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Rap1 organizes lymphocyte front-back
polarity via RhoA signaling and talin1

Yoshihiro Ueda,1,6,* Koichiro Higasa,2 Yuji Kamioka,1 Naoyuki Kondo,1 Shunsuke Horitani,3 Yoshiki Ikeda,1

Wolfgang Bergmeier,4 Yoshinori Fukui,5 and Tatsuo Kinashi1,*

SUMMARY

Lymphocyte trafficking requires fine-tuning of chemokine-mediated cell migra-
tion. This process depends on cytoskeletal dynamics and polarity, but its regula-
tion remains elusive. We quantitatively measured cell polarity and revealed crit-
ical roles performed by integrin activator Rap1 in this process, independent of
substrate adhesion. Rap1-deficient naive T cells exhibited impaired abilities to
reorganize the actin cytoskeleton into pseudopods and actomyosin-rich uropods.
Rap1-GTPase activating proteins (GAPs), Rasa3 and Sipa1, maintained an unpo-
larized shape; deletion of these GAPs spontaneously induced cell polarization,
indicative of the polarizing effect of Rap1. Rap1 activation required F-actin scaf-
folds, and stimulated RhoA activation and actomyosin contractility at the rear.
Furthermore, talin1 acted on Rap1 downstream effectors to promote actomyosin
contractility in the uropod, which occurred independently of substrate adhesion
and talin1 binding to integrins. These findings indicate that Rap1 signaling to
RhoA and talin1 regulates chemokine-stimulated lymphocyte polarization and
chemotaxis in a manner independent of adhesion.

INTRODUCTION

Naive lymphocytes recirculate between the blood and lymphatic organs and scan cognate antigens in

lymphoid tissues. Lymphocyte homing to peripheral lymph nodes is regulated by an interplay of adhesion

molecules and chemokines, initiated by selectin-dependent tethering/rolling along the endothelium. Endo-

thelial chemokines induce integrin activation on T cells, resulting in firm adhesion and extravasation.1,2

Extravasated T cells migrate to paracortical T cell areas, expressing immobilized T cell chemokines CCL19/

CCL21 on fibroblastic reticular cells and dendritic cells, randomly interacting with these cells at a wide range

of velocities, often exceeding 20 mm/min. T cell migration involves several modes with cell shape changes, as

seen in ameboid migration, including gliding movements and blebbing-based motility.3,4 Previous studies

have shown that intranodal T cell migration involves Gi signaling and integrin LFA1, indicating that chemo-

kines control integrin-dependent and -independent processes.5–7 The random motility and deformability of

T cells under the influence of chemokines and integrin-mediated adhesion likely facilitate encounters of

rare cognate antigens in the densely packed, confinedmicroenvironments of the paracortex before egress.8,9

While the function of chemokines in the integrin-mediated arrest step of rolling lymphocytes is well established,

the molecular mechanism of lymphocyte cell shape changes and the relationship with integrin regulation

remain unclear. Chemotaxis is the best-studied function of chemokines and involves directed migration within

a gradient of chemoattractant. Chemotaxis is elicited via seven transmembrane receptors coupled with

pertussis toxin-sensitive Gi proteins, which initially induce global F-actin response in seconds, leading to asym-

metrical distribution of distinct F-actin organization in minutes—actin polymerization at one pole (pseudopod)

and actin-myosin contractile complexes at the opposite pole and sides (uropod).10 The distinct actin structures

define cell polarity, orienting cells with pseudopods at the leading edge and uropods at the rear for migration

toward higher concentrations of stimuli. On the other hand, it is well known that uniformly applied stimuli also

induce symmetry breaking (i.e., self-organizing polarity),11 allowing polarized cells to move randomly, which is

reminiscent of the random motility of T cells on immobilized chemokines.

Over decades, the extensive study of chemotaxis inDictyostelium, neutrophils, and cell lines has advanced our

understanding of the signaling network underlying cell polarization induced by chemoattractants. Ligand
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Figure 1. Defective polarization of T cells deficient in Rap1

(A) Expression profiles of CCR7 on WT (red) and Rap1a�/�Rap1b�/� (blue) T cells. CCR7 expression was measured using

CCL19-Fc and FITC-conjugated anti-human IgG. A representative histogram of two experiments is shown. Solid and

dotted lines represent the bindings of CCL19-Fc and Fc proteins, respectively.

(B) A schematic flow of experimental procedures for cell polarity measurement.

