
Tyrosine kinase activity and remodelling of the actin cytoskeleton
are co-temporally required for degranulation by cytotoxic

T lymphocytes

Introduction

A number of cytoskeletal rearrangements are associated

with T-cell activation, including those required for conju-

gation, movement of receptors, formation of the immu-

nological synapse and directional secretion of cytolytic

granules and cytokines (reviewed in references 1 and 2).

It has been established that the microtubule organizing

centre of a T cell reorients towards the antigen-presenting

cell (APC) or target cell and talin, a cytoskeleton protein,

accumulates at the interface between a cytotoxic T lym-

phocyte (CTL) and its specific target cell.3 Plate-bound

anti-CD3 has been shown to induce actin polymerization

in Jurkat cells,4 and this actin polymerization is dynamic-

ally regulated by the tyrosine-phosphorylated adaptor

protein linker for activation of T cells (LAT), downstream

of the T-cell receptor (TCR).5 A number of elegant stud-

ies over the past decade have revealed many of the

molecular mechanisms that govern actin dynamics in

T cells (reviewed in references 1, 2, 6 and 7).

Cytoskeletal rearrangements are not only associated

with T-cell activation but also essential for various aspects

of this process. It was shown a number of years ago that

disruption of the cytoskeleton by cytochalasins inhibits
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Summary

In this study, we examined the contribution of the actin cytoskeleton

to T-cell receptor (TCR)-initiated signalling in cytotoxic T lymphocytes

(CTLs). We demonstrate that cytoskeletal remodelling is required for sus-

taining TCR-stimulated signals that lead to degranulation by CTLs. Dis-

ruption of the actin cytoskeleton in CTLs already undergoing signalling

responses results in an almost immediate loss of essentially all protein

tyrosine phosphorylation. This signal reversal is not restricted to tyrosine

phosphorylation, as disruption of the actin cytoskeleton also reverses the

phosphorylation of the more downstream serine/threonine kinase extra-

cellular signal regulated kinase (Erk). An intact cytoskeleton and cell

spreading are not sufficient for maintaining signals, as stabilization of actin

filaments, at a point when peak tyrosine phosphorylation is occurring,

also leads to the rapid loss of protein tyrosine phosphorylation. Disrup-

tion of tyrosine kinase activity after TCR signals are maximally induced

causes the immediate reversal of tyrosine phosphorylation as well as cyto-

skeletal disruption, as indicated by loss of cell spreading, adhesion and

CTL degranulation. Taken together, our results indicate that actin remod-

elling occurs co-temporally with ongoing tyrosine kinase activity, leading

to CTL degranulation. We hypothesize that continuous actin remodelling

is important for sustaining productive signals, even after downstream

signalling molecules such as Erk have been activated, and that the actin

cytoskeleton is not solely required for initiating and maintaining the

T cell in contact with its stimulus.

Keywords: cellular activation; protein kinases/phosphatases; signal trans-

duction

Abbreviations: APC, antigen-presenting cell; BSA, bovine serum albumin; CTL, cytotoxic T lymphocyte; Erk, extracellular signal
regulated kinase; HRP, horseradish peroxidase; MHC, major histocompatibility complex; mAb, monoclonal antibody; PBS,
phosphate-buffered saline; PMA, phorbol myristate acetate; TCR, T-cell receptor.
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the formation of conjugates between CTLs and cognate

target cells.8 Cytochalasins can block CTL activation sti-

mulated with purified matrix-bound allogeneic class I

major histocompatibility complex (MHC).9 There exists a

clear requirement for the actin cytoskeleton in the sus-

tained signals in CD4+ T cells, leading to increased intra-

cellular Ca2+ and the production of interferon-c.10

Cytochalasin D inhibits cell spreading stimulated with

plate-bound anti-CD3.5 Interestingly, we established that,

although cytochalasin D inhibits the induction of tyrosine

phosphorylation signals triggered in CTLs with plate-

bound anti-CD3, this drug has absolutely no inhibitory

effect on tyrosine phosphorylation when those same CTLs

are stimulated with soluble cross-linked antibodies, sug-

gesting that the cytoskeleton is not required for TCR-gen-

erated signals per se, but only for those mounted with

antibodies presented on a solid matrix.11 More recently,

studies with knockout mice deficient in various signalling

molecules, such as the tyrosine kinase Itk, the guanine

nucleotide exchange factor Vav and the cytoskeleton regu-

lator WASP, have shown defects in various aspects of

T-cell function, including delayed kinetics of activation,

decreased adhesion with APCs and decreased actin poly-

merization at the cell contact point.1,2,6,7 For example, it

has been demonstrated that Vav is required for actin-

dependent clustering of the TCR when antigen is presen-

ted on APCs.12 From these and numerous additional

studies, it is clear that cytoskeletal rearrangements are

important for T-cell activation.

