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Abstract

T cell entry into inflamed tissue involves firm adhesion, spreading, and migration of the T cells 

across endothelial barriers. These events depend on “outside-in” signals through which engaged 

integrins direct cytoskeletal reorganization. We investigated the molecular events that mediate this 

process and found that T cells from mice lacking expression of the adaptor protein Crk exhibited 

defects in phenotypes induced by the integrin lymphocyte function–associated antigen 1 (LFA-1); 

namely, actin polymerization, leading edge formation, and two-dimensional cell migration. Crk 

protein was an essential mediator of LFA-1 signaling–induced phosphorylation of the E3 ubiquitin 

ligase c-Cbl and its subsequent interaction with the phosphatidylinositol 3-kinase (PI3K) subunit 

p85, thus promoting PI3K activity and cytoskeletal remodeling. In addition, we found that Crk 

proteins was required for T cells to respond to changes in substrate stiffness, as measured by 

alterations in cell spreading and differential phosphorylation of the force-sensitive protein CasL. 

These findings identify Crk proteins as key intermediates coupling LFA-1 signals to actin 

remodeling and provide mechanistic insights into how T cells sense and respond to substrate 

stiffness.

Introduction

Cells interact with their environment by sensing a multitude of environmental cues and 

translating them into a coordinated biochemical response. In particular, integrin-ligand 

interactions are important for sensing and responding to neighboring cells and extracellular 
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matrix (ECM) components, as well as providing points of traction for cell migration. 

Integrins play a particularly important role in the immune system, where they are essential 

for several processes, including trafficking of leukocytes to sites of inflammation (1). During 

an inflammatory response, integrins on the leukocyte surface are engaged by ligands 

expressed on the endothelial surface. This triggers a cascade of events starting with firm 

adhesion of the leukocyte to the vessel wall, migration of the leukocyte along the wall, and, 

ultimately, transendothelial migration (TEM) (2). Throughout this process the leukocyte 

responds to local inflammation-induced changes to the vascular endothelium, including 

upregulation of ligands for integrins and other adhesion receptors. During chronic 

inflammation, this is accompanied by vascular wall stiffening (3–5), a process that seems to 

further enhance TEM (6, 7). The integrin-dependent events that control leukocyte trafficking 

are finely tuned; recruitment of leukocytes to damaged or infected tissue is essential for 

immune defense, but uncontrolled immune cell infiltration can drive a pro-inflammatory 

cycle leading to chronic inflammatory disease. Thus, a mechanistic understanding of these 

events is essential for designing and implementing novel interventions.

One of the principal integrins responsible for lymphocyte trafficking is lymphocyte function-

associated antigen 1 (LFA-1), which interacts with intercellular adhesion molecule 

(ICAM)-1/2/3 on the endothelial surface. In vitro studies of LFA-1/ICAM-1 interaction 

demonstrate that initial LFA-1 engagement is followed by an actin dependent adhesion 

strengthening process needed for firm adhesion to the vascular wall, as well as T cell 

polarization and crawling (8). Both firm adhesion and crawling on the vascular wall are 

important for efficient TEM (9–12). Notably, all these events depend directly on signals 

delivered by engaged integrins. In fact, effector T cells that are allowed to rest on ICAM-1 

coated surfaces immediately undergo actin reorganization, polarize, and begin to migrate, 

demonstrating that ligation of LFA-1 alone is sufficient to stimulate the necessary signaling 

to drive T cell migration (13–15). It has become clear that many cell types can sense 

stiffness and other physical properties of their substrates and translate this information into a 

biochemical response (16, 17). This mechanosensing is likely to be important in vivo, where 

tissues are relatively soft compared to plastic or glass. Despite its importance, very little is 

known about the mechanisms underlying mechanosensing in T cells.

Most of the time, T cell integrins exist in a bent, inactive state, but signaling through 

chemokine receptors or the T cell receptor (TCR) triggers them to extend and become 

primed for ligand binding (18). This form of integrin regulation is called ‘inside-out’ 

signaling, and is governed by the interaction of the integrin cytoplasmic tails with proteins 

such as talin and kindlins, which cause large conformational changes along with receptor 

clustering, resulting in increased binding (19). Ligand binding then stabilizes the high 

affinity state and initiates an ‘outside-in’ signaling cascade that relays information about the 

environment to the cell’s interior. Although the molecular events that underlie inside-out 

signaling are relatively well defined [reviewed in (19, 20)], much less is known about 

outside-in signaling mechanisms, and most of what is known comes from study of 

neutrophils and other innate immune cells (21). In contrast, the outside-in signaling events 

that contribute to T cell migration are largely unexplored. One obstacle to progress in this 

area is the complex cascade: outside-in signals are necessarily preceded by inside-out 

signals, and several proteins seem to function in both pathways (19, 20, 22–28).
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Among the proteins that function in the inside-out signaling pathway are the CT10 regulator 

of kinases (Crk) proteins, which we and others have shown link TCR and chemokine 

stimulation to Ras-related protein 1 (Rap-1) dependent integrin affinity modulation (29, 30). 

Crk proteins (CrkI, CrkII, and CrkL) are small adapter molecules with a modular Src 

homology 2 and Src homology 3 (SH2-SH3-SH3) domain structure. CrkII and the splice 

variant CrkI (lacking the C-terminal SH3 domain) are transcribed from the Crk locus, while 

CrkL is transcribed from a separate CrkL locus. Crk proteins are widely expressed and have 

many in vivo functions; knocking out either Crk or CrkL is lethal in mice (31, 32). In 

fibroblasts, Crk proteins localize to integrin based focal adhesions, and promote the stability 

of these structures (33–36). In keeping with this, Crk proteins have been implicated in 

adhesion related processes such as cell spreading and migration (37, 38) and Crk protein 

expression has been correlated with invasiveness of certain cancers (39, 40). Although there 

is limited information on Crk protein function in T cells, we recently showed that these 

proteins control T cell trafficking to sites of inflammation (30). T cells lacking Crk proteins 

showed defects in migration through an endothelial monolayer in vitro, and diminished 

tissue infiltration in a graft-versus-host disease model. Together, these findings point to a 

requirement for these proteins in one or more of the steps associated with TEM (30). While 

these defects could, in principle, be explained by the requirement for Crk proteins in inside-

out signaling, we hypothesized that these proteins are also important for other aspects of T 

cell integrin function. Therefore in this study, we set out to analyze the role of Crk proteins 

downstream of engaged integrins, with the goal of uncovering previously unknown signaling 

events that mediate T cell spreading, migration, and mechanosensing.

Results

Crk proteins mediate adhesion strengthening

Using conditional knockout mice that delete both the Crk and CrkL loci in mature T cells 

(DKO mice), we previously showed that Crk proteins are required for TEM and trafficking 

into inflamed tissue (30). These defects are at least partially traceable to a requirement for 

Crk proteins in inside-out signaling events leading to integrin affinity modulation (29, 30). 

However, integrin engagement also leads to T cell spreading, cytoskeletal remodeling, and 

migration, all of which are important functions carried out by Crk proteins in non-

hematopoietic cells (33–38). To test the role of Crk proteins in these cytoskeleton-dependent 

responses downstream of LFA-1, WT and DKO CD4+ T cells were allowed to spread on 

ICAM-1 coated surfaces and F-actin was quantified at the cell-surface interface. As shown 

in Fig 1A-B, DKO T cells spread far less efficiently and had less F-actin staining than WT T 

cells. Two mechanistic defects could explain this phenotype: (i) activation of LFA-1 could 

be perturbed, leading to inefficient ICAM-1 binding, or (ii) signaling downstream of 

engaged LFA-1 could be disrupted. To differentiate between these two hypotheses, we 

examined whether the defect could be rescued by treating the cells with Mn2+, which 

exogenously drives integrins into the active conformation, bypassing the need for inside-out 

signaling and affinity modulation (41). Alternatively, cells were stimulated with PMA, 

which directly activates actin regulatory pathways independent of integrin engagement. 