(C) The typical cell shapes with F-actin and CD44 distribution in unpolarized and polarized cells and representative

images acquired using an imaging cytometer as in (B), with numerical values of the aspect ratios, circularity, and polarity.

Polarized cells exhibited low aspect ratios and circularity, but high polarity.

(D) Contour plots with polarity (x-axis) and circularity (y axis) of WT and Rap1a�/�Rap1b�/�naı̈ve T cells in the absence

(upper) and the presence (lower) of CCL21 (100 nM). The numbers show percentages of cells in the gate 5 min after

stimulation.

(E) The changes in the cell elongation and polarization of naive T cells after the stimulation of CCL21 (100 nM). The data at

each time point show the average percentages GSD (n = 3) of WT (black) and Rap1a�/�Rap1b�/� (red) T cells exhibiting

cell elongation (left) and cell polarity (right).

(F) Clustering of F-actin (left) and CD44 (right), shown as in (E).
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binding to G-protein-coupled receptors triggers the dissociation of trimeric Gi proteins into Gai and Gbg,

which interact with their respective downstream effector proteins to transduce intracellular signals. In leuko-

cyte chemotaxis, Gbg promotes pseudopods by activating phosphatidylinositol 3-kinase (PI3K) g, leading

to the generation of phosphatidylinositol (3,4,5) triphosphates.12 This in turn activates the DOCK2-Rac

pathway to induce F-actin polymerization and generates subsequent F-actin-rich pseudopods.13 The Gai sub-

unit also plays an important role in Rac/Cdc42 activation, stable pseudopod formation, and the migration of

neutrophils and cancer cells through interactions with downstream effectors including ELMO1/Dock180,

mInsc, and Homer3.14–16 The generation of uropods involves RhoA, which promotes Rho-associated coiled-

coil kinase (ROCK)-mediated phosphorylation of the myosin light chain (MLC), and consequent activation

ofmyosin II, which results in actin-myosin contractility.11,17 Although the basicmechanisms of actin remodeling

and chemotaxis have been clarified, the cooperative mechanisms generating the front-back polarity are less

clear and seem to be diversified across species and regulated differently in cell lineages.

The small GTPase Ras-related protein 1 (Rap1) is a master regulator of integrin-mediated adhesion in lympho-

cytes upon chemokine or antigen stimulation.18,19 Rap1 recruits the integrin adaptors talin1 and kindlin-3 to

integrin b cytoplasmic tails to induce ligand binding.20–23 Ectopic expressions of constitutively active Rap1mu-

tants and its effector RAPL, but not Ras or RhoGTPases, generated cell polarity in the absence of chemo-

kines.18,24 Although informative, these studies were performed in overexpression systems using activated

T cells or lymphoid cell lines and did not directly address the roles of Rap1 in cell polarization and chemotaxis

of primary lymphocytes. Here, we report crucial roles of Rap1 and talin1 in this process independent of sub-

strate adhesion. We show that Rap1 has a polarization-organizing property to induce symmetry breaking,

leading to a morphologically distinct cytoskeleton, F-actin accumulation, and actomyosin, on opposing

edges. Rap1 activation required F-actin scaffolds, and stimulated RhoA and myosin. Talin1 acted as a down-

stream effector of Rap1 to promote the contraction of F-actin/myosin complexes in the uropod, independent

of adhesion.While the absence of talin1 or Rap1diminishedboth cell polarity and adhesion to ICAM1, an LFA1

mutant defective in talin1 binding did not affect cell polarization. This highlights that Rap1 signaling to RhoA

and talin1 facilitates the chemotactic migration of T cells through integrin-independent processes.

RESULTS

Rap1 is required for efficient polarization in response to chemokine stimulation

Uniform concentrations of chemokines transform spherical lymphocytes into those with distinct elongated

shapes (‘‘hand-mirror’’ shapes) with the development of an F-actin-rich pseudopod and CD44-rich uropod

at opposing ends of a cell to facilitate cell migration.25,26 However, morphological changes of lymphocytes

occur variably, from those with almost no changes to those with typical hand-mirror shapes, and most evalu-

ations have been performed on microscopic observations of a small number of cells. To determine quantita-

tively whether Rap1 is involved in naive T cell shape changes by chemokines, we introduced quantitative

methods using imaging cytometry to measure cell shape changes with uniform stimulation of a T cell chemo-

kine, CCL21. CCR7, a receptor for CCL21, was expressed at comparable levels in wild-type (WT) and