Although the cytoskeleton has a defined role in the ini-

tial formation of stable conjugates and adhesion of cells

to plate-bound anti-CD3 to allow optimal TCR ligation,

it is not clear if the cytoskeleton is important for medi-

ating or maintaining signal transduction events down-

stream of TCR ligation. There is some evidence to suggest

that the cytoskeleton might be important for signalling

downstream of the initiation of signals. Addition of

cytochalasins after CTLs have adhered to purified class I

MHC disrupts degranulation up to approximately 30 min

after the initiation of the response.9 Furthermore, the

addition of cytochalasins during an ongoing Ca2+ flux

immediately disrupts the Ca2+ flux without affecting the

stability of T-cell–APC conjugates.10 The role of the cyto-

skeleton in maintaining signalling responses is not known.

It is possible that the cytoskeleton is important for bring-

ing together various signalling molecules to the correct

subcellular location for proper function and perhaps

for providing a scaffold for these proteins to associate

long enough to initiate downstream pathways. It is also

not known if the cytoskeleton plays any role in signal-

ling responses once the initial cytoskeletal rearrange-

ments have occurred and signalling pathways have been

initiated.

In the current study, we examined the contribution of

the cytoskeleton to tyrosine phosphorylation and Erk

activity triggered by the TCR complex in CTLs. Our data

indicate that the requirement for the cytoskeleton in sig-

nals emanating from the TCR is continuous; even after

tyrosine phosphorylation and Erk signals have peaked,

there remains a requirement for actin remodelling. We

demonstrate that the presence of actin filaments is not

sufficient to initiate or sustain signals, but that continu-

ous actin remodelling is important, arguing against the

possibility that the actin cytoskeleton is serving solely as a

scaffold for signalling proteins. Finally, our results indi-

cate that signalling and cytoskeletal rearrangements must

occur co-temporally and do not occur in a purely linear,

sequential fashion.

Materials and methods

Cell lines, antibodies and reagents

The allo-specific mouse CTL clones Cl 11 and AB.1

(murine H-2d anti-Kb) have been described previously.13

These were grown in HEPES-buffered RPMI supplemen-

ted with heat-inactivated fetal bovine serum, sodium

pyruvate, non-essential amino acids, l-glutamine, penicil-

lin-streptomycin and b-mercaptoethanol. Cells were sti-

mulated weekly with irradiated C57BL/6 J spleen cells in

media supplemented with interleukin (IL)-2 and experi-

ments were performed 4–6 days after stimulation. The

growth of hybridomas producing monoclonal antibodies

(mAbs) specific for CD3 (145-2C11), TCR (H57-597),

CD45 (I3/2) and antiphosphotyrosine (PY-72) and the

purification of the antibodies has been described previ-

ously.14 Anti-Erk (Erk1 + Erk2) mAb was purchased from

Zymed (San Francisco, CA). Horseradish peroxidase

(HRP)-coupled goat anti-mouse antibody and goat anti-

hamster immunoglobulin G (IgG) were purchased from

Jackson Immunologicals (West Grove, PA). Phorbol myr-

istate acetate (PMA) and cytochalasin D and E were

purchased from Sigma Chemicals (St. Louis, MO).

Ionomycin, latrunculin A, jasplakinolide and PP1 were

purchased from Calbiochem (San Diego, CA).

Antibody immobilization

Ninety-six-well flat-bottom plastic microtitre plates were

incubated with 800 ng/well antibody (145-2C11 or H57-

597) diluted in phosphate-buffered saline (PBS) at 37� for
90 min. Each well was washed twice with PBS (100 ll/
well), blocked with 2% bovine serum albumin (BSA) in

PBS (100 ll/well) at 37� for 30 min, washed twice, and

used immediately for assay.

Degranulation assay

Degranulation, as measured by the release of serine ester-

ases, was assayed as previously described.13 AB.1 or
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Clone 11 cells were washed three times by centrifugation

in PBS. For immobilized antibody experiments, cells were

added directly to the antibody-coated wells. For experi-

ments with target cells, the plates were centrifuged for

4 min at 400 g to initiate conjugation. All degranulation

assays were performed in 4% fetal calf serum (FCS) in

RPMI. When used at the initiation of the assay, cytocha-

lasin D or E was added at the indicated concentration to

the clone cells, and then the cells were immediately added

to the antibody-coated wells. Addition of cytochalasin D

or E after the initiation of stimulation was accomplished

by carefully adding a volume of 50 ll containing 30 lm
cytochalasin D or E to 100 ll of cells. As a control, the

same volume of vehicle was added to the cells. Cells were

used at 1�5 · 105 cells/well in 150 ll and incubated at 37�
for the indicated time, after which 25 ll of supernatant

was assayed for N-benzyloxy-carbonyl-l-lysine thiobenzyl

ester (BLT)-esterase activity.13 None of the inhibitors

affected the viability of the cells during the period of

assay and the effects of the cytochalasins were completely

reversible. Each experiment was performed with triplicate

samples and all experiments were repeated at least three

times with identical results.