Treatment with PMA, but not Mn2+, rescued the DKO phenotype (Fig. 1, A and B), showing 

that the defect lies in the signaling pathways downstream of LFA-1. Analysis of the effects 
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of increasing ICAM-1 dose shows that Mn2+ activated DKO T cells exhibit defective actin 

responses even at ICAM-1 abundance well beyond the saturation point for WT T cells (Fig. 

1C), providing further evidence that the defects do not stem from diminished ligand binding. 

Notably, PMA-treated DKO T cells polymerized actin efficiently, indicating that DKO T 

cells can launch an actin response when outside-in integrins are bypassed. Because PMA is a 

potent PKC activator with broad effects, we also tested T cell responses downstream of a 

more physiological stimulus, TCR engagement. Both WT and DKO T cells spreading on 

surfaces coated with anti-CD3 (alone or together with ICAM-1) spread efficiently and 

generated the expected lamellipodial and lamellar actin-rich regions (Fig. 1D). Moreover, 

the amount of actin accumulation in WT and DKO T cells was indistinguishable. Taken 

together, these results show that Crk proteins are not required for actin polymerization per 
se, but rather for transmitting integrin signals to the actin regulatory machinery.

In light of these findings, we revisited our earlier study in which we found that DKO T cells 

exhibit diminished integrin-dependent adhesion (30). As previously reported, DKO T cells 

adhere poorly to ICAM-1, but this adhesion defect can be reversed by treatment of PMA or 

Mn2+ (Fig. 1E). Interestingly, Mn2+ treated DKO cells still adhered slightly less well than 

Mn2+ treated WT T cells, indicating that converting all integrins to the high affinity 

conformation is not sufficient to allow cells to resist the harsh wash steps used in this assay. 

Based on this observation, we hypothesized that Crk proteins are required for the integrin-

dependent actin polymerization events that mediate cell spreading and adhesion 

strengthening. To assess adhesion under more physiological conditions, we turned to a flow 

chamber system that permits dissection of tethering and rolling, arrest, and firm adhesion/

cell spreading. T cells were added to a flow chamber coated with ICAM-1, P-selectin, and 

stromal cell-derived factor 1 (SDF-1) to emulate inflamed endothelium, and then imaged 

under physiological shear conditions. WT and DKO T cells arrested equally well under 

shear flow, and this arrest was dependent on the LFA-1/ICAM-1 interaction (Fig. 1F). 

However, almost all the WT T cells assumed a spread (phase dark) morphology, whereas a 

significant percentage of adherent DKO T cells failed to spread (Fig. 1G). Moreover, when 

arrested T cells were subjected to stepwise increases in shear rate, DKO T cells detached 

more readily (Fig. 1H). Taken together, these data suggest that Crk proteins transmit signals 

from engaged LFA-1 to direct actin remodeling events leading to T cell spreading and 

adhesion strengthening.

Crk proteins regulate integrin-dependent T cell motility

In addition to mediating adhesion and cell spreading, the interaction of integrins with 

endothelial ligands stimulates cell motility, an important process during extravasation (8–

12). To evaluate the role of Crk proteins in integrin-dependent motility, we imaged WT and 

DKO CD4+ T cells migrating on ICAM-1 coated coverslips. Whereas the majority of WT T 

cells spread firmly on the surface and formed a broad leading edge, DKO T cells sat higher 

on the coverslip, and showed multiple pseudopodia. In keeping with their inability to form a 

single stable leading edge, these cells exhibited more frequent changes in direction (Fig 2A 

and movies S1 and S2). By imaging T cells expressing Lifeact-GFP, we confirmed that the 

leading edge in WT T cells was rich in actin, while DKO T cells failed to form this structure 

and instead seemed to extend multiple short-lived pseudopodia (Fig. 2B, movies S3 and S4). 
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Tracking studies showed that while 95% of both WT and DKO T cells were motile (Fig. 

2C), DKO T cells exhibited lower average speed and diminished directionality (Fig. 2, D to 

F).

Depending on the environment through which they are moving, T cells can preferentially 

utilize two distinct modes of motility. In 2D settings where integrin ligands are abundant, T 

cells polymerize actin at the leading edge to drive keratocyte-like motility (or ‘sliding’), 

whereas on low adhesive surfaces and in 3D settings where cells are confined, they default 

to myosin-based amoeboid motility (in low adhesive 2D settings, this has been described as 

‘walking’) (42, 43). The morphology of migrating DKO T cells resembles that of T cells 

‘walking’ on low adhesive surfaces. To test whether DKO T cells are particularly reliant on 

this myosin-dependent mode of motility, we treated WT and DKO T cells with the myosin 

ATPase inhibitor blebbistatin or the Rho-kinase inhibitor Y-27632, which inhibits myosin 

indirectly. In comparison to WT T cells, DKO T cells were highly sensitive to myosin 

inhibition; a higher percentage of DKO T cells became round and immobile upon treatment 

with either drug (Fig 3, A and B). We interpret this to mean that, unlike WT T cells, DKO T 

cells are unable to overcome myosin inhibition by switching to an actin based ‘sliding’ 

mechanism. In support of this view, we found that the subset of cells that remained mobile 

responded quite differently in terms of cell shape. When treated with myosin inhibitors, WT 

T cells switched to an exaggerated ‘sliding’ morphology with an extremely broad, flat 

leading edge (Fig. 3C). This change could be quantified as a reduction in the cellular 

length:width ratio (Fig. 3D). Before myosin inhibition, DKO T cells were more elongated 

than WT T cells, as evidenced by a higher length:width ratio. Upon treatment, DKO T cells 

showed a percent reduction in length:width ratio similar to that of WT cells. However, the 

shape of DKO T cells was quite distinct from that of WT cells. They remained more 

elongated than even untreated WT cells, and almost never formed a broad flat leading edge 

(Fig 3C). Thus, we conclude that Crk proteins facilitate the establishment of an actin rich 

cell front during integrin dependent migration, such that in the absence of Crk proteins, T 

cells default to myosin driven “walking” motility. These findings help to explain our earlier 

observation that Crk-deficient T cells migrate normally in 3D collagen gels but exhibit 

defects in transendothelial migration (30), since they can use myosin-dependent ameboid 

motility to move through the confined spaces in collagen gels, but use integrin-dependent 

motility to penetrate endothelial barriers.

Crk proteins are critical for Rho GTPase activation and recruitment of nucleation 
promoting factors at the leading edge.

To better understand how Crk proteins direct actin polymerization at the leading edge of 

migrating T cells, we next analyzed the distribution of Wiskott–Aldrich Syndrome protein 

(WASp) and WASP-family verprolin-homologous protein 2 (WAVE2), actin nucleation 

promoting factors that are activated by the Rho GTPases Cdc42 and Rac, respectively. T 

cells migrating on ICAM-1 were fixed and labeled with an antibody specific for the open, 

active form of WASp (44), or with an antibody that recognizes total WAVE2. In WT T cells, 

WAVE2 co-localized with actin at the leading edge. Open-WASp was also enriched in the 

leading edge, concentrating just behind the actin-rich region (Fig. 4, A and B). In contrast, 

DKO T cells showed no enrichment of either open-WASp or WAVE2 toward the front of the 
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cell (Fig. 4, A and B). To assess the activation of Cdc42 and Rac directly, GTPase pulldowns 

were performed. Rested CD4+ T cell blasts from WT and DKO mice were left untreated or 

treated with Mn2+ to induce integrin activation. Cells were then stimulated with either 

soluble or surface-immobilized ICAM-1, lysed, and mixed with the PAK-PBD domain to 

capture GTP-bound Cdc42 and Rac1. WT T cells showed a significant increase in Cdc42 

activity in response to surface bound, but not soluble, ICAM-1, while DKO T cells lacked 

this response (Fig. 4, C and D). Rac1 showed a similar activation pattern, though the results 

did not reach statistical significance due to variability in the WT T cell response.