Rap1a�/�Rap1b�/� (Rap1-deficient) T cells fromCd4-cre Rap1aflox/floxRap1bflox/flox mice (Figure 1A).27 Primary

splenic WT and mutant T cells stimulated with CCL21 were fluorescently stained for F-actin and CD44 (a uro-

podmarker) (Figures 1B and 1C). Naive T cells gatedbased on size and lowCD44 expression (Figure S1A) were

measured for basic morphological parameters including aspect ratios (width vs. height) and circularity (varia-

tion of cell radius) of cells (Figures 1C and S1B‒S1D). Polarity parameters representing the degree of segre-

gation of the pseudopod and uropodwere computed based on the distance between the brightness center of

F-actin and CD44 (Figures S1B and S1D). Polarized cells were gated to distinguish variations of cell shapes of

WT T cells in resting states under our conditions (cut-off value of �3.0%) and elongated cells were defined as

cells with an aspect ratio less than 0.78 to discriminate slight variations in resting T cell shapes. Combinations

of these parameters and gating allowed us to sort a large number of stimulated T cells (>104 cells) to identify

typical ‘‘polarized cells’’ exhibiting hand-mirror shapes with lower circularity and higher polarity (Figures 1C,

Figure 1. Continued

(G) Evaluation of defective polarity in Rap1a�/�; Rap1b�/� T cells with supervised machine learning. The score profiles of

CCL21-stimulated WT and Rap1a�/�Rap1b�/� T cells as judged by AI were statistically significant (chi-squared test,

p < 0.0001) (see STAR Methods).

(H) The changes in the cell polarization of CCL21-stimulated WT and Rap1a�/�Rap1b�/� T cells were judged by AI. The

average percentages GSD (n = 3) of polarized (Hand-Mirror score >0.9) cells were shown. Statistical significance for all

data was determined by two-tailed Student’s t test except (G), which was determined by a chi-squared test. *p < 0.05,

**p < 0.01, and ****p < 0.0001.
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1D, S1C, and S1D).We testedour procedures usingDock2�/� T cells, the null mutation of whichwas previously

reported to cause profound defects of chemokine-stimulated F-actin polymerization and cell polarization.13,28

Consistently, our procedures detected severe impairment in CCL21-induced cell polarization of mutant T cells

relative to WT T cells (Figure S1E).

We then compared efficiencies of cell polarization in WT and Rap1-deficient T cells. Most of the restingWT

T cells exhibited unpolarized shapes (Figure 1D). CCL21 stimulation led to an 8-fold increase in the polar-

ized cell population in WT cells, with the rest showing elongated cells with limited segregation of polari-

zation parameters. On the other hand, polarized cells only increased by two to 3-fold in a Rap1-deficient

background. In time course experiments, CCL21 increased the population of elongated WT cells after

60 s post-treatment, which plateaued until 300 s post-treatment (Figure 1E, left). Percentages of polarized

WT cells peaked at 60 s and were sustained at slightly lower levels (Figure 1E, right). The changes in elon-

gation and cell polarization of WT T cells were in agreement with those of a previous study using human

T cells and CCL19.29 Although the time-response curves of Rap1-deficient T cells were similar to those

of WT cells, they decreased the elongated cell population by 40–50% (Figure 1E, left) and the polarized

cell population by 30–40% (Figure 1E, right). To dissect the cell polarization processes, we measured the

clustering of F-actin and CD44 (Figure 1F). The clustering was calculated as the distance between a

morphological center and the brightness of an object of interest (Figure S1B). Compared to WT T cells,

the initial F-actin burst, occurring uniformly on the plasmamembrane within a few seconds after chemokine

stimulation, was slightly reduced, but comparable after 30 s in Rap1-deficient T cells (Figure S1F). The sub-

sequent F-actin clustering was evident in WT T cells at 30 s after stimulation, peaked at 60 s, and was sus-

tained thereafter. In Rap1-deficient T cells, F-actin clustering was significantly reduced (Figure 1F, left).

While WT T cells gradually increased CD44 clustering concomitantly with elongation after stimulation,

CD44 clustering in Rap1-deficient T cells transiently increased at earlier time points, but subsequently

decreased to lower levels than those observed in WT T cells (Figure 1F, right). The absence of Rap1 caused

inefficient F-actin clustering and defective CD44 accumulation (Figure 1F).