Sodium dodecyl sulphate–polyacrylamide gel
electrophoresis (SDS-PAGE) and antiphosphotyrosine
immunoblotting

Protein tyrosine phosphorylation was assayed as previ-

ously described.15 Stimulation was performed as for the

degranulation assay, except that 1�5 · 105 clone cells were

triggered in 50 ll of serum-free media. After incubation

at 37� for the indicated time, the cells were lysed by addi-

tion of 40 ll 2· Laemmli reducing sample buffer and the

entire sample was subjected to electrophoresis on 7�5%
SDS-PAGE gels. Anti-phosphotyrosine immunoblotting

was performed with the phosphotyrosine-specific mAb

PY-72, followed by rabbit anti-mouse antibody coupled

to horseradish peroxidase. Erk phosphorylation was

assessed as described previously.16 Blots were developed

by chemiluminescence.

Results

Cytoskeletal changes are required for the stimulation
of CTL degranulation, but not for the exocytosis of
lytic granules

To determine if an intact cytoskeleton is required for

TCR-triggered CTL degranulation, we stimulated Cl 11

cells with immobilized anti-CD3 or anti-TCR in the pres-

ence of cytochalasin D or cytochalasin E, which inhibits

the addition of new actin monomers to actin filaments.

We used concentrations of cytochalasins that have been

previously shown to inhibit CTL conjugation8 and cell

spreading on solid-phase anti-CD3.5 When cells were

treated with either cytochalasin D or E, they appeared

round and did not adhere to the plate or spread on the

immobilized antibody (data not shown and Fig. 1a).

Degranulation triggered with either anti-CD3 or anti-TCR

was completely inhibited in the presence of cytochalasin

D (Fig. 1b). Cytochalasin D had no impact on the min-

imal spontaneous degranulation from non-stimulated cells

(Fig. 1b). Degranulation could be inhibited because actin

polymerization is required for optimal TCR ligation and

generation of signals or for the process of exocytosis of

lytic granules, or both. To distinguish these possibilities,
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Figure 1. Cytochalasins inhibit signalling for degranulation, but not

the exocytosis of lytic granules. (a) Cl 11 clone cells were left

untreated and added to either control bovine serum albumin (BSA)-

blocked wells (upper panel) or wells pre-coated with anti-CD3 (145-

2C11) (middle panel). One group of cells was pretreated for 15 min

with 1 lm cytochalasin E (CE) and then added to plate-bound

anti-CD3 (lower panel). All photographs were taken 25 min after

addition of cells to the wells. (b) Cl 11 cells were stimulated

with immobilized anti-CD3 (2C11) or anti-T-cell receptor (TCR)

(H57-597) in the presence of the indicated concentration of cytocha-

lasin D. Serine esterase activity was measured in the supernatant at

about 4 hr. (c) AB.1 clone cells were stimulated with plate-bound

145-2C11 (anti-CD3) or with 150 ng/ml phorbol 12-myristate

13-acetate (PMA) and 2 lm ionomycin in the presence of the indica-

ted concentration of cytochalasin E for 4 hr before supernatants were

assayed for serine esterase activity. The results are representative of

results with both cytochalasin D and E on both clones AB.1 and Cl

11. The experiments were performed in triplicate and error bars

indicate standard deviations. Note that for most samples the error

bars are smaller than the symbols. OD, optical density.
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we triggered the CTL clone AB.1 to degranulate with the

phorbol ester phorbol 12-myristate 13-acetate (PMA) and

the calcium ionophore ionomycin in the presence of

cytochalasin E. PMA- and ionomycin-induced degranula-

tion was not inhibited by cytochalasin E (Fig. 1c), consis-

tent with previously published results using TALL-104

leukaemia cells and latrunculin A, an actin polymerization

inhibitor.17 These data indicate that the physical process

of degranulation does not require an intact cytoskeleton,

and suggest that there is a requirement for cytoskeletal

function upstream of the pathways stimulated by PMA

and ionomycin leading to degranulation.

Cell spreading is not sufficient for ongoing signalling
and degranulation

We have demonstrated that degranulation only occurs

when CTLs are stimulated with plate- or bead-bound

anti-CD3 or TCR, and not with cross-linked antibodies

to CD3 or TCR.11 The obvious differences between these

two stimulation procedures are the polarized signal and

the tight adhesion and cell spreading that occur with

solid-phase stimulation. If cell spreading and cytoskeletal

rearrangements were indeed the only difference between

the two stimulation conditions, one would predict that, if

cell spreading could be induced in conjunction with

cross-linked anti-CD3, degranulation should ensue. We

have previously shown that immobilized anti-CD45 indu-

ces dramatic cell spreading of CTL clones.18 Anti-CD45

did not induce degranulation, but greatly enhanced

degranulation to suboptimal anti-CD3 co-immobilized on

the plate (Fig. 2). However, when cells stimulated with

cross-linked anti-CD3 were plated on the immobilized

anti-CD45, there was no increased degranulation over

background (Fig. 2), although, upon visual inspection,

these cells were spread on the plate and appeared very

similar to cells stimulated with plate-bound anti-CD3 or

anti-TCR (data not shown). These results suggest that

induction of the cytoskeletal changes associated with cell

spreading is not sufficient to stimulate degranulation in

conjunction with non-polarized TCR-initiated signals.