Crk proteins promote integrin mediated phosphatidylinositol 3-kinase (PI3K) signaling

In an effort to understand where Crk proteins fit into the signaling pathway linking engaged 

LFA-1 to actin polymerization, we analyzed protein phosphorylation patterns in WT and 

DKO T cells treated with Mn2+ and stimulated with either soluble or surface-bound 

ICAM-1. Lysates were immunoblotted for total phospho-tyrosine (pTyr), as well as 

phospho-AKT and phospho-ERK. Robust protein phosphorylation took place only when 

cells were stimulated with surface-bound ICAM-1 (Fig. 5, A and B), consistent with the idea 

that outside-in LFA-1 signals involve an important mechanical component. The overall 

pattern of tyrosine phosphorylation was very similar in WT and DKO T cells, although we 

did observe a band of approximately 120kDa that was poorly phosphorylated in DKO T 

cells (Fig. 5A, arrow). ERK phosphorylation was unperturbed in DKO T cells. Interestingly, 

however, we found that phosphorylation of AKT was significantly diminished. Because 

AKT phosphorylation is a hallmark of phosphatidylinositol 3-kinase (PI3K) activity, this 

finding indicates that Crk proteins are needed for LFA-1 dependent PI3K activation. In 

support of this idea, Crk proteins have been implicated in PI3K signaling in fibroblasts and 

transformed cells (45–50).

To test the role of PI3K in cell spreading and actin polymerization downstream of LFA-1, 

Mn2+ treated WT and DKO T cells were allowed to spread on ICAM-1 in the presence of 

the pan PI3K inhibitor LY-294002 or two more specific inhibitors, IC87114 (PI3Kδ) and 

CZC24832 (PI3Kγ), and actin intensity was measured as described earlier (Fig. 1). All three 

PI3K inhibitors diminished the response of WT cells to amounts similar to DKO cells, while 

having no effect on DKO spreading and actin abundance (Fig. 5C). The product of PI3K, 

phosphatidylinositol (3,4,5)-trisphosphate (PIP3), is an important molecule that influences 

cell shape, polarity, and migration (51). To monitor the localization of PIP3, CD4+ T cells 

were transduced with a GFP-tagged Pleckstrin homology (PH) domain of GRP1, which 

preferentially binds to PIP3 (52), and imaged while migrating on ICAM-1 coated coverslips. 

Migrating WT T cells consistently displayed an accumulation of PIP3 in the front third of 

the cell, while in DKO T cells PIP3 was distributed over most of the plasma membrane, even 

when these cells showed a well polarized morphology (Fig. 5D). GFP signal was also 

evident in the nucleus of many cells, a compartment where this biosensor is known to 

accumulate, but even in such cells a change in the distribution of the cell surface pool could 

be observed. These results point toward a role for Crk proteins in LFA-1 dependent PI3K 

activation at the leading edge of migrating T cells.
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Crk proteins promote Cbl phosphorylation and binding to the p85 subunit of PI3K

PI3K activity is controlled through the binding of the p85 regulatory subunit to 

phosphorylated tyrosines on interacting proteins. To ask if loss of Crk proteins affects the 

pattern of phosphorylated proteins associated with p85, WT and DKO T cells were 

stimulated with surface bound ICAM-1, and lysates were immunoprecipitated with anti-p85 

and immunoblotted for pTyr. A pronounced band at 120kDa co-immunoprecipitated with 

p85 after stimulation with ICAM-1, and this interaction was dependent on Crk protein 

expression (Fig. 6A). Notably, a 120kDa tyrosine-phosphorylated protein also co-

immunoprecipitated with CrkL after integrin engagement (Fig. 6B). Because this band 

resembles the 120kDa species found in an earlier experiment (Fig. 5), which was 

phosphorylated only when Crk proteins were present, it seemed likely that a single protein 

of 120kDa is tyrosine-phosphorylated in a Crk-dependent fashion and interacts with both 

CrkL and p85. To identify the relevant protein, CrkL immunoprecipitates were resolved on 

gels, and the region surrounding 120kDa was excised and subjected to mass spectrometry. 

Two interacting proteins were identified, Casitas B-lineage lymphoma protein (c-Cbl) and 

Casitas B-lineage lymphoma B (Cbl-b) (fig. S1). Parallel analysis of p85 

immunoprecipitates yielded the same two species. To test the idea that Crk proteins regulate 

integrin-dependent phosphorylation of Cbl proteins, we stimulated WT and DKO cells with 

ICAM-1 as described above (Fig 5A), immunoprecipitated with anti-pTyr, and blotted for c-

Cbl and Cbl-b. Engagement of surface bound ICAM-1 induced strong phosphorylation of 

both c-Cbl and Cbl-b in WT T cells, but this response was greatly diminished in DKO T 

cells (Fig. 6C). Of the two Cbl isoforms, phosphorylation of c-Cbl showed the greatest Crk 

dependency; c-Cbl phosphorylation was reduced ~90% while Cbl-b was reduced by only 

~50%. Another phosphoprotein of ~120kDa that is important for integrin-dependent T cell 

migration (53, 54) is the kinase Pyk2. To rule out this alternate candidate, we monitored 

Pyk2 phosphorylation in WT and DKO T cells and found that Pyk2 phosphorylation does 

not depend on Crk protein expression (Fig. 6D). Together with the data on overall tyrosine 

phosphorylation patterns (Fig. 5A), these findings show that Crk proteins are not required 

for LFA-1 dependent tyrosine phosphorylation in general, but instead mediate very specific 

downstream pathways involving Cbl and PI3K.

Given the known adapter role of Crk proteins, it is likely that they promote cbl 

phosphorylation by bringing Cbl into proximity with tyrosine kinases. Since Crk proteins are 

known to coordinate the activity of both Src and Abl family kinases (37, 38), we asked if 

these kinase families were responsible for c-Cbl phosphorylation. Using PP2 to inhibit Src 

kinases and STI-571 to inhibit Abl kinases, we found that c-Cbl phosphorylation 

downstream of LFA-1 engagement was completely dependent on Src kinase activity (Fig. 

6E), and independent of Abl family kinases. Taken together, our data support a model in 

which Crk proteins coordinate the Src dependent phosphorylation of c-Cbl downstream of 

integrin engagement, thereby creating a scaffold for p85 and ultimately leading to PI3K 

activity.