To validate the above findings, we utilized supervised machine learning for unbiased judgment of cell po-

larization by artificial intelligence (AI) using transfer learning on a deep convolutional neural network (CNN)

(Figures 1G, 1H, and S2A). The representative images of unpolarized (circularityhi polaritylo ARhi, Hand-

Mirror score = 0) and polarized cells (circularitylo polarityhi ARlo, Hand-Mirror score = 1) were used as super-

visors (see STAR Methods). The AI sorted T cell images into ‘‘unpolarized’’ (score <0.1), ‘‘polarized’’ (Hand-

Mirror score >0.9), and ‘‘partially polarized’’ (Hand-Mirror score 0.1–0.9) T cells (Figure 1G). We confirmed

that polarized cells selected by the AI exhibited low circularity and high polarity, consistent with manually

gated fractions (Figure S2B). Having established the AI-based polarity measurement program, a large da-

taset of captured images of CCL21-stimulated WT and Rap1-deficient T cells was loaded into the program

to measure efficiencies of cell polarization (Figure 1H). Compared to WT T cells, polarized cells decreased

significantly by 30–50%with a reciprocal increase in unpolarized fractions and partially polarized fractions in

Rap1-deficient T cells (Figures 1G and 1H). Based on the results from these two independent approaches,

we concluded that Rap1 deficiency in T cells resulted in impairment of CCL21-induced cell polarity.

A loss of Rap-GAP proteins promotes polarization in the absence of chemokines

Overexpression of a constitutively active Rap1 mutant promotes spontaneous cell polarization of lympho-

cyte cell lines or activating lymphocytes.18,24 Therefore, Rap1 activation by the inactivation of Rap-GAPs

should facilitate autonomous T cell polarity. T cells abundantly expressed Rap1-GAPs, RASA3, and

SIPA1.30,31 To evaluate the contribution of Rap-GAPs to Rap1 suppression in the resting state, we gener-

ated Sipa1�/� mice using Crisper-Cas9 system and crossed with Cd4-cre Rasa3flox/flox to obtain Cd4-cre

Rasa3flox/floxSipa1�/� mice, and measured the amount of Rap1-GTP in T cells (Figures S3A and S3B). The

basal amount of Rap1-GTP was increased 25-fold in the double mutant T cells (Figure 2A), which was

slightly lower than the level observed in WT T cells stimulated with CCL21 at 5 s (Figure 2A). Thus, the

loss of these Rap-GAPs significantly induced Rap1 activation in non-activated T cells. Therefore, we next

examined the effects of the loss of RASA3 and SIPA1 on the cell polarization of T cells (Figures 2B–2E).

The loss of both RASA3 and SIPA1 proteins substantially increased cell elongation and cell polarity

(Figures 2B–2E). RASA3 has dual GAP activity toward Rap1 and Ras,32 the latter of which is involved in

the cell polarity of Dictyostelium.33 To confirm whether the induction of polarity in Rasa3�/�Sipa1�/�

T cells is due to activated Rap1, we measured the cell polarity of Rasa3�/�Sipa1�/� T cells deficient in

Rap1 isolated from Cd4-cre Rasa3flox/floxSipa1�/�Rap1aflox/floxRap1bflox/flox mice. The increased cell
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Figure 2. Spontaneous polarization in T cells deficient for RASA3 and SIPA1

(A) Rap1 activation in WT T cells with or without CCL21(100 nM) and Rasa3�/�Sipa1�/� T cells without CCL21, with values

relative to unstimulated WT T cells (none) shown as a bar graph (average GSD, n = 3).

(B) Representative confocal images of F-actin and CD44 in WT and Rasa3�/�Sipa1�/� T cells. Scale bar, 10 mm.

(C) Cell elongation of T cells deficient for Rasa3�/�Sipa1�/� T cells. Bars represent the average percentage of elongated

cells GSD (aspect ratios <0.78) (n = 4).

(D) Cell polarization in T cells. Average percentage of polarized cells GSD (n = 4).

(E) The percentage of polarized cells GSD (Hand-Mirror score >0.9) was evaluated by AI in (D).