However, this does not imply that actin-dependent cell

spreading or polarization is not required for CTL degran-

ulation, as the data presented in Fig. 1 clearly indicate

that the actin cytoskeleton is absolutely required for TCR-

stimulated degranulation.

Dynamic actin polymerization is required for ongoing
tyrosine phosphorylation

Our above-mentioned data suggest that cell spreading

per se is not required for signalling, but it is possible that

the tight adhesion and cell spreading are required for cells

to make appropriate contact with the immobilized anti-

body on the plate to initiate signals and that, once the

signals are underway, there is no longer a requirement for

the cytoskeleton. To test this possibility, we determined

the impact of addition of cytochalasin E to cells exhibit-

ing peak tyrosine phosphorylation, in response to an

immobilized TCR stimulus, on continued tyrosine phos-

phorylation. We used cytochalasin E for these studies

as our preliminary data indicated that, at 10 lm, cytocha-
lasin E could rapidly (within 5 min) and reproducibly

disrupt cell spreading without any noticeable cytotoxicity

or obvious membrane blebbing (Fig. 3a). Although this

is a concentration that is about 10-fold higher than is

required for the inhibition of degranulation, lower con-

centrations did not immediately reverse the adhesion of

cells to the plate (data not shown). As we have reported

previously,11 tyrosine phosphorylation was initiated at

about 5 min after cells were added to the anti-CD3-

bound plate and was sustained until about 45–60 min

(Fig. 3b), during which time the cells remained bound

and spread on the plate. That tyrosine phosphorylation

could be observed at 5 min indicates that enough cells

had already made sufficient contact with the plastic to

initiate the tyrosine kinase cascade. When cytochalasin E

was added at 15 min after the initiation of the response,

the number of TCR-induced tyrosine phosphorylated pro-

teins was significantly reduced by 20 min (Fig. 3b). The

proteins that became phosphorylated and dephosphoryla-

ted included, but were not limited to, ZAP-70, Pyk2,

FAK, Vav, Cbl and paxillin (data not shown). Interest-

ingly, when cytochalasin E was added at 25 min, a time

well beyond that at which all of the cells had spread on
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Figure 2. Cell adherence and spreading are not sufficient to trigger

degranulation in the presence of cross-linked anti-CD3. AB.1 clone

cells were stimulated with suboptimal (0�1 lg/ml) or stimulatory

(10 lg/ml) amounts of 145-2C11 immobilized on plastic (IMM) or

10 lg/ml of biotin-coupled 145-2C11 cross-linked with streptavidin

(XL) in the presence or absence of anti-CD45 (I3/2) immobilized at

10 lg/ml. Serine esterase activity was assayed 4 hr after adding the

cells to the plate. These data are representative of three different

experiments.
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the immobilized antibody and tyrosine phosphorylation

remained high, there was a rapid and dramatic reduction

in the level of tyrosine phosphorylation (Fig. 3b). No

additional tyrosine phosphorylation was observed at time

points after addition of cytochalasin E. The cytochalasin

E was not directly inhibiting tyrosine kinase activity, as

induction of tyrosine kinase activity induced with soluble

cross-linked anti-CD3 is not inhibited under these condi-

tions (reference 11 and data not shown). Similar results

have been observed with cytochalasin D and latrunculin

A, additional inhibitors of actin polymerization.

It could be argued that the requirement for ongoing

cytoskeletal changes is a result of stimulating cells with

immobile antibodies on a plastic surface and that, when

cells are stimulated with antigen presented on a cell mem-

brane, there will be no requirement for ongoing cytoskel-

etal rearrangements once the signal has been initiated. To

directly test this possibility, we examined the induction of

tyrosine phosphorylation using L1210 target cells. L1210

target cells are normally not recognized by AB.1 or Cl 11;

however, if the allogeneic Kb class I MHC is expressed

by transfection on these cells, they are lysed by these

clones.19 As observed with stimulation using immobilized

anti-CD3, addition of cytochalasin E to cells exhibiting

peak tyrosine phosphorylation resulted in the rapid loss

of tyrosine phosphorylated proteins (Fig. 3c). It should be

noted that the kinetics of phosphorylation was much

more rapid than that observed with immobilized antibod-

ies, as peak levels of phosphorylation were observed

already at 5 min and remained strong for the 45 min of

the assay (Fig. 3c). In contrast with solid-phase anti-CD3

stimulation (Fig. 3b), there were significantly more pro-

teins that became tyrosine phosphorylated after target cell

stimulation, probably because many receptors besides the

TCR were becoming engaged and triggered tyrosine phos-

phorylation, as well as receptors on the target cell that

may initiate signals within the target cells (Fig. 3c). How-

ever, as with the stimulation on solid-phase anti-CD3,

there was induction of phosphorylation of similar groups

of proteins and, even after 30 min, continued tyrosine

phosphorylation required an intact cytoskeleton. This is

not a reflection of the time required for conjugate forma-

tion, as tight conjugates were already formed after the

4-min centrifugation. These results indicate that ongoing

cytoskeletal rearrangements are required for target cell-

induced tyrosine phosphorylation and that this is not an

artefact of stimulating cells with an antibody bound to a

solid matrix.