Crk proteins function in T cell mechanosensing

One of the most striking aspects of the LFA-1 dependent signaling events we have identified 

is the requirement for presentation of ICAM-1 as an immobilized ligand. Integrin 
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engagement per se is not sufficient to stimulate a robust response, suggesting a role for 

mechanotransduction. Indeed, since actin dynamics are important to generate force on bound 

ligands, we hypothesized that Crk proteins may tune mechanotransduction via effects on 

actin dynamics. To evaluate the response of T cells to the mechanical properties of the 

substrate, Mn2+ treated WT and DKO CD4+ T cells were allowed to interact with ICAM-1 

coated hydrogels of varying stiffness. Cells were then fixed, labeled with fluorescent 

phalloidin, and imaged as described in Figure 1. WT T cells responded to increasing 

substrate stiffness with increased actin polymerization and enhanced formation of a well-

spread leading edge (Fig. 7A). This effect was most pronounced between 12 and 25 kPa. In 

contrast, DKO T cells lacked this response. Indeed, there was no significant change in actin 

polymerization in DKO T cells responding to surfaces of 4 vs 50kPa (Fig 7, A and B). This 

was not due to differences in ligand coating of the hydrogels, as all the stiffnesses bore 

comparable amounts of ICAM-1 (fig. S2).

In non-hematopoietic cells, Crk proteins are known to interact directly with the 

mechanosensing protein p130Cas, which undergoes force-dependent structural changes that 

render it primed for phosphorylation and downstream signaling (55). In T cells, the function 

of p130Cas is carried out by a hematopoietic homologue, CasL (also known as HEF1), 

which is constitutively associated with CrkL (fig. S3). While several recent papers implicate 

CasL in mechanotransduction at the immunological synapse (56–58), CasL function in 

integrin-dependent T cell responses has not been examined. We therefore measured CasL 

phosphorylation downstream of LFA-1 using the stimulation regime described earlier (Fig. 

5A). CasL was phosphorylated upon integrin engagement, especially when integrin ligands 

were presented on a stimulatory surface, and this response was Crk dependent (Fig. 7C). We 

next evaluated CasL phosphorylation in T cells spreading on ICAM-1 coated hydrogels. 

Strikingly, we found in WT T cells that phosphorylation of CasL was strongly dependent on 

substrate stiffness, while this response was severely blunted in DKO T cells (Fig 7, D and 

E). These data indicate that Crk proteins function together with CasL to help T cells 

integrate mechanical cues from engaged integrins.

Mechanosensing depends on forces generated by the cytoskeleton, which induce 

conformational changes needed for events such as Cas protein phosphorylation and integrin 

activation. Given our findings that Crk proteins direct actin reorganization downstream of 

LFA-1, we investigated whether CasL phosphorylation involves the actin cytoskeleton. T 

cells interacting with ICAM-1 coated surfaces were treated with latrunculin B to 

depolymerize actin filaments or with blebbistatin to inhibit contraction of the acto-myosin 

network. Treatment with latrunculin B reduced pCasL to control amounts, whereas treatment 

with blebbistatin had no effect (Fig. 7F). Notably, phosphorylation of c-Cbl was unaffected 

by either treatment, showing that cytoskeletal forces are not important for this 

phosphorylation event. Thus, although both CasL and c-Cbl bind to Crk proteins and depend 

on Crk proteins for their phosphorylation, the molecular requirements for these events are 

distinct. To better understand this distinction, we compared the binding of CrkL to c-Cbl and 

CasL before and after integrin engagement. This analysis revealed that binding of CrkL to 

CasL is constitutive, whereas binding of CrkL to c-Cbl to is induced by integrin engagement 

(fig. S2). Thus, our data support a mechanosensory signaling model in which CrkL is pre-

associated with CasL in resting cells. LFA-1 engagement induces CrkL binding to c-Cbl and 
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Src-dependent c-Cbl phosphorylation. This, in turn, leads to actin polymerization and 

generation of the forces needed for CasL phosphorylation (Fig. 8).

Discussion

We showed previously that T cells lacking Crk proteins exhibit defects in inside-out 

signaling events needed for Rap-1 dependent integrin activation and migration to sites of 

inflammation (30). Here, we show that Crk proteins also serve as key signaling 

intermediates linking integrin engagement to actin responses. Downstream of integrins, Crk 

proteins coordinate two interrelated sets of events, adhesion-dependent motility and 

substrate mechanosensing. Intriguingly, both of these processes are required for TEM. These 

studies shed new light on the molecular pathways through which integrins interpret 

environmental cues and coordinate cell migration through body tissues.

Engagement of LFA-1 stimulates complex cytoskeletal changes needed for directed cell 

movement (13–15), but the relevant signaling pathways are poorly defined. Early studies 

showed that although T cells lack obvious focal adhesions, integrin engagement induces 

phosphorylation of adhesion associated proteins including FAK, Pyk2, c-Cbl, and CasL (59, 

60). Importantly, we now show that the majority of tyrosine phosphorylation events 

downstream of LFA-1 require immobilized ICAM-1, consistent with a force-dependent 

signaling mechanism. While Crk proteins are dispensable for most signaling events, they are 

critical for phosphorylation of c-Cbl and binding of c-Cbl to the p85 subunit of PI3K. 

Although c-Cbl is best known as an ubiquitin ligase (61–66), it probably functions primarily 

as a scaffolding molecule in this setting. Our results are consistent with findings in BCR-Abl 

transformed cells, where hyper-phosphorylation of c-Cbl results in it’s binding to p85 and 

PI3K activation (67–70). Engagement of T cell integrins has previously been shown to 

activate PI3K (71–73); our studies identify Crk proteins and c-Cbl as novel intermediates in 

this pathway (Fig 8).

Exactly how Crk proteins promote phosphorylation of c-Cbl remains unknown, but our 

results point to the involvement of Src family kinases. In macrophages, integrin engagement 

leads to the Src dependent phosphorylation of c-Cbl and ultimately PI3K activity (74). It 

will be interesting to assess the role of Crk proteins in these cells to determine if this 

pathway is common among immune cells or unique to T cells. It will also be interesting to 

ask whether CrkII and CrkL play unique or redundant roles in the pathways defined here. 

Though these two Crk isoforms are closely related, they are regulated quite differently (75). 

Our previous studies on transendothelial migration point to at least some functional 

redundancy (30), however T cells lacking CrkL exhibit more profound defects in several 

assays of integrin function (30). We show here that CrkL binds to c-Cbl and CasL; it remains 

to be determined whether CrkII behaves similarly.

Disrupting the Crk signaling cascade had profound effects on actin dependent processes 

such as cell spreading and migration. These effects were specific to integrin signaling, since 

TCR-dependent actin responses were intact. The cytoskeletal defects we observe in Crk-

deficient cells are associated with decreased activation of the Rho GTPases Cdc42 and Rac, 

and changes in the distribution of their effectors WASp and WAVE2. This may trace back to 
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decreased activation of PI3K, since PI3K generates inositol lipid docking sites for regulatory 

GEFs and GAPs (76). It remains possible, however, that Crk proteins affect Rho GTPase 

activation through a PI3K independent mechanism. Indeed, Crk proteins can directly bind to 

Rac GEFs such as DOCK180 in non-hematopoietic cells (77, 78) and DOCK2 in lymphoid 

cells (79). Future work aimed at identifying Crk binding proteins under resting and integrin-

stimulated conditions should deepen the mechanistic understanding of LFA-1 signaling.

One major consequence of the altered actin responses in Crk deficient T cells was a change 

in the dominant mode of cell motility. Leukocyte motility is highly plastic (80, 81), and T 

cells exhibit different modes of motility depending on environmental cues (42, 43). 

Generally speaking, ‘walking’ (amoeboid motility) is the preferred mechanism of migration 

in 3D environments, while ‘sliding’ (keratocyte-like motility) occurs on highly adhesive 2D 

surfaces. We show that Crk proteins are particularly important for sliding motility, which 

relies heavily on actin polymerization at the leading edge. Interestingly, we previously 

documented that DKO T cells migrate normally in 3D collagen gels (30), indicating that Crk 

proteins are dispensable for amoeboid motility. Sliding motility may be particularly 

important during extravasation, where integrin interactions are essential for migration along 

the ligand-rich surface of the inflamed vascular wall, in search of favorable sites for 

transmigration.