(F and G) The impact of Rap1 deficiency on cell polarity of Rasa3�/�Sipa1�/� T cells. The percentage of cells exhibiting

(F) cell elongation and (G) cell polarization for WT T cells and mutant T cells lacking RASA3/SIPA1, RASA3/SIPA1/

Rap1a/Rap1b, or Rap1a/Rap1b, as indicated. Average GSD (n = 3, representative of two experiments). Statistical

significance for the above data was determined by two-tailed Student’s t test. *p < 0.05, **p < 0.01, and ****p < 0.0001.
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elongation and polarity were abolished in the mutant T cells lacking Rap1 (Figures 2F and 2G). Therefore,

the activation of Rap1 was responsible for the spontaneous induction of cell polarity in naive T cells defi-

cient in RASA3 and SIPA1.

DOCK2 and F-actin are important for Rap1 activation by regulating guanine nucleotide

exchange factors localization

To explore the mechanisms by which Rap1 regulates cell polarity, we first examined the spatiotemporal

relationship of Rap1-GTP and F-actin development in response to chemokines. For this purpose, a Rap-

GTP affinity probe and lifeact were fused to fluorescent proteins and expressed in a Ba/F3 proB cell line,

which exhibited Rap1-dependent cell polarization, similarly to primary T cells.18 Time-lapse imaging

with confocal microscopy revealed that after stimulation with CXCL12, Rap-GTP was localized at the

plasma membrane within 10 s and then accumulated at the edge of an F-actin-rich multiple protrusion

and in the perinuclear regions (Figure 3A). Within minutes, distinct lamellipodia and uropods were formed

with Rap1-GTP sharply accumulated at the edge of the lamellipodia and, to lesser degrees, at the side and

rear membranes and in the perinuclear regions.

The co-localization of Rap1-GTP with F-actin led us to examine whether F-actin is required for Rap1 acti-

vation. We found that the inhibition of actin polymerization with latrunculin A decreased Rap1 activation

in primary T cells (Figure 3B). As shown previously, DOCK2 and PI(3)K are crucial for actin polymerization

in response to chemokines via Rac activation.13,28 Consistently, gene knockout ofDock2 as well as the phar-

macological inhibition of PI(3)K by wortmannin treatment also impaired Rap1 activation in primary T cells

(Figures 3C and 3D), indicating that Rac-mediated actin polymerization via DOCK2/PI(3)K was required for

efficient Rap1 activation. In contrast, a loss of Rap1 had little impact on Rac1 and Cdc42 activation upon

CCL21 stimulation (Figures S4A and S4B). These data indicate that the regulation of Rap1 activation re-

quires F-actin polymerization to occur in the process of cell polarization.

The above results suggest that F-actin acts as a scaffold for the recruitment of guanine nucleotide ex-

change factors (GEF) for Rap1. To visualize major Rap1-GEFs expressed in lymphocytes, we transfected

RASGRP2 and C3G fused with GFP into Ba/F3 cells and examined their localization.22 In the resting

state, GFP-RASGRP2 and GFP-C3G were diffusely present in the cytoplasm (Figures 3E, 3F, S4C, and

S4D). CXCL12 stimulation caused immediate but transient translocation of GFP-RASGRP2 to the plasma

membrane within a few seconds (Figures 3E and S3C). In contrast, GFP-C3G was apparently localized at

the edge of the cell protrusion and lamellipodia (Figures 3F and S3D). These localizations of RASGRP2

and C3G were severely inhibited with treatment of latrunculin A (Figures 3E and 3F), supporting the

notion that Rap1 activation requires F-actin scaffolds to recruit distinct Rap1-GEFs to appropriate

locations.

Rap1 regulates T cell polarization via RhoA signaling

As uropod formation is regulated by the RhoA-ROCK-MLC/myosin II axis,17 we investigated whether Rap1

could affect the RhoA signaling axis. RhoA activation in naive T cells was measured by intracellular staining

with anti-RhoA-GTP antibodies and flow cytometry.34–36 The amount of RhoA-GTP increased in T cells stim-

ulated with CCL21, which was abolished with pertussis toxin (PTX) treatment (Figure 4A), indicating that

CCL21-induced RhoA activation is regulated by Gi-dependent signaling, as reported previously.36

Notably, RhoA activation was inhibited in Rap1-deficient T cells stimulated with CCL21, indicating that

Figure 3. The DOCK2/F-actin axis triggers Rap1 activation via RapGEF localization

(A) Time-lapse imaging of Ba/F3 cells expressing lifeact-Turquoise2 (upper), GFP-RalGDS RBD (Rap-GTP affinity probe, middle), and DIC (lower) before and

after stimulation with CXCL12 (100 nM). Images. Scale bar, 10 mm.