Maintenance of adherence to plate-bound anti-CD3
is not sufficient for maintaining tyrosine
phosphorylation if actin turnover is inhibited

It is possible that the cytoskeleton is required to main-

tain tyrosine phosphorylation by providing a scaffold for
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Figure 3. Cytochalasin E (CE) disrupts ongoing tyrosine phosphoryl-

ation stimulated with immobilized anti-CD3 or target cells. (a) Cl 11

cells were added to wells pre-coated with 145-2C11 (anti-CD3). After

15 min on the plates, carrier (left panel) or CE to a final concentration

of 10 lm (right panel) was added to the cells. Photographs of the cells

were taken within 5 min after addition of the inhibitor. Cl 11 cells

were stimulated for the indicated time with (b) bovine serum albumin

(BSA) or immobilized anti-CD3 or (c) L1210 target cells transfected

with Kb. In both cases, CE was added to Cl 11 at a final concentration

of 10 lm at the indicated time after addition of cells to immobilized

145-2C11 (b) or mixing with target cells (c). At the indicated time,

cells were lysed with reducing sample buffer, and subjected to sodium

dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) and

immunoblotting with antiphosphotyrosine antibodies. Lane ‘C’ in

(c) refers to Cl 11 cells mixed with untransfected L1210 cells. The

curly brackets indicate positions of groups of proteins that become

dephosphorylated after CE addition. Molecular weight standards

(kDa) are shown to the left of the gels in (b) and (c). The data shown

are representative of four different experiments with Cl 11 or AB.1.
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signalling molecules. Treatment of cells with cytochalasin

E causes the cells to almost immediately de-adhere from

the plate and actin filaments are disrupted, resulting in

the loss of potential molecular scaffolds. Jasplakinolide is

a cell-permeable antifungal agent that binds to F-actin

and inhibits actin filament disassembly, thereby stabilizing

existing actin filaments.20,21 This agent would affect the

dynamic turnover of actin filaments by depleting free

globular actin and preventing subsequent actin rearrange-

ments and polymerization. We employed this reagent to

determine if adhesion to the plate-bound anti-CD3 was

sufficient to allow ongoing signals in the absence of other

cytoskeletal rearrangements. If cells were pretreated with

jasplakinolide, we prevented all induction of tyrosine

phosphorylation (Fig. 4a), and, although the cells clearly

adhered to the antibody, cell spreading was not as exten-

sive as that observed with the control cells (data not

shown). When jasplakinolide was added to the cells

20 min after stimulation, tyrosine phosphorylation was

reduced to almost background by 40 min (Fig. 4a),

although the cells remained spread on the plate and

should have been making sufficient contact with the anti-

body (Fig. 4b). Consistent with the tyrosine phosphoryl-

ation data, degranulation was essentially completely

inhibited when jasplakinolide was added to the cells at

15–25 min after the cells were added to the immobilized

anti-CD3 (Fig. 4c and data not shown). This does not

eliminate the possibility that jasplakinolide has additional

effects beyond induction of tyrosine phosphorylation; for

example, inhibition of granule membrane fusion. Taken

together, these results suggest that ongoing cytoskeletal

changes, in addition to those necessary for cell spreading

and adhesion, are required for continued tyrosine phos-

phorylation. If the cytoskeletal remodelling is terminated,

continued tyrosine phosphorylation also ceases. These

results suggest that the cytoskeleton is not merely acting
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Figure 4. Maintenance of cell spreading after immobilized anti-CD3 stimulation is not sufficient to continue tyrosine phosphorylation and

degranulation. (a) AB.1 cells were incubated on immobilized bovine serum albumin (BSA) or 145-2C11 for the indicated time, after which cells

were lysed in reducing sample buffer. Lysates were subjected to sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) and

immunoblotting with antiphosphotyrosine. Cells were left untreated or pretreated for 15 min with 2 lm jasplakinolide (Jas), or jasplakinolide

was added to the cells, to a final concentration of 2 lm, 20 min after cells were added to the immobilized 145-2C11. (b) Cl 11 cells were incu-

bated on control BSA-blocked wells (top panel) or anti-CD3-coated wells for 20 min (lower two panels) at which time carrier (middle panel) or

jasplakinolide (bottom panel) was added to a final concentration of 2 lm. Cells were incubated for an additional 30 min and photographed.

(c) AB.1 cells were plated on immobilized 145-2C11 and jasplakinolide was added to a final concentration of 2 lm at the indicated time after

initiation of the assay. The drug remained with the cells for the duration of the culture. Supernatants were assayed for serine esterase activity

3 hr after the initial addition of the cells to the plate. The assay was performed in triplicate and error bars indicate the standard deviations.

The dotted line represents the average of the control stimulation with no drug in the assay. These data are representative of four individual

experiments. OD, optical density.
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as a scaffold for signalling molecules, as the scaffold

would remain in place during this treatment, yet signal-

ling was still blocked.

