expression of LFA-1, NKG2D, talin1, and talin2 in ES cells and ES-derived NK cells. A, WT and talin-KO ES cells were grown for 2 days
on gelatinized flasks in the presence of LIF and their morphologies were examined by a phase-contrast microscope. B, NK cells generated from WT and
talin-KO ES cells as well as IL-2-activated splenic NK cells were stained with mAbs to LFA-1 and NKG2D and analyzed by FACS. Gray histograms show
staining with isotype-matched control Ab and open histograms show staining with anti-LFA-1 or anti-NKG2D. Results shown are representative of three
independent experiments. C, RNA was isolated from WT and talin-KO ES cells and NK cells generated from the ES cells, and expression of talin1 and
talin2 mRNA was determined by RT-PCR using primers specific for the FERM domain of talin1 or talin2.

Confocal microscopy
Polystyrene beads were coated with 20 g/ml sICAM-1, 20 g/ml H60-Fc,
or 0.005% PLL, spun down and blocked in 200 g/ml BSA, then washed
and resuspended in RPMI 1640 and 10% FBS. NK cells were harvested
and resuspended in RPMI 1640 plus 10% FBS. In brief, 105 beads and
2.5 ⫻ 105 cells were gently mixed in an Eppendorf tube and, where appropriate, MnCl2 was added to a final concentration of 1 mM. After 5 min,
cell-bead conjugates were gently resuspended, dropped onto poly-L-lysine
coated coverslips, and incubated for various time points. Coverslips were
fixed with 4% formaldehyde and samples were permeabilized with Hanks’
saponin solution (HBSS containing 2% FBS, 5 mM EDTA, and 0.5%
saponin). Actin was detected by staining samples fixed on coverslips in a
1/40 dilution of rhodamine phalloidin or Alexa Fluor 647 phalloidin in
Hanks’ saponin solution. Talin, phospho-Pyk2, and granzyme B were
stained by incubating samples fixed on coverslips for 1 h in a 1/40 dilution
in Hanks’ saponin solution of the corresponding primary Ab. Coverslips
were washed three times with Hanks’ saponin solution and then stained at
room temperature for 1 h with 10 g/ml Alexa Fluor 488-conjugated goat
anti-mouse IgG Ab for talin and phospho-Pyk2- or Alexa Fluor 568-conjugated donkey anti-rabbit IgG Ab for granzyme B. Coverslips were
washed three times with Hanks’ saponin solution and once with HBSS,
then mounted with Vectashield mounting medium (Vector Laboratories).
Actin-stained cell-bead conjugates were analyzed using a Leica TCS2 confocal system with a ⫻100 objective lens, zoom 4. All other cell-bead conjugates were analyzed using a Nikon C1-si confocal microscope with a
⫻100 objective lens, zoom 4. Images were collected using sequential scanning to avoid bleed-through. Images were processed and merged using
Volocity software (Improvision) and exported as JPG files. For quantification of fluorescent intensity at the site of binding, the sum intensity in the
channel of interest was determined using Volocity software for the area of
contact between a cell and a bead and compared with the sum fluorescent
intensity of the whole same cell using the following equation: [sum intensity (contact site)/sum intensity (whole cell)] ⫻ 100. For the comparison of
phospho-Pyk2 intensity, fluorescent intensity of unbound cells and cells
bound to beads was determined using Volocity software. All images used
for this analysis were collected from the same experiment using the same
instrument settings. The average fluorescent intensity of unbound WT cells
was normalized to 1 and all other values are expressed relative to this.

Statistics
Student’s two-tailed t test was used for comparison of sets of matched
samples. Grouped samples were analyzed using one-way ANOVA.

Results
In vitro generation of NK cells from talin1-deficient ES cells
Since homozygous Tln1 KO in mice results in embryonic lethality
(36), we generated NK cells from Tln1⫺/⫺ ES cells (clone A28)
and the corresponding WT ES cells (clone HM1) by in vitro differentiation cultures as previously described (32, 33). As reported
previously (28), the two ES cell lines exhibited different morphologies. WT ES cells attached firmly to gelatin-coated plates, flattened, and spread, whereas talin-KO ES cells did not spread and
appeared rounded (Fig. 1A). Flow cytometric analysis showed that
NK cells generated from WT and talin-KO ES cells expressed
similar levels of LFA-1 and the NK cell receptor NKG2D (Fig.