(B) Rap1 activation of T cells pretreated with latrunculin A (0.5 mM) upon stimulation with CCL21 (10 nM) and subjected to pull-down assays to detect Rap1-

GTP (top). The blots with relative values are shown. The right panel shows the relative values at 5 s (n = 2).

(C) Rap1 activation of T cells from Dock2�/� mice unstimulated or stimulated with CCL21 (10 nM, 5 s). Relative amounts of Rap1-GTP against total Rap1 are

shown later in discussion. The right panel shows the relative values at 5 s (n = 2).

(D) Rap1 activation of T cells in the presence of a PI3K inhibitor. T cells treated with wortmannin (100 nM, 30 min) were stimulated with CCL21 (100 nM) for

indicated times. The right panel shows the relative values at 5 s (n = 2).

(E) Time-lapse imaging of lifeact-Turquoise2 (upper) and GFP-RasGRP2 (middle) in Ba/F3 cells before and after stimulation with CXCL12 (100 nM) in the

presence or absence of latrunculin A (1 mM). DIC images were also acquired (bottom). Scale bar, 10 mm.

(F) Time-lapse images of Lifeact-TQ2 (upper), GFP-C3G (middle), and DIC (lower) in Ba/F3 cells before and after the addition of CXCL12 in the presence or

absence of latrunculin A (1 mM) with lapse time indicated (hh:mm:ss).
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Rap1 is crucial for global RhoA activation (Figures 4B and 4C). Consistently, the amount of phosphorylated

MLC (pMLC) was decreased in Rap1-deficient T cells with CCL21 (Figure 4D). Accumulation of pMLC in the

rear part of polarized cells was evident in WT T cells, but not in Rap1-deficient T cells (Figures 4E and 4F).

Conversely, Rasa3�/�Sipa1�/� T cells, in which basal Rap1-GTP was plentiful (Figure 2), exhibited enhanced

RhoA activation and pMLC without stimulation (Figures 4G–4I). The increase of pMLC in Rasa3�/�Sipa1�/�

T cells was inhibited by treatment with a ROCK inhibitor Y-27632 (Figure 4I). Cell elongation of

Rasa3�/�Sipa1�/� T cells was also impaired by Y-27632, as well as blebbistatin, a myosin II inhibitor (Fig-

ure 4J). These data strongly suggest that Rap1 regulates the RhoA-ROCK-MLC/myosin II axis.

Previous studies have reported that T cells lacking kinase Mst1/2 or Ndr1/2 exhibited defective RhoA acti-

vation and cell polarization,37,38 but their relationship with Rap1 remains unknown. As a Rap1 interacting

protein RAPL activates Mst1,39 which in turn phosphorylates and activates Ndr1/2,37,38,40 we speculate

that the absence of Rap1 would inhibit the phosphorylation of Ndr1. CCL21 induced the phosphorylation

of Ndr1 on Thr444 (T444), a site targeted by Mst1 in wild-type T cells,21,38,41 which was minimally observed in

Rap1-deficient T cells (Figure 4K). This result supports the notion that Rap1 is required for RhoA activation

via Ndr1. In this context, we hypothesized that GEF-H1 (Rho/Rac guanine nucleotide exchange factor 2,

ARHGEF2), a microtubule-associated RhoA activating GEF, may be involved since the association of Ndr

and GEF-H1 was previously reported.42 To investigate whether Rap1 would affect GEF-H1 localization in

T cells, we stimulated WT and Rap1a�/�Rap1b�/� T cells with CCL21 and stained them with anti-GEF-H1

and phalloidin (F-actin). Representative confocal images showed that GEF-H1 was dense in uropods,

and to a lesser degree, in the regions behind pseudopods in WT T cells, whereas GEF-H1 was diffusely

distributed in the cytoplasm of Rap1-deficient T cells (Figure 4L). Quantitative measurement of GEF-H1

clustering with imaging cytometry revealed that GEF-H1 clustering was decreased by half in Rap1-deficient

T cells relative to WT T cells (Figure 4M). Conversely, in Rasa3�/�Sipa1�/� T cells GEF-H1 clustering

increased approximately 2-fold without chemokines, indicating a signaling linkage of Rap1 and GEF-H1

(Figure 4N).