Kinetic relationship between tyrosine phosphorylation
and cytoskeletal rearrangements

The above results suggest that cytoskeletal rearrangements

are required to sustain tyrosine phosphorylation. We

therefore determined the kinetic requirements for con-

tinuous tyrosine kinase activity leading to degranulation

by making use of the src-family tyrosine kinase inhibitor

PP1. We first showed that the concentration of PP1 used

for these experiments was sufficient to inhibit tyrosine

phosphorylation (Fig. 5a). None of the concentrations of

inhibitor was toxic to the cells over the period of assay

(data not shown). We then determined the length of time

that tyrosine kinase activity is required for degranulation

by adding PP1 at various times after addition of the cells

to immobilized anti-CD3. Src-family tyrosine phosphory-

lation was required for at least 25–30 min for optimal

degranulation (Fig. 5b). Interestingly, PP1 also very

rapidly inhibited the adhesion of the cells to the immobi-

lized anti-CD3 (data not shown), indicating that ongoing

tyrosine phosphorylation is also required to maintain

cytoskeletal integrity and adherence to the plate-bound

antibody.

To determine the length of time that actin polymeriza-

tion is required for induction of degranulation by CTL

clones, we added cytochalasin E to cells at various times

after plating the cells on immobilized anti-CD3 and then

measured degranulation at 3 hr after the initial addition

of cells to the plate. These data indicate that ongoing

cytoskeletal rearrangements must be occurring during

the first 20–30 min of stimulation, depending on the

clone being examined, to generate a functional response

(Fig. 5c).

To confirm that these results are not unique to stimu-

lation with anti-CD3, we also examined the length of

time that tyrosine phosphorylation and cytoskeletal

rearrangements are required for target cell-induced

degranulation. Both CTL clones AB.1 and Cl 11 were sti-

mulated with L1210 or L1210 transfected with Kb, and, at

various times after mixing of the CTLs with the target

cells, either PP1 (Fig. 6a) or cytochalasin E (Fig. 6b) was

added to the culture. The cells were then cultured for

3 hr, after which the extent of degranulation was assessed.

The time for which tyrosine phosphorylation and cyto-

skeletal rearrangements were required was significantly

reduced with target cells compared with immobilized

antibody, probably because the signalling occurs so rapidly

and efficiently after the initiation of conjugation by

centrifugation. In spite of this, the durations for which

the actin remodelling and tyrosine phosphorylation were

required for degranulation were remarkably similar for

the two clones examined. These results suggest that tyro-

sine phosphorylation and cytoskeletal rearrangements are

ongoing and dynamic and are required for similar times

leading to signalling for degranulation.

An intact cytoskeleton is required to maintain
Erk phosphorylation

Activation of Erk is a downstream signalling event in

T-cell activation. If the actin cytoskeleton were solely

required for the recruitment of molecules to the TCR
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Figure 5. Src-family kinase activity and cytoskeletal rearrangements

are required for similar lengths of time for degranulation. (a) AB.1

cells were stimulated with immobilized 145-2C11 in the presence

and absence of 10 lm PP1 for the indicated time. Cell lysates were

then immunoblotted with antiphosphotyrosine. (b) AB.1 cells were

plated on immobilized 145-2C11 and, at the indicated time, PP1 was

added to a final concentration of 10 lm to the assay. Degranulation

was assessed 3 hr later. (c) Cytochalasin E (CE) was added to

AB.1 cells to a final concentration of 10 lm at the indicated time

after addition to 145-2C11-coated wells. Degranulation was then

measured 3 hr after initiation of the response. The dotted line indi-

cates the average response of control cells in the same assay. These

data are representative of four different experiments. OD, optical

density.
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complex and associated cytoskeleton, then, once a down-

stream signalling molecule such as Erk was phosphoryl-

ated and activated, one would predict that its continued

activation should not require actin remodelling. To deter-

mine if this is indeed the case, cells were allowed to inter-

act with plate-bound anti-CD3 mAb for 15 min before

the addition of cytochalasin E to disrupt actin polymer-

ization. The activation of Erk1/Erk2 stimulated with

immobilized anti-CD3, as measured by a mobility shift,

was rapidly disrupted by cytochalasin E (Fig. 7), but

cytochalasin E had no effect on Erk activation stimulated

with cross-linked anti-CD3 or PMA (data not shown).

Identical results were obtained with phosphorylation-spe-

cific Erk antibodies (data not shown). These data indicate

that continued Erk activity is dependent on active cyto-

skeletal rearrangements.

Discussion

The data presented herein suggest that ongoing actin

remodelling is important for the maintenance of tyrosine

kinase activity leading to T-cell activation. Our initial

interpretation of the numerous studies in the literature

showing that cytochalasins block signalling and T-cell

responses, and our own data showing that cytochalasins

inhibit signalling stimulated with plate-bound anti-CD3,

but not soluble cross-linked anti-CD3,11 was that the cyto-

chalasins blocked the initial and efficient interaction of

T cells with the solid-phase stimulating antibody, thereby

blocking the efficient generation of signals. In the current

study, we set out to distinguish between the possible roles

that the actin cytoskeleton could play in CTL activation.