1B). The level of LFA-1- on ES-derived NK cells was significantly
higher than that of IL-2-stimulated splenic NK cells, whereas the
level of NKG2D was comparable.

FIGURE 2. Adhesion to immobilized ICAM-1. WT NK cells (䡺) or
talin-KO NK cells (f) were incubated without (top panel) or with (bottom
panel) 1 mM Mn2⫹. Cells were incubated on varying concentrations of
immobilized soluble ICAM-1 as described in Materials and Methods. For
control adhesion, BSA was immobilized in place of ICAM-1. For specificity control, cells were incubated with anti-LFA-1-blocking Ab. Results
shown are representative of three independent experiments, each done in
triplicate. Error bars indicate SEM.
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prewarmed medium with or without 2 mM MnCl2 was added to each plate
and plates were incubated at 37°C for 20 min, washed twice with 1 ml of
prewarmed RPMI 1640 and 10% FCS, and then cells were lysed with 1 ml
of ice-cold lysis buffer (10 mM Tris-HCl (pH 8.0), 150 mM KCl, 1 mM
EDTA (pH 8.0), 1% Triton X-100, 0.5% BSA, 1 mM Na3VO4, 1 mM
PMSF, 5 g/ml aprotinin, 10 g/ml leupeptin, and 10 g/ml pepstatin).
For control samples, 3.5 million NK cells were lysed in a microfuge tube.
Control samples corresponding to cells bound to ICAM-1 in the presence
of Mn2⫹ were lysed in the presence of 1 mM MnCl2. Immunoprecipitation
was conducted as described previously (34).
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A second talin gene, Talin2, has been identified in mice (37).
Although its function is still unknown, the sequence of Talin2 is
very similar to that of Talin1 and the talin2 protein is predicted to
have a similar function to talin1, with the FERM domain and actin
and integrin binding sites being conserved between the two (37).
Although talin1 mRNA is widely expressed in various tissues, the
expression of talin2 mRNA is more restricted and is undetectable
in hematopoietic cells (37). RT-PCR analysis of WT and
talin1-KO ES cells as well as NK cells derived from them using
primers specific for the FERM domains of talin1 and talin2
showed that talin-KO ES cells and NK cells generated from them
did not express talin1 mRNA. Talin2 mRNA was detectable in
both WT and talin-KO ES cells but not in ES-derived NK cells
(Fig. 1C). Therefore, it is unlikely that talin2 will be able to compensate functionally for talin1 deficiency in NK cells, and hence
these cells are referred to subsequently as talin-KO NK cells.
Talin is required for LFA-1-mediated cell adhesion

FIGURE 3. Cytotoxicity of WT and talin-KO NK cells against YAC-1
and fibroblast targets. A, WT or talin-KO NK cells were labeled with calcein AM and binding to monolayers of YAC-1 cells was tested in the
presence (䡺) or absence (f) of 1 mM Mn2⫹. The percentages of NK cells
bound to YAC-1 monolayers were determined as in Fig. 2. Results shown
are representative of three experiments, each done in triplicate. Error bars
indicate SEM. B, Cytotoxicity against YAC-1 target cells was analyzed by
FACS. YAC-1 targets were labeled with CFDA-SE and incubated for 4 h
with talin-KO (dashed line) or WT (solid line) NK cells. Following incubation, cells were washed and analyzed by flow cytometer as described in
Materials and Methods. Results shown are representative of three

independent experiments, each done in triplicate. Error bars indicate SEM.
C, L cell fibroblasts (left panel) or ICAM-1-transfected L cells (right panel)
were labeled with calcein AM and grown in a monolayer overnight.