Integrins directly link the extracellular environment to the internal cytoskeleton and thus can 

act as physical probes of the substrate (17, 82). We show that T cell integrins function as 

mechanosensors, triggering stiffness-dependent actin polymerization and CasL 

phosphorylation. The CasL response is especially intriguing, since Cas family proteins are 

thought to be important for mechanosensing in non-hematopoietic cells (55, 83–85), and 

CasL has been proposed to function as a T cell force sensor at the immunological synapse 

(56–58). Stiffness-dependent CasL phosphorylation and actin polymerization were severely 

blunted in DKO T cells, highlighting the role of Crk signaling in T cell mechanosensing. 

Phosphorylation of Cas family proteins is augmented by actin flow (58, 86), which is 

thought to provide the forces needed to expose stretch dependent phosphorylation sites. 

Consistent with this view, we find that inhibiting actin dynamics in WT T cells blocks CasL 

phosphorylation. Thus, we propose that Crk proteins function in mechanosensing indirectly, 

by stimulating local actin polymerization (Fig 8). Because Crk signaling only takes place 

when LFA-1 interacts with surface-bound ICAM-1, this system may provide a feedback 

mechanism that selectively sustains signaling when integrins are engaged to ligands capable 

of providing counter-force, an important factor during mechanosensing as well as cell 

migration.

As T cells crawl along the endothelium, small invadopodia-like protrusions originating from 

the T cell push into the underlying endothelium (87–89). These protrusions act as 

mechanical probes, interrogating the endothelial monolayer for areas that are relatively soft 

and amenable to diapedesis (89). Interestingly, formation of invadopodia-like protrusions is 

dependent upon activation of Cdc42 (88). Based on our findings that Crk proteins regulate 

both Cdc42 activation and mechanical signals downstream of LFA-1 engagement, we 

propose that Crk proteins mediate mechanochemical crosstalk between T cells and the 

vascular endothelium. If so, Crk proteins and their associated pathways could be important 
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therapeutic targets in chronic inflammatory conditions such as atherosclerosis, where 

increases in vascular stiffness contribute to disease progression (3, 4, 90).

An important area for future exploration is the role of Crk proteins at the immunological 

synapse, where engagement of the TCR together with LFA-1 induces adhesion, actin 

polymerization, and co-stimulation (24, 25, 91, 92). Biochemical analysis shows that TCR 

engagement results in the formation of signaling complexes containing Crk proteins, c-Cbl, 

and p85, although the functional relevance of this is still unclear (93–97). Notably, a recent 

study found that the spatial regulation of Crk at the synapse was crucial for its function in 

controlling Rap-1 activation and integrin-dependent adhesion (98). Finally, in light of our 

work, it will be important to investigate whether Crk proteins contribute to mechanosensing 

during T cell activation. T cells probe antigen presenting cells much as they do endothelia 

(99), and T cell activation is sensitive to the mechanical properties of stimulatory surfaces 

(100–103). Thus, it seems likely that Crk proteins will prove to function together with PI3K, 

CasL, WASp, and Cdc42 to direct mechanical signaling during T cell activation.

Materials and Methods

Antibodies and reagents

Anti-CD3 clone 2C-11, anti-CD28 clone PV1, and LFA-1 blocking anti-CD11a clone M17/4 

were obtained from BioXCell. Anti-pTyr clone PY-20 and anti-p85 (ABS234) was from 

Upsate (Millipore). Anti-HEF1 (CasL) clone 2G9 and anti-Pyk2 clone YE353 were obtained 

from Abcam. Anti-Rac1 (610650) and anti-AKT (559028) were from BD. Anti-pAKT 

(4051), anti-pERK (9101), and anti-c-Cbl (2747) were from Cell Signaling. Anti-Cdc42 

(SC-87), anti-CrkL (SC-319), and anti-Cbl-b (SC-8006) were from Santa Cruz. Secondary 

antibodies conjugated to appropriate fluorophores were obtained from Molecular Probes and 

Jackson Immunoresearch. AlexaFluor-conjugated phalloidin was purchased from Molecular 

Probes. Recombinant mouse ICAM-1-Fc, SDF-1α, and P-selectin were purchased from 

R&D Systems. The ROCK inhibitor Y-27632, the pan PI3K inhibitor LY-294002, and the 

PI3Kδ inhibitor IC87114 were obtained from CalBiochem. The myosin inhibitor (s)-nitro-

blebbistatin was purchased from Cayman Chemicals. The actin destabilizing drug 

latrunculin B, the Src inhibitor PP2, the Abl kinase inhibitor STI-571, and the PI3Kγ 
inhibitor CZC24832 were purchased from Sigma.

Mice and cell culture

The mice used in the study (herein referred to as DKO) have been described previously (30). 

Crk fl/fl:CrkL fl/fl mice (49) (herein referred to as WT) were crossed with CD4+ Cre mice 

to generate mice lacking the Crk and CrkL loci in T cells, starting at the double positive 

stage. Lifeact-GFP mice were described previously (104), and crossed with Crk fl/fl:CrkL 

fl/fl mice. The resulting Crk fl/fl:CrkL fl/fl lifeact-GFP mice were then crossed with CD4+ 

Cre mice to generate DKO lifeact-GFP mice. Primary mouse CD4+ T cells were purified 

from lymph nodes and spleens by negative selection. Briefly, after removing red blood cells 

by ACK lysis, cells were washed and incubated with anti-MHCII and anti-CD8 hybridoma 

supernatants (M5/114 and 2.43, respectively) for 20 min at 4°C. After washing, cells were 

mixed with anti-rat Ig magnetic beads (Qiagen BioMag), incubated for 15 min at 4°C, and 
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subjected to three rounds of magnetic separation using a bench top magnet. The resulting 

CD4+ T cells were then immediately activated on 24-well plates coated with anti-CD3 and 

anti-CD28 (2C11 and PV1, 1μg/ml each) at 1×106 cells per well. Activation was done in T 

cell complete media, composed of DMEM (Gibco 11885–084) supplemented with 5% FBS, 

penicillin/streptomycin, non-essential amino acids, Glutamax, and 2μl 2-ME. Unless 

otherwise indicated, all tissue culture reagents were from Gibco. After 48h, cells were 

removed from activation and mixed at a 1:1 volume ratio with complete T cell media 

containing recombinant IL-2 (obtained through the NIH AIDS Reagent Program, Division of 

AIDS, NIAID, NIH from Dr. Maurice Gately, Hoffmann - La Roche Inc (105)), to give a 

final IL-2 concentration of 25 units/mL. T cells were used day 5–7 after activation.

Platinum-E (Plat-E) retroviral packaging cells were a kind gift from Dr. Michael Marks, 

Children’s Hospital of Philadelphia, and were cultured in DMEM supplemented with 10% 

FBS, penicillin/streptomycin, and non-essential amino acids. For retroviral production, Plat-

E cells were plated to 50% confluence on day 0. On day 1, cells were transfected with 

pMSCV encoding Grp1-PH-GFP (a kind gift from Dr. Morgan Huse, Sloan Kettering) using 

the calcium phosphate method. On day 2, the media was replaced, and on day 4 the virus-

containing supernatant was harvested, aliquoted, and frozen at −80°C.