One possibility is that the actin cytoskeleton is solely a

structural component required for tight conjugation

between the CTL and its cognate target cell or solid-phase

antibody stimulus and for the initial movement of mole-

cules to the contact zone. Another possibility is that actin

remodelling is important for regulating signalling events

in cells, even after the initial contact with target cells.

We demonstrated that the cytoskeleton is not just sta-

bilizing the adhesion of the cells to the plate to allow

sustained contact with the plate-bound anti-CD3, as

jasplakinolide allowed continued contact with the anti-

bodies on the plate, and yet signals were almost

immediately disrupted (Fig. 4). These results suggest that

continued actin remodelling, not just cytoskeletal integ-

rity, is important for sustaining signals that have already

been initiated in the cell. The process of cell spreading

and adhesion to the plates is also not sufficient to

induce signals leading to degranulation of the CTL, as

soluble cross-linked anti-CD3 does not co-operate

with anti-CD45-induced (Fig. 2) or fibronectin-induced22

spreading and cytoskeletal remodelling to trigger degran-

ulation. These data imply that cell spreading per se

is not sufficient for T-cell activation, but instead that

Time of stimulation

Erk1/2 immunoblot

145-2C11

145-2C11 + 
CE at 15 min

5 min 20 min 30 min 45 min

Figure 7. An intact cytoskeleton is required for sustained Erk activa-

tion. AB.1 T cells were added to wells that had been coated with anti-

CD3 or bovine serum albumin (BSA). After 15 min, carrier (upper

panel) or cytochalasin E (CE) (10 lm) (lower panel) was added to

the wells and incubated until the indicated time from the initial

addition of cells to the well. Whole cell lysates were harvested and

immunoblots probed with anti-Erk. The degree of phosphoryl-

ation is indicated by the fraction of Erk1 and Erk2 with retarded

mobility. These data are representative of three different experiments.
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Figure 6. Tyrosine phosphorylation and cytoskeletal rearrangements

are required for similar lengths of time to allow cytotoxic T lympho-

cyte (CTL) degranulation in response to target cells. AB.1 or Cl 11

cells were stimulated with L1210 target cells (open symbols) or

L1210 target cells transfected with Kb (closed symbols). At various

times after mixing of the CTLs and target cells, either PP1 (a) or

cytochalasin E (CE) (b) was added to a final concentration of 10 lm
to the assay. Degranulation was measured 3 hr after initiation of the

culture. The assays were performed in triplicate and error bars repre-

sent standard deviations. Similar results were observed in two addi-

tional experiments with both cell lines. OD, optical density.
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continuous actin remodelling plays an important role in

activation.

The cytoskeleton is not required for all T-cell signalling;

it depends on the stimulus used to activate the cell. As

mentioned above, cytochalasins do not block soluble

cross-linked anti-CD3-stimulated tyrosine phosphoryla-

tion11 or Erk activation (data not shown). Our results are

in agreement with previous studies showing that cytocha-

lasin D does not inhibit the Ca2+ flux triggered with sol-

uble antibodies.10 We showed that CTL degranulation in

response to PMA and ionomycin did not require cyto-

skeletal rearrangements (Fig. 1), which is consistent with

our observation that PMA-stimulated Erk activation was

not inhibited by cytochalasin (data not shown). There-

fore, cytoskeletal remodelling seems to be crucial for

regulating only those signals that are generated from

polarized stimuli, such as plate- or bead-bound anti-CD3

or target cells, in the case of CTL.