Talin-KO (dashed line) or WT (solid line) were incubated for 4 h with L
or L-IC1 cells. Fluorescence was read and specific cell lysis was determined as described in Materials and Methods. Results shown are representative of three independent experiments, each done in triplicate. Error
bars indicate SEM. D, L cells were labeled with calcein AM and grown in
a monolayer overnight. WT (left panel) or talin-KO (right panel) NK cells
were treated with (dashed line) or without (solid line) anti-CD44-blocking
Ab, then incubated for 4 h with target cells. Fluorescence was read and
specific lysis was determined as described in Materials and Methods. Results shown are representative of three independent experiments, each done
in triplicate. Error bars indicate SEM. E, L cell fibroblasts (left panel) or
ICAM-1-transfected L cells (right panel) were labeled with calcein AM
and grown in a monolayer overnight. Talin-KO (dashed line) or WT (solid
line) cells were incubated for 4 h with L or L-IC1 cells following incubation of target cells with anti-H2K Ab to induce Ab-mediated cellular cytotoxicity. Fluorescence was read and specific cell lysis was determined as
described in Materials and Methods. Results shown are representative of
three independent experiments, each done in triplicate. Error bars indicate
SEM.
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To test the effect of talin deficiency on LFA-1-mediated cell adhesion, binding of NK cells generated from WT and talin-KO ES
cells was tested using microwells coated with increasing concentrations of recombinant sICAM-1. WT NK cells without prior activation adhered to immobilized ICAM-1 in a dose-dependent
manner and anti-LFA-1 Ab abrogated the binding, confirming that
cell adhesion to ICAM-1 is mediated by LFA-1. In addition, cells
showed little or no (⬍1%) nonspecific adhesion to BSA (Fig. 2,
top panel). In contrast, the level of adhesion of talin-KO NK cells
to ICAM-1 at any concentration tested was not significantly higher
than that of nonspecific adhesion to BSA and anti-LFA-1 had no
effect, indicating that LFA-1-mediated adhesion of talin-KO NK
cells is severely impaired.
Manganese is known to bind to the extracellular domain of
LFA-1 and locks it in a conformation with maximal affinity for its
ligand independent of inside-out signaling (38, 39). Therefore, we
tested the adhesion of ES-derived NK cells to ICAM-1 in the presence of 1 mM Mn2⫹. Treatment of WT NK cells with 1 mM Mn2⫹
significantly increased their adhesion to ICAM-1 (Fig. 2, bottom
panel). Talin-KO NK cells also adhered to ICAM-1 in the presence
of 1 mM Mn2⫹, although the level of adhesion was significantly
lower than that of WT NK cells treated or not with Mn2⫹. Thus,
Mn2⫹ seems to activate LFA-1 on talin-KO NK cells, but it does
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not fully compensate for talin deficiency in LFA-1-mediated cell
adhesion to purified and immobilized ICAM-1.
Talin-KO⫺ NK cells are unable to mediate cytotoxicity against
conventional targets but are able to kill fibroblasts
To test the effects of talin deficiency on NK cell cytotoxicity, we
first tested whether talin-KO NK cells bind to YAC-1 cells in the

presence or not of 1 mM Mn2⫹. YAC-1 cells were immobilized in
PLL-coated microwells, and NK cells labeled with calcein AM
were incubated with targets. WT NK cells bound to YAC-1 cells
in the absence of Mn2⫹ and 1 mM Mn2⫹ enhanced the binding.