Static adhesion assays

96 well plates (MaxiSorp, ThermoFisher) were coated with 1μg/ml mouse ICAM-1 in PBS 

overnight at 4°C. Plates were then washed 3x with PBS, blocked with 1% BSA in PBS for 

1h at RT, and washed twice with PBS. Activated CD4+ T cells were used on days 5–7 after 

initial isolation. To prepare the cells, they were first labeled with Calcien AM 

(ThermoFisher) at a final concentration of 2.5μM for 30 min at 37°C in serum-free DMEM. 

Cells were then washed and resuspended in T cell complete media, and incubated at 37°C 

for 30 min. For Mn2+ treatment, the cells were then washed in HBS 1% BSA 10mM EDTA, 

washed again in HBS 1% BSA, and finally resuspended in HBS 2.5% BSA with 1mM 

Mn2+. Otherwise, cells were resuspended in 2.5% BSA in PBS (with Ca2+ and Mg2+). In 

each case, 1×105 cells were added to each well on ice in triplicate. After a 20 min 

incubation, the plate was read on a Bio-Tek Synergy HT fluorescence plate reader to obtain 

the baseline measurements representing “maximum adhesion” per well. Where indicated, 

PMA was added to a final concentration of 10ng/mL, and the plate was incubated at 37°C 

for 10 min, washed, and read again. The plate was washed and read a total of 2–4 times, 

until the signal from the unstimulated control was stable. To calculate the percent adhesion, 

the fluorescence per well after washes was divided by the initial “maximum adhesion” 

fluorescence reading per well. Background was subtracted using values obtained from empty 

wells.

Shear flow assays

Surfaces for analysis of T cell rolling and adhesion under shear flow conditions were 

prepared as described previously (106), with slight modifications. Ethanol cleaned gaskets 

were placed in the center of Corning 35mm dishes (430588), and the area was coated with 

2μg/mL protein A/G (Pierce) and 1μg/mL SDF-1α and incubated overnight at 4°C. Surfaces 

were then washed 3x with PBS and incubated with 0.2μg/mL P-selectin and 1μg/mL 
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ICAM-1 for 3 hours at RT. Surfaces were then washed 3x with PBS followed by blocking in 

1% BSA for 1 hour at RT. After 3 additional washes in PBS, surfaces were mounted onto a 

circular parallel-plate flow chamber (GlycoTech). The apparatus was mounted on a Zeiss 

Axiovert 200 microscope enclosed in a 37°C heated chamber equipped with a 10x A-Plan 

NA= 0.2 objective (Zeiss), and CD4+ T cells were perfused into the chamber using a syringe 

pump (Harvard apparatus) at a flow rate corresponding to 100s-1. Videos were recorded 

continuously with a CCD camera (COHU 4195–4000) and DVD recorder at a rate of 30fps 

for 10 min. Using HandBrake and Quicktime software, the videos were converted into TIF 

format and loaded into ImageJ. Once in ImageJ, the images were processed by background 

subtraction and converted into binary images; cells were tracked using the plugin MTrack2. 

To restrict analysis to cells that are in close proximity to the surface, cells that flowed 

through the field in less than 3 seconds were thresholded out. A cell that remained immobile 

for 3 min or more was considered arrested, and cells with shorter bursts of surface 

interaction were considered rolling.

Measurement of cell spreading and F-actin responses

Activated CD4+ T cells were resuspended in Ca2+ and Mg2+ free HBS (CMF-HBS), 

followed by a wash in CMF-HBS with 10mM EDTA. T cells were washed and resuspended 

in CMF-HBS, and incubated for 20min at 37°C. Cells were then adjusted to 0.5mM Ca2+ 

and 0.5mM Mg2+ (for control cells), or 1mM Mn2+ (for Mn2+ treatment), and then added to 

ICAM-1 coated coverslips (coated with 1μg/mL overnight at 4°C). After 20 min at 37°C, the 

cells were washed once in PBS containing Ca2+ and Mg2+ and fixed for 15 min in 3.7% PFA 

in PBS. Cells were then blocked and permeabilized in PBS, 0.01% saponin, 0.05% fish skin 

gelatin (PSG) for 20 min, followed by 45 min with fluorescent phalloidin (Molecular 

Probes) in PSG. Cells were washed 3x and mounted. For anti-CD3 stimulation, activated 

CD4+ T cells were washed and resuspended in L15 media (Gibco) supplemented with 

2mg/mL glucose and 1% FBS and allowed to interact with coverslips coated with 10μg/mL 

anti-CD3 clone 2C-11 alone, or anti-CD3 and 2μg/mL ICAM-1. After 20 min at 37°C, the 

cells were washed once in PBS containing Ca2+ and Mg2+ and fixed for 15 min in 3.7% PFA 

in PBS. Cells were then blocked and permeabilized in PSG for 20 min, followed by 45 min 

with fluorescent phalloidin in PSG. Cells were washed 3x, mounted, and imaged using a 63x 

PlanApo 1.4 NA objective on an Axiovert 200M (Zeiss) with a spinning disk confocal 

system (Ultraview ERS6; PerkinElmer). Three z-planes spanning 0.5μm were collected at 

the cell-surface interface with an Orca ER camera (Hamamatsu). Image analysis was 

conducted using Velocity v6.3 software. Cells were identified using the “Find Objects” 

command, using a low threshold on the actin channel, and total phalloidin staining was 

quantified per cell based on integrated pixel intensity.

PIP3 Visualization

Freshly isolated CD4+ T cells were plated with 25 U/mL IL-2 in 24-well plates pre-coated 

with 1μg/ml 2C-11 and PV1. After 48 hrs, cells were harvested, centrifuged and resuspended 

in viral supernatants. Cells were then spinocculated by centrifugation for 2 hours at 1200g at 

37°C. Cells were then cultured with 25 U/mL IL-2, and used on day 5 after initial harvest. 

For imaging, Lab-Tek 8 chamber slides (ThermoFisher) were coated with 2μg/mL ICAM-1 

overnight at 4°C. CD4+ T cells were washed and resuspended in L15 media (Gibco) 
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supplemented with 2mg/mL glucose, and added to the chambers. After 20 min, chambers 

were gently washed to remove unbound cells, then imaged using the confocal system 

described above. Image analysis and preparation was done using Velocity v6.3 and ImageJ 

software. Briefly, T cells were divided into thirds, and the mean fluorescence intensity of the 

membrane edge of the front third and the rear third was determined. Data is displayed as the 

ratio of the front third to the rear third, which corresponds to relative enrichment of PIP3.

Migration on ICAM-1

Lab-Tek 8 chamber slides (ThermoFisher) were coated with 2μg/mL ICAM-1 overnight at 

4°C. Activated CD4+ T cells were washed and resuspended in L15 media (Gibco) 

supplemented with 2mg/mL glucose and 1% FBS. T cells were then added to the chambers, 

incubated 20 min, gently washed to remove all unbound cells, and imaged using a 10x Phase 

objective at 37°C on a Zeiss Axiovert 200M inverted microscope equipped with an MS-2000 

automatic stage (Applied Scientific Instruments) and a Roper Scientific EMCCD camera. 

Time lapse imaging was performed using SlideBook 6 software (Intelligent Imaging 

Innovations, Inc.), collecting one image every 30 sec for 10 min total. For drug treatments, 

the indicated drug was added and pre-incubated 5 min before imaging. Movies were 

exported into ImageJ, and cells were tracked using the manual tracking plugin. 

Directionality was calculated in Excel by dividing net displacement by total track length for 

each cell. Cells were scored as motile if they showed a polarized morphology and migrated 

at least 3 cell diameters. For higher magnification movies, cells were imaged every 5 sec for 

3–5 min using a 63x objective.