We showed that the addition of cytochalasins after cells

had adhered to plate-bound antibodies or target cells

immediately blocked ongoing tyrosine phosphorylation

and Erk phosphorylation. One possible interpretation of

this result is that actin filaments serve as a scaffold for

signalling molecules, perhaps to maintain the localization

of these proteins. However, our results with jasplakinolide

(Fig. 4) and anti-CD45-induced spreading (Fig. 2) indi-

cate that stabilizing the actin filaments is not sufficient

to maintain signals, arguing that the cytoskeleton is not

merely providing a scaffold. Instead, our data support the

notion that continuous actin remodelling is required for

maintaining tyrosine phosphorylation, and that there is a

feedback loop between tyrosine kinase activity and the

actin cytoskeleton. This would imply that tyrosine kinase

activity, or perhaps accessibility to tyrosine kinase

substrates, is regulated by the actin cytoskeleton. There

are at least two examples of the actin cytoskeleton regula-

ting tyrosine kinase activity. The tyrosine kinase c-Abl

binds directly to F-actin, which in turn inhibits its kinase

activity.23 More recently, it was shown that actin depo-

lymerization modestly induces the kinase activity of the

Fer tyrosine kinase, which in turn phosphorylates the fila-

mentous actin-binding protein cortactin, perhaps decreas-

ing its cross-linking ability.24 Although these examples of

F-actin regulation of tyrosine kinases have not been

shown to be operational in T cells, there are probably

additional protein tyrosine kinases that are, either directly

or indirectly, regulated by the actin cytoskeleton in T

cells. Paxillin is a potentially interesting link between the

cytoskeleton and tyrosine kinases, as we have shown that

this cytoskeletal adaptor protein associates with the tyro-

sine kinases Lck and Pyk2 in T cells.14

One could envision many mechanisms by which the

actin cytoskeleton could regulate tyrosine phosphorylation

within the cell. In addition to directly regulating protein

tyrosine kinase activity, it is possible that the depolymeri-

zation of actin activates tyrosine phosphatases that rapidly

dephosphorylate the substrate; however, we consider this

unlikely as the jasplakinolide inhibition maintains actin

filaments yet leads to rapid dephosphorylation. We there-

fore favour the model in which, during initiation of a

T-cell response, there is an initial tyrosine kinase signal

and phosphatases are not shut off or removed from the

TCR complex, as many models of T-cell signalling

suggest, but rather tyrosine phosphatases are at the com-

plex continuously dephosphorylating tyrosine phosphoryl-

ated proteins, and tyrosine kinases must continuously

re-phosphorylate these residues. This would imply that

cells would favour these signalling pathways being in the

‘off’ position, and a continuous positive signal, regulated

in part by the actin cytoskeleton, would be required to

shift the equilibrium to the phosphorylation of proteins.

Previous studies have suggested that continuous signals

are required for T-cell activation and that disruption of

receptor engagement results in the rapid diminution of

downstream signals. Early studies with concanavalin A

(ConA) stimulation of Jurkat cells demonstrated that sig-

nals were required for 2–4 hr for IL-2 production.25 Fur-

thermore, increases in intracellular Ca2+ concentration,

inositol tris-phosphate production and protein kinase C

activity were all rapidly reversed after the addition of

a-methyl mannoside to inhibit ConA binding to cells,

suggesting that the cells must continually receive new sig-

nals to maintain the response and that mechanisms are in

place to rapidly reverse these signals in the absence of

input of new signals.25 More recently, examination of sig-

nalling at different temperatures suggested that tyrosine

phosphorylation and dephosphorylation are occurring

simultaneously and that, to keep the signal propagating,

new signals must be generated continuously.26 An elegant

study by Valitutti et al. showed that sustained signals are

required for cytokine production by T cells, and that dis-

ruption of the actin cytoskeleton of pre-formed conju-

gates with actin-disrupting agents almost immediately

reduces the ongoing Ca2+ flux and blocks cytokine pro-

duction, without disrupting the conjugates.10 Based on

previous studies and the data presented herein, we posit

that continuous actin remodelling is important in main-

taining the balance of signals to the ‘on’ position when

polarized signals are provided to the cell.

Herein we determined the duration of signals required

for degranulation. It would be of interest to know how

this relates to the length of time that it takes for degranu-

lation to occur. The length of time required for degranu-

lation to occur has been difficult to measure accurately,

because enzymatic assessment of released granzyme activ-

ity is generally employed. With the CTL clones used in

this study, it was previously shown that degranulation

was complete in about 1 hr.13 More recently, we have

been able to measure degranulation by these CTLs using

a fluorescence-activated cell sorter (FACS)-based assay for
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surface expression of CD107, a membrane marker found

in the lysosomally derived granules from CTLs. We have

found that increased CD107 can be detected starting at

about 15 min and maximal levels are achieved at about

30–45 min after stimulation with target cells (J. He and

H. L. Ostergaard, manuscript in preparation). Given the

results presented here, that both cytoskeletal rearrange-

ments and tyrosine phosphorylation are required for

about 30–45 min for optimal degranulation, it appears

that signalling and ongoing cytoskeletal rearrangements

are required until membrane fusion actually occurs. A

requirement for continuous signalling may be to maintain

the CTL in a tight conjugate with the target cell until the

lethal hit is delivered in a directional manner to minimize

bystander damage of cells and indiscriminate killing. This

type of degranulation is very different from degranulation

of neutrophils triggered by various soluble mediators,

where cytochalasins actually enhance degranulation.27

Furthermore, the requirement for ongoing signalling and

cytoskeletal rearrangements is probably not for the actual

process of exocytosis, as PMA- and ionomycin-stimulated

degranulation is resistant to cytochalasins in these CTLs

(Fig. 1). We therefore conclude that the ongoing signal-

ling and cytoskeletal rearrangements are required for

either initiating or maintaining the polarized signals

required for directional degranulation by CTLs.

In summary, our data suggest that actin remodelling is

required on an ongoing basis during the entire period

required for tyrosine kinase activity and other signals

leading to CTL degranulation. Cytoskeletal rearrange-

ments do not appear to be required solely for cell spread-

ing on the plate to allow optimal contact with antibodies,

but are additionally required to maintain signalling cas-

cades. These data suggest that, in addition to the actin

cytoskeleton serving as a recruitment mechanism or scaf-

fold for important signalling molecules, it is plausible that

continuous remodelling is required to allow continued

signalling, which in turn leads to additional actin remod-

elling. Although much has been learned over the past

decade in dissecting how signals lead to cytoskeletal

rearrangements, additional studies are required to under-

stand how cytoskeletal rearrangements regulate signalling

processes in T cells.
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