Talin-KO NK cells did not efficiently bind to YAC-1 without
Mn2⫹, but they bound to YAC-1 cells to a similar level to WT
cells in the presence of 1 mM Mn2⫹ (Fig. 3A). It should be noted
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FIGURE 4. Binding of LFA-1 to ICAM-1 induces accumulation of talin and phosphorylation and localization of Pyk2. Polystyrene beads were coated
with ICAM-1 or PLL as described in Materials and Methods. A, WT NK cells (left two panels) were incubated with bead and then fixed, permeabilized,
and stained at 20°C with anti-talin mAb and Alexa Fluor 488 secondary Ab. Staining of talin-KO cells with anti-talin Ab confirmed a lack of talin expression
(right panel; n ⫽ 18 per condition). B, Fluorescent intensity of talin staining at the contact site between a WT cell and an ICAM-1-coated bead (f) or a
PLL-coated bead (䡺) was expressed as a percentage of total fluorescent intensity of talin staining within the cell. Error bars represent SEM; p ⬍ 0.001,
n ⫽ 13 per condition. C, WT (left three panels) or talin-KO (right panel) NK cells were incubated with beads and then fixed, permeabilized, and stained
at 20°C with anti-phospho-Pyk2 mAb and Alexa Fluor 488 secondary Ab. Talin-KO cells were incubated in the presence of 1 mM Mn2⫹ to induce binding
to beads. n ⫽ 30 per condition and represent at least three independent experiments. D, Fluorescence intensity of phospho-Pyk2 staining was measured for
WT (black bars) and talin-KO (䡺) cells unbound to beads and normalized to 1, then compared with fluorescent intensity of cells bound to ICAM-1- coated
beads. Error bars indicate SEM; n ⫽ 10 per condition. E, Fluorescent intensity of phospho-Pyk2 staining at the contact site between a WT (f) and a
talin-KO (䡺) cell and an ICAM-1-coated bead was expressed as a percentage of total fluorescent intensity of phospho-Pyk2 staining within the cell. Error
bars represent SEM; p ⫽ 0.285, n ⫽ 15 per condition. F, WT (lanes 1–3) and talin-KO NK cells (lanes 4 and 5) were allowed to bind to polystyrene petri
dishes coated with soluble ICAM-1 at 37°C in the presence (lanes 3–5) or absence (lanes 1 and 2) of 1 mM Mn2⫹. Control samples not incubated on plates
(lanes 1 and 4) were lysed in a microfuge tube with ice-cold lysis buffer. Pyk2 was immunoprecipitated as described in Materials and Methods. Immunoprecipitated samples were divided in half and analyzed for Pyk-2 (loading control) and phosphotyrosine by immunoblotting using anti-Pyk-2 and
anti-phosphotyrosine (4G10) primary Abs, respectively. Microscopy images were collected by confocal microscopy using sequential scanning to avoid
bleed-through and imported into Volocity software (Improvision). Images were merged in Volocity and exported as JPG files. Original magnification was
⫻400 for all images shown. DIC, Differential interference contrast.
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Binding of NK cells to ICAM-1-coated beads results in
recruitment of talin and Pyk2 phosphorylation
Although the above results showed that talin is required for LFA1-mediated NK cell adhesion, talin may have an additional role in
NK cell cytotoxicity, because talin-KO NK cells are unable to kill
YAC-1 even when they efficiently form conjugates in the presence
of Mn2⫹. To further study the effects of talin deficiency in NK cell
activation, we used cell-size polystyrene beads coated with
sICAM-1 as an artificial target, which allowed us to study LFA1-mediated outside-in signaling in NK cells independent of other
NK cell receptors. Flow cytometric analysis showed that the density of ICAM-1 on the coated beads in this study was comparable
to that of mouse lymphoid tumor cell lines (data not shown). As a
negative control, we also prepared PLL-coated beads. Both ICAM1-coated beads and control beads readily bound to WT NK cells.
Bead-NK cell conjugates were fixed, permeabilized, stained for
talin, and analyzed by confocal microscopy. In WT NK cells binding control beads, talin was distributed throughout the cytosol,
with 16.8 ⫾ 3% (mean ⫾ SEM; n ⫽ 18) of talin found at the site
of contact, whereas 50.4 ⫾ 2.4% (n ⫽ 18) of talin accumulated at
the point of contact with an ICAM-1-coated bead (Fig. 4, A and B).
Talin-KO NK cells were not stained with anti-talin mAb, confirming the specificity of the staining. Thus, binding of ICAM-1 to
LFA-1 seems to induce translocation of talin from the cytosol to
the site of LFA-1 ligation.