Biochemical analysis of cell signaling in response to surface-bound ICAM-1

60mm dishes (Corning, 430166) were coated with 2μg/mL ICAM-1 overnight at 4°C. 

Activated CD4+ T cells were serum starved for 3 hours in DMEM, washed and resuspended 

in CMF-HBS, followed by a wash in CMF-HBS containing 10mM EDTA. T cells were then 

washed and resuspended in CMF-HBS, and incubated for 20 min at 37°C. T cells were then 

treated with Ca2+ and Mg2+ (unstimulated control), or treated with Mn2+ alone or together 

with 1μg/mL soluble ICAM-1, or treated with Mn2+ and allowed to interact with surface 

bound ICAM-1. After 20 min at 37°C, cells stimulated in solution were lysed by adding 2x 

ice cold lysis buffer (Final lysis buffer composition: 1% Triton X-100, 150mM NaCl, 50mM 

HEPES, 10mM MgCl2, 5mM NaF, 1mM sodium orthovanadate, and Roche EDTA-free 

protease inhibitor cocktail). Cell stimulated on surface-bound ICAM-1 were lysed by 

aspirating the media and adding 1x ice cold lysis buffer. Lysates were incubated on ice with 

periodic vortexing for 20 min, followed by centrifugation for 10 min at 16,000g at 4°C. 

Lysates were used for immunoprecipitations and GST-pulldowns (see below). A small 

aliquot of each whole cell lysate was retained, mixed with 4x sample buffer containing DTT 

(50mM final), and heated to 95°C for 10 min prior to separation by SDS-PAGE.

Immunoprecipitation

Protein A agarose beads (Repligen) were washed and resupended in lysis buffer. Beads were 

then bound to either anti-phosphotyrosine (PY-20, 2.5μg per condition), anti-p85 (5μg per 

condition), or anti-CrkL (1μg per condition) overnight at 4°C, with rotation. Beads were then 
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washed 3x times with lysis buffer, mixed with cell lysates, and rotated at 4°C overnight. 

Beads were then washed 3x and mixed with sample buffer for SDS-PAGE.

GTPase Pulldowns

GTP bound GTPases were isolated as in (107). Briefly, GST-PAK PBD (a kind gift from Dr. 

Keith Burridge) was expressed in E.coli strain BL21(DE3), conjugated to glutathione 

sepharose 4B beads (GE Healthcare) and stored for up to two weeks at 4°C. Cell lysates 

were mixed with the GST-PAK PBD beads for 45 min rotating at 4°C, followed by two 

washes with 1x ice cold lysis buffer, and resuspended in sample buffer for SDS-PAGE.

Western Blotting

Western blotting was performed using the Invitrogen Novex Mini-cell system with NuPAGE 

4–12% BisTris gels. Proteins were transferred to nitrocellulose membranes (0.45μm, 

BioRad) and blocked using LI-COR blocking buffer at a 1:1 with PBS for 1 hr at RT. 

Primary antibodies were mixed in TBS 0.1% tween-20 (TBST) with 2% BSA and incubated 

with membranes overnight at 4°C on a shaker. Membranes were then washed 3× 10 min in 

TBST, and incubated with fluorophore-conjugated secondary antibodies in TBST with 2% 

BSA for 1 hr at RT. Membranes were washed 3× 10 min in TBST, and imaged using a LI-

COR Odyssey imaging system. Quantification of bands was done using ImageStudio 

software (LI-COR).

T cell stimulation on hydrogels

Polyacrylamide hydrogels were purchased from Matrigen. For ICAM-1 coating, hydrogels 

were washed in PBS and incubated with 6μg/ml ICAM-1 in PBS for 2 hours at RT. 

Hydrogels were then washed 3× 5 min in PBS, blocked with 1% BSA in PBS for 1 hour at 

RT, and washed with PBS. To measure F-actin responses, activated CD4+ T cells were 

resuspended in CMF-HBS, followed by a wash in CMF-HBS with 10mM EDTA. T cells 

were then washed and resuspended in CMF-HBS and incubated for 20 min at 37°C. T cells 

were then treated with 1mM Mn2+, and added to ICAM-1 coated hydrogels (Softview 

imaging dishes). Cells were fixed and phalloidin labeled, and F-actin abundance was 

determined as described above. For biochemical analysis, CD4+ T cells were serum starved 

for 3 hrs in DMEM, washed and resuspended in CMF-HBS, followed by a wash in CMF-

HBS with 10mM EDTA. T cells were then washed and resuspended in CMF-HBS, and 

incubated for 20 min at 37°C. T cells were then treated with 1mM Mn2+, and added to 

ICAM-1 coated hydrogels (Softwell 6-well plates). After 20 min at 37°C, cells were lysed 

by aspirating the media and adding 1x ice cold lysis buffer. Lysates were analyzed as 

described above.

Statistical analysis

Statistics were calculated and graphs were prepared using GraphPad Prism 7. When only 

two groups were being compared, a t-test was used. When more than two groups were 

compared, a one-way ANOVA was performed using multiple comparisons with a Tukey 

correction. When data was not normal, a transformation was performed followed by analysis 

using a one-way ANOVA on the normalized data. *p<0.05; **p<0.01; ***p<0.001
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Crk proteins promote LFA-1 adhesion strengthening and actin reorganization
A and B) CD4+ T cells were allowed to adhere for 20 mins to ICAM-1 coated coverslips in 

the presence or absence of (A) Mn2+ or (B) PMA, fixed, and stained with phalloidin. Right, 

quantification of phalloidin staining of individual cells, normalized to the WT untreated. 

Signal intensity is represented by a heat map. Scale bar, 10μm. Data pooled from 3 

experiments. C) CD4+ T cells were allowed to adhere to coverslips coated with increasing 

concentrations of ICAM-1, and phalloidin staining of individual cells was quantified and 

normalized to the 1ug/mL condition. D) CD4+ T cells were allowed to adhere to surfaces for 

20 mins that were coated with ICAM-1, anti-CD3, or both. Cells were fixed and stained with 

phalloidin. Right, quantification of phalloidin staining of individual cells, normalized to the 
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WT ICAM-1 condition. Scale bar, 10μm. Data were pooled from 2 experiments. E) CD4+ T 

cell adhesion to ICAM-1 was measured using a standard plate-based adhesion assay. T cells 

were treated with PMA (to bypass inside-out signaling) or Mn2+ (to exogenously induce 

integrin conformational change). Data are mean +/− SD from 3 experiments. F) Percentage 

of T cells that rolled or adhered with 100s−1 shear rate on surfaces coated with ICAM-1, P-

selectin, and SDF-1. Treatment with anti-LFA-1 antibody blocked all adhesion, showing that 

adhesion is dependent upon the LFA-1/ICAM-1 interaction. Data are mean +/− SD from 3 

experiments. G) Percentage of adhered cells in (F) that subsequently spread. H) CD4+ T 

cells were allowed to adhere in the absence of shear, and then the shear rate was increased 

every 2 min. For each shear rate, the percentage of remaining cells adhered was calculated. 