LFA-1 ligation has been shown to rapidly induce phosphorylation of the protein tyrosine kinase Pyk2, although the precise role
of Pyk2 in NK cell activation is still unclear (7, 40). When we
stained ES-derived NK cells with an anti-phospho-Pyk2 Ab that

FIGURE 5. Engagement of LFA-1 to ICAM-1 results in talin-dependent
actin accumulation, but not accumulation of cytotoxic granules. Polystyrene
beads were coated with ICAM-1 or poly-L-lysine as described in Materials
and Methods. A, WT (left panel) or talin-KO (right panel) NK cells were
incubated with ICAM-1-coated beads (talin-KO cells were incubated in the
presence of 1 mM Mn2⫹ to facilitate binding to beads). Cells were fixed with
formaldehyde, permeabilized, and stained at 20°C with rhodamine phalloidin.
n ⫽ 50 images per condition and represent at least three independent experiments. Images were collected by a Leica TCS2 confocal microscope using
sequential scanning to avoid bleed-through and imported into Volocity software (Improvision). Images were merged in Volocity and exported as JPG
files. Original magnification ⫻400 for all images is shown. B, Fluorescent
intensity of actin staining at the contact site between a WT cell (f or a
talin-KO cell (䡺) was expressed as a percentage of total fluorescent intensity
of actin staining within the cell. Error bars represent SEM; n ⫽ 22 (WT) and
28 (KO); p ⫽ ⬍ 0.0001. C, WT (solid line) or talin-KO (filled histogram) NK
cells were stained with phalloidin Alexa Fluor 647 and analyzed by FACS to
determine total F-actin content. Histograms of unstained control cells are also
shown. D, WT (bottom panel) or talin-KO (top panel) NK cells were incubated
with ICAM-1-coated beads (talin-KO cells were incubated in the presence of
1 mM Mn2⫹ to facilitate binding to beads). Cells were fixed with formaldehyde, permeabilized, and stained with anti-granzyme B mAb and Alexa Fluor
568 secondary Ab; n ⫽ 28 per condition and represent at least three independent experiments. Images were collected and processed by confocal microscopy as in Fig. 4.
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that YAC-1 cells expressed LFA-1 and NK cells expressed
ICAM-1, which likely contributed to the formation of cell aggregates. As expected from the results with conjugate formation, WT
NK cells killed YAC-1 cells, whereas talin-KO NK cells did not
kill YAC-1 in the absence of Mn2⫹. Upon addition of Mn2⫹, the
killing of YAC-1 by WT NK cells was slightly enhanced, whereas
talin-KO NK cells did not significantly kill YAC-1 despite efficient
binding to YAC-1 cells (Fig. 3B).
To further test the effects of talin deficiency on NK cell cytotoxicity, the murine fibroblast line L cells, which do not express
ICAM-1, and ICAM-1-transfected L cells (L-IC1) (29) were used
as target cells. Unexpectedly, talin-KO NK cells efficiently killed
L cells in the absence of exogenous Mn2⫹. ICAM-1 expression on
L cells enhanced the cytotoxicity (Fig. 3C). In addition, WT cells
were able to mediate cytotoxicity against untransfected L cells.
The cytotoxicity of talin-KO NK cells against both L cells and
L-IC1 cells was slightly lower than that of WT NK cells. These
results suggest that killing of L cells is mediated by both talindependent and talin-independent mechanisms. Since CD44 has
been shown to contribute to NK cell cytotoxicity (1), we tested the
effects of anti-CD44 mAb on the cytotoxicity against L cells. AntiCD44 mAb significantly reduced the cytotoxicity of both WT and
talin-KO NK cells against L cells (Fig. 3D). These results indicate
that talin-KO NK cells are able to kill L cells by a CD44-dependent mechanism. The incomplete inhibition by anti-CD44 mAb
suggests that other receptors may also mediate killing of L cells.
We also tested the effect of talin deficiency on CD16-mediated
Ab-dependent cell-mediated cytotoxicity. Because L cells uniformly express the MHC class I H-2Kk, they were coated with
anti-H-2Kk mAb before incubation with effector cells. Both WT
and talin-KO NK cells killed L cells very efficiently, and the expression of ICAM-1 on L cells did not enhance the cytotoxicity
(Fig. 3E). Thus, talin-KO NK cells are capable of killing target
cells by LFA-1-independent mechanisms.
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specifically recognizes activated Pyk2 phosphorylated at Tyr402
(41, 42), the level of phospho-Pyk2 in both WT and talin-KO NK
cells was low (Fig. 4, C and D). Upon binding of ICAM-1-coated
beads to WT NK cells, the overall level of phospho-Pyk2 increased
2-fold (Fig. 4D) and ⬎20% of the staining localized to the site of
bead binding in 72% (n ⫽ 30) of the conjugates (Fig. 4E). Binding
of WT cells to a PLL-coated bead did not result in this localization.
Talin-KO NK cells, upon treatment with 1 mM Mn2⫹, bound the
beads and showed a similar increase in the overall level of phospho-Pyk2 as WT NK cells (Fig. 4, D and E). Phospho-Pyk2 also
accumulated at the site of contact with the bead in 70% of the
conjugates (n ⫽ 30). To further quantitate Pyk2 phosphorylation
following binding to ICAM-1, WT and talin-KO NK cells (in the
presence of 1 mM Mn2⫹) were incubated on ICAM-1-coated
plates. Pyk2 was immunoprecipitated and phosphorylation was detected by western blotting (Fig. 4F). Pyk2 phosphorylation increased in both WT and talin-KO cells relative to control cells that
had not been bound to plates. Mn2⫹ did not affect Pyk2 phosphorylation in WT cells. Thus, LFA-1 ligation generates outside-in
signals, leading to Pyk2 phosphorylation at the site of LFA-1 ligation, and this process is talin independent. In addition, the phosphorylation and localization of Pyk2 following binding of
talin-KO cells to ICAM-1-coated beads indicates that binding of
these cells in the presence of Mn2⫹ is LFA-1 dependent and not
due to nonspecific interactions.

Talin is required for actin accumulation in NK cells binding
ICAM-1-coated beads
We tested the effect of talin disruption on actin accumulation in
NK cells binding ICAM-1-coated beads. WT NK cells, upon binding ICAM-1-coated beads, flattened and formed a lamellipodialike structure, which wrapped around the bead, and F-actin accumulated at the lamellipodia-like structure (Fig. 5A, bottom panel).
The actin accumulation was seen as early as 5 min after the initiation of the incubation and persisted for ⬎30 min. Although
talin-KO NK cells pretreated with 1 mM Mn2⫹ readily bound
ICAM-1-coated beads, they remained round, with F-actin evenly
distributed around the edge of the cell. Longer incubation times did
not result in actin accumulation in talin-KO NK cells (results not
shown). In WT NK cells, ⬎40% of F-actin could be found at the
contact site (42.9 ⫾ 3%, n ⫽ 22). Talin-KO NK cells showed
significantly less, ⬃15% of total actin (13.9 ⫾ 0.9%, n ⫽ 28), at
the contact site (Fig. 5B). This difference in fluorescence intensity
likely reflects both a decrease in accumulation and, to a certain
extent, a decreased contact area at the contact site due to the
rounded phenotype of talin-KO cells. Because talin contains multiple binding sites for cortical F-actin, it is conceivable that a talin
deficiency may result in lower overall levels of F-actin within
talin-KO NK cells. However, comparable levels of F-actin were
detected in WT and talin-KO by FACS (Fig. 5C). Although binding of WT cells to an ICAM-1-coated bead caused actin
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FIGURE 6. Coengagement of LFA-1 and NKG2D
results in polarization of actin, cytotoxic granules, and
the MTOC. A, WT or talin-KO NK cells were incubated with beads coated with sICAM-1, sICAM-1 and
H60-Fc, or PLL. Talin-KO cells were incubated in the
presence of 1 mM Mn2⫹ to facilitate binding to beads.