Data represent one experiment of 3. *p<0.05; **p<0.01; ***p<0.001; ns, not significant; by 

one-way ANOVA for comparison of multiple groups, or by a t-test for comparison of two 

groups.
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Figure 2. Crk proteins are required for leading edge formation and normal migration
A) CD4+ T cells were allowed to adhere to ICAM-1 coated coverslips for 20 mins, washed, 

and time-lapse images were taken of migrating cells using DIC optics. Scale bar, 10μm. (see 

movies S1 and S2). Darts highlight multiple cell protrusions. B) CD4+ T cells expressing 

Lifeact-GFP were treated as in (A) and time-lapse images were taken using confocal 

microscopy. Images are a projection of a 1μm total stack at the coverslip interface, with 

Lifeact-GFP intensity represented by a heat map. Scale bar, 10μm. (see Supplemental 

Movies 3 and 4). C-F) CD4+ T cells were treated as in (A) and tracked over a 10 min period 

using DIC optics. C) Percentage of adhered T cells that were migratory. Data are mean +/− 

SD from 3 experiments. D) Average speed and E) Directionality of migrating T cells, 

calculated as net displacement divided by track length. Data were pooled from 4 

experiments. F) Tracks from a single experiment of individual migrating T cells centered at 

the same starting point. *p<0.05; **p<0.01; ***p<0.001 by a t-test.
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Figure 3. Migration of DKO T cells is more dependent on myosin activity
A and B) CD4+ T cells were allowed to adhere to ICAM-1 coated coverslips for 20 mins, 

washed, and the percentage of migrating cells was calculated after 5 min pre-treatment with 

DMSO or with increasing concentrations of (A) Y-27632 or (B) S-nitro-blebbistatin. Data 

are mean +/− SD from 3 experiments. C) Representative images of migrating CD4+ T cells 

treated with DMSO, 10μM Y-27632, or 10μM S-nitro-blebbistatin. Cells were fixed and 

stained with phalloidin. Scale bar, 10μm. D) Length/width ratios of individual cells 

migrating under the different treatments. Cells that were not migratory were predominantly 
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round and, thus, excluded from the analysis. Data are mean +/− SD from 3 experiments. 

*p<0.05; **p<0.01; ***p<0.001 by one-way ANOVA for comparison of multiple groups, or 

by a t-test for comparison of two groups.
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Figure 4. LFA-1 dependent Cdc42 activation is blunted in DKO T cells
A-B) CD4+ T cells were allowed to migrate on ICAM-1 coated surfaces, fixed, and probed 

with fluorescent phalloidin to label F-actin and with an antibody that recognizes A) open 

WASp or B) total WAVE2. Scale bar, 10μm. C and D) CD4+ T cells were treated with Mn2+ 

to activate LFA-1, followed by exposure to soluble or surface bound ICAM-1 for 20 min. 

Lysates were mixed with GST-PAK-PBD to pulldown GTP-bound GTPases. Representative 

western blot (C) and quantification of Cdc42-GTP (D, left) and Rac1-GTP (D, right). Data 

are mean +/− SD from 4 experiments. Densitometry was normalized to that of the WT 

untreated condition. *p<0.05; **p<0.01; ***p<0.001; ns, not significant; by one-way 

ANOVA.
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Figure 5. Crk proteins promote integrin mediated PI3K signaling
A) CD4+ T cells were treated as in Fig. 4C, and lysates were immunoblotted with indicated 

antibodies. (B) Quantification of pAKT (left panel) and pERK (right panel). Values were 

normalized to the WT Mn2+ condition. Data represent mean +/− SD from 3 experiments. C) 
CD4+ T cells were treated with Mn2+ and allowed to adhere to ICAM-1 coated surfaces in 

the presence or absence of the pan PI3K inhibitor LY-294002, or the specific inhibitors 

IC87114 (PI3Kδ) or CZC24832 (PI3Kγ). Cells were fixed, stained with fluorescent 

phalloidin, and total phalloidin staining per cell was quantified. Data were pooled from 3 

experiments. D) CD4+ T cells expressing the PIP3 biosensor GRP1-PH-GFP were imaged 

while migrating on ICAM-1. GRP1-PH-GFP intensity is represented as a heat map. Right, 

Ratio of average GRP1-PH-GFP intensity at the leading edge vs the trailing edge on a cell-

by-cell basis. Note that signal intensity for each cell was adjusted individually, to best reveal 

front-rear asymmetry Scale bar, 10μm. Data were pooled from 3 experiments. *p<0.05; 

**p<0.01; ***p<0.001; ns, not significant; by one-way ANOVA for comparison of multiple 

groups, or by a t-test for comparison of two groups.
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Figure 6. Crk proteins are necessary for phosphorylation of c-Cbl and its interaction with p85
A) CD4+ T cells were treated with Mn2+ and then allowed to adhere to ICAM-1 coated 

plates for 20 min. Lysates were immunoprecipitated with anti-p85 and immunoblotted for 

pTyr. B) Cells were treated as in (A), except lysates were immunoprecipitated with anti-

CrkL and immunoblotted for pTyr. C) CD4+ T cells were treated with Mn2+ followed by 

exposure to soluble or surface bound ICAM-1 for 20 min. Lysates were immunoprecipitated 

with anti-pTyr and immunoblotted for c-Cbl and Cbl-b. D) Cells were treated as in (C), 

except lysates were immunoblotted for Pyk2. E) CD4+ T cells were treated with Mn2+ and 

allowed to adhere to ICAM-1 coated plates in the presence of the indicated drugs for 20 min. 

Lysates were immunoprecipitated with anti-pTyr and immunoblotted for c-Cbl. 

Immunoblots are representative of 3–5 experiments.
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Figure 7. LFA-1 dependent mechanosensing requires Crk proteins
A-B) CD4+ T cells were treated with Mn2+ and allowed to adhere to ICAM-1 coated 

hydrogels of increasing stiffness. Cells were fixed, stained with fluorescent phalloidin and 

imaged. Phalloidin intensity is represented as a heat map. Scale bar, 10μm. B) Quantification 

of total phalloidin staining per cell. Values were normalized to WT, 50kPa condition. Data is 

pooled from 2 experiments. C) CD4+ T cells were treated with Mn2+, followed by exposure 

to soluble or surface bound ICAM-1 for 20 mins, lysed and immunoprecipitated with anti-

pTyr, followed by immunoblot for CasL. D) CD4+ T cells were treated with Mn2+ and 

allowed to adhere to ICAM-1 coated hydrogels of increasing stiffness, lysed, 

immunoprecipitated with anti-pTyr, and immunoblotted for CasL. E) Quantification of 

pCasL abundance in cells plated on hydrogels of different stiffnesses. Data are mean +/− SD 
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from 3 experiments. F) CD4+ T cells were treated with Mn2+ and allowed to adhere to 

ICAM-1 coated surfaces for 10 min, followed by treatment with the indicated drugs for an 

additional 10 min. Cells were lysed, immunoprecipitated with anti-pTyr, and immunoblotted 

for CasL and c-Cbl. Right, quantification of pCasL abundance. Data are mean +/− SD from 

3 experiments. *p<0.05; **p<0.01; ***p<0.001; ns, not significant; by one-way ANOVA.
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Figure 8. Proposed model for Crk-dependent integrin signaling
Our data suggest a model in which engagement of LFA-1 by immobilized ligands activates 

Src family kinases (SFK) and induces the binding of preformed Crk/CasL complexes to c-

Cbl. Formation of this complex promotes SFK-dependent phosphorylation of c-Cbl (yellow 

dots), which in turn creates a binding site for the p85 subunit of PI3K. This activates PI3K 

catalytic function, resulting in localized production of PIP3. Recruitment of guanine 

exchange factors (GEF) to PIP3-rich membrane regions, and possibly also to the Crk/c-Cbl 

complex itself, then induces Rho GTPase activation, resulting in actin polymerization and 

leading-edge formation. Actin polymerization also provides the force necessary to open the 

CasL substrate domain and enable its phosphorylation (most likely also by SFKs). Phospho-

CasL then serves as a scaffold for additional signaling molecules that direct cellular 

responses to the perceived mechanical cues.
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