Cells were fixed with formaldehyde, permeabilized, and
stained at 20°C with anti-granzyme B mAb with Alexa
Fluor 568 secondary Ab, anti-␤-tubulin mAb with Alexa
Fluor 488 secondary Ab, and Alexa Fluor 647 phalloidin. B, Fluorescent intensity of granzyme B staining at
the contact site between a WT cell or a talin-KO cell was
expressed as a percentage of total fluorescent intensity of
granzyme B staining within the cell. Error bars represent
SEM; n ⫽ 8 –16 per condition. Images were collected by
confocal microscopy and processed as in Fig. 4.
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accumulation, staining for granzyme B showed granules dispersed throughout the cell in both WT and KO (with Mn2⫹) NK
cells (Fig. 5D). Taken together, these results show the importance of LFA-1 signaling in actin accumulation and the critical
role that talin plays in this signaling.
NKG2D ligation induces talin-dependent polarization of
cytotoxic granules toward targets

Discussion
In this study, we have generated NK cells from talin1-KO ES cells
and studied the role of talin in NK cell cytotoxicity. Our results
have shown that the cytotoxicity of talin-KO NK cells is impaired
and suggest a dual role for talin. First, talin seems to act as an
activator of LFA-1, because talin-KO NK cells are unable to adhere to ICAM-1. Second, talin is also required for LFA-1-induced
reorganization of the actin cytoskeleton in NK cells, which is required for polarization of cytotoxic granules toward target cells.
Thus, talin is required for not only inside-out activation of LFA-1
but also for outside-in signaling through LFA-1 leading to NK cell
polarization.
Talin has been shown to be required for activation of ␤1 and ␤3
integrins (22, 23, 25). Overexpression of the talin head also induces changes in LFA-1 conformation (22). Talin knockdown in
Jurkat T cells and peripheral blood T cells also showed a requirement for talin in TCR-induced LFA-1 activation (43). Thus, activation of LFA-1 by talin is required for effective LFA-1-mediated

cell adhesion. However, the addition of exogenous Mn2⫹ to Jurkat
cells in which talin is knocked down is unable to rescue the defect
in adhesion (43). In our study, exogenous Mn2⫹ only partially
restores LFA-1-mediated adhesion of talin-KO NK cells. Since the
activation of LFA-1 by Mn2⫹ is thought to be independent of
endogenous signaling, it seems likely that effective LFA-1-mediated cell adhesion requires not only high-affinity conformation of
LFA-1 but also talin-dependent actin accumulation and LFA-1
clustering, as observed for other integrins (44, 45).
Although LFA-1-ICAM-1 interaction is sufficient for actin reorganization in NK cells, a second signal is required for granule
polarization and reorientation of the MTOC. Coligation of LFA-1
and NKG2D induces polarization of cytotoxic granules and
MTOC toward the targets. Interestingly, ligation of NKG2D alone
has no effect (data not shown). Furthermore talin-KO NK cells do
not show polarization of granules and MTOC upon coligation of
LFA-1 and NKG2D. Therefore, polarization of the actin cytoskeleton is likely required for MTOC and granule polarization. This is
consistent with previous studies in which disruption of actin dynamics by inhibitors prevents MTOC reorientation (46). Our results also show differential effects of activation signals through
LFA-1 and NKG2D in NK cells. LFA-1 signals induce actin reorganization but not granule and MTOC polarization, whereas
NKG2D signals induce polarization of granules and MTOC, but
not actin reorganization. In contrast to our results with ES-derived
NK cells and IL-2-activated splenic NK cells (data not shown),
Barber et al. (5) showed that LFA-1 ligation on resting human NK
cells results in polarization of perforin-containing granules toward
a target cell or ICAM-1-coated beads. The reason for the difference
between our results and those of Barber et al. (5) is still unknown.
Nevertheless, ligation of LFA-1 leads to reorganization of the actin
cytoskeleton in both studies and our results implicate a critical role
for talin in this process.
In T cells, LFA-1 ligation has been shown to induce Vav1 phosphorylation, which leads to activation of WASp and Arp2/3 resulting in actin polymerization (47). Although LFA-1 ligation also
induces phosphorylation and activation of Pyk2, it is unlikely responsible for Vav1 phosphorylation, because our results have
shown that Pyk2 phosphorylation is talin independent, whereas
reorganization of the actin cytoskeleton requires talin. Talin is
known to interact with multiple proteins, including actin and also
vinculin, which in turn associates with paxillin (48) and ␣-actinin
(49). Paxillin functions as a scaffold protein and associates with a
number of signaling proteins (13). Thus, talin likely forms a multiprotein complex as it associates with LFA-1 and recruits signaling proteins yet to be identified that are responsible for reorganization of the actin cytoskeleton.
Whereas LFA-1-dependent NK cytotoxicity is impaired by talin
deficiency, NK cells are able to kill fibroblast L cells in an LFA1/talin-independent manner. CD44 has been reported to compensate for LFA-1 deficiency in NK cytotoxicity, since NK cells from
CD44⫹/⫹LFA-1⫺/⫺ mice retained some cytotoxic function (1).
Since CD44 acts as a link between the plasma membrane and the
actin cytoskeleton through members of the ERM family of proteins
(50), it appears that the compensatory role that CD44 plays is not
limited to adhesion but extends to actin reorganization as well.
In summary, by using in vitro differentiation to generate
talin-KO NK cells and protein-coated beads to investigate these
cells, we have shown a dual role for talin. Talin is required both for
LFA-1 activation and LFA-1-mediated actin cytoskeletal rearrangement. This study elucidates talin’s role in LFA-1 function
and illustrates the importance of talin for the transduction of LFA1-mediated early signaling events in NK cell cytotoxicity.
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The stimulatory NK cell receptor NKG2D is known to mediate NK
cell cytotoxicity against many tumors. Therefore, we tested the
effects of NKG2D ligation on cytotoxic granule translocation in
WT and talin-KO NK cells. H60 is a ligand for NKG2D (8). We
generated H60-Fc fusion protein and immobilized it on cell-size
beads to ligate NKG2D. An unrelated Fc fusion protein, CD160-Fc
(34), was used as a negative control. Beads were coated with
sICAM-1 and H60-Fc (20 g/ml each). Binding of ICAM-1/
H60-Fc beads to WT NK cells resulted in a marked accumulation
of granzyme B at the point of contact with the bead. As expected,
F-actin accumulated at the site and the MTOC also polarized toward the beads. Thus, the merged image of NK cells stained for
granzymes (red), tubulin (green), and F-actin (blue) showed colocalization of these proteins at the site of bead binding (Fig. 6A). In
contrast, following binding of ICAM-1/H60-Fc-coated beads to
talin-KO cells in the presence of Mn2⫹, granzyme B was dispersed
throughout the cells, MTOC was in a random position, and F-actin
remained evenly distributed around the cell periphery. Control
beads coated with ICAM-1 and CD160-Fc did not induce granzyme B polarization, indicating that cytotoxic granule polarization
induced by H60-Fc is not due to CD16 ligation by the Fc portion
of the fusion proteins (data not shown). To quantify granule polarization, we measured the fluorescence intensity of antigranzyme B staining at the site of bead binding and compared it
with the overall fluorescence intensity of the cell (Fig. 6B). In WT
NK cells, binding beads coated with ICAM-1 and H60, ⬃30%
(27 ⫾ 4.4%, n ⫽ 7) of the fluorescence intensity of the granzyme
B staining was at the point of contact, whereas those cells in contact with ICAM-1 beads had ⬃14% (14.0 ⫾ 1.5%, n ⫽ 8) of
fluorescence intensity at the contact site. With talin-KO NK cells,
the fluorescence intensity at the point of contact with beads was
low regardless of whether the beads were coated with ICAM-1
alone (13.8 ⫾ 1.1%, n ⫽ 8) or ICAM-1 and H60 (16.3 ⫾ 2%, n ⫽
16). Thus, activating signals from NKG2D causes granzyme polarization in WT cells but this polarization requires talin, presumably because talin-dependent reorganization of the actin cytoskeleton is required for this process.
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