Involvement of talin1 downstream of Rap1 in myosin light chain activation

The recruitment of talin1 via Rap1 to integrins is critical to inducing integrin-dependent adhesion.20,22,23

However, a linkage of Rap1 and talin1 for T cell polarity in the absence of integrin-dependent adhesion

has not yet been reported. To explore Rap1-dependent talin1 functions in cell polarity, we measured

cell polarity development in Tln1�/� T cells with CCL21 (Figures 5A and 5B). CCR7 was normally expressed

in Tln1�/� T cells (Figure S5A). Notably, as observed in Rap1-deficient T cells, in Tln1�/� T cells, the cell

elongation and polarization were severely impaired (Figures 5A and 5B). Thus, talin1 was important for

cell polarity independent of substrate adhesion. Consistently, a chemotactic response to CCL21 was atten-

uated in Tln1�/� and Rap1-deficient T cells in transwell assay (Figure 5C).

Figure 4. Rap1 promotes T cell polarization via RhoA signaling

(A) RhoA activation with CCL21 was Gai dependent. T cells treated with or without pertussis toxin (PTX, 200 ng/mL, 2 h) were stimulated with CCL21 (100 nM)

and stained for RhoA-GTP with specific antibodies. Bars indicate the average of median fluorescent intensity (MFI) G SD (n = 3).

(B) RhoA-GTP of WT and Rap1a�/�Rap1b�/�naı̈ve T cells (CD44low) 0, 2, and 5 min after CCL21 stimulation (100 nM). The results are shown as above (n = 3).

(C) Relative amount of RhoA-GTP against total RhoA in WT and Rap1a�/�Rap1b�/�naı̈ve T cells (CD44low) with or without CCL21 (100 nM) at 120 s (n = 3).

(D) Phosphorylated MLC at Ser 19 (pMLC) in WT and Rap1a�/�Rap1b�/� T cells without or with CCL21 (100 nM). The relative amount of pMLC in mutant

T cells was calculated as MLC levels by the MFI normalized to the average of MFI of unstimulated WT T cells. Bars indicate the average GSD.

(E) Impaired clustering of pMLC in Rap1a�/�; Rap1b�/� T cells. Two examples of 3D projection of F-actin and pMLC with composite-colored images

(merged) in WT and Rap1a�/�Rap1b�/� T cells stimulated with CCL21 (100 nM).

(F) Clustering of pMLC in WT and Rap1a�/�Rap1b�/� T cells. Contour plots of pMLC clustering (x axis) vs. circularity (y axis) with percentages of pMLC

clustering cells in the gate. Bar shows average percentage GSD of pMLC-clustering cells (n = 2–3).

(G) RhoA-GTP in WT and Rasa3�/�; Sipa1�/�naı̈ve T cells. Bars indicate average MFI GSD (n = 3).

(H) Relative amount of RhoA-GTP against total RhoA in WT and Rasa3�/�Sipa1�/� naive T cells (CD44low). Bars indicate average GSD (n = 3).

(I) pMLC in Rasa3�/�Sipa1�/� T cells in the absence or presence of Y27632 (20 mM). Bars indicate average GSD (n = 3, a representative of two independent

experiments).

(J) Suppression of cell polarization of Rasa3�/�Sipa1�/� T cells with ROCK inhibitor Y27632 (20 mM) and myosin II inhibitor blebbistatin (50 mM). Bars show

average percentages GSD of elongated cells (n = 3).

(K) The phosphorylation of NDR1 at Thr444 inWT and Rap1a�/�Rap1b�/� T cells. The right bar graph shows the average amount of NDR1 against total Rap1 (n = 2).

(L) Impaired clustering of GEF-H1 in Rap1a�/�Rap1b�/� T cells. 3D projections of GEF-H1, F-actin, and composite images.

(M) Changes of GEF-H1 clustering upon CCL21 stimulation (100 nM). Bars indicate the average percentages GSD (n = 3) of GEF-H1-clustered cells.

(N) GEF-H1 clustering of Rasa3�/�Sipa1�/� T cells in the absence of chemokine as shown in (M). Statistical significance for the above data was determined by

two-tailed Student’s t test. *p < 0.05, **p < 0.01, and ***p < 0.001.
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To investigate how talin1 is involved in cell polarity, wemeasured RhoA activation andMLCphosphorylation in

Tln1�/� T cells (Figures 5D–5F). Although Tln1�/� T cells exhibited only a slight decrease in RhoA activation,

both amount and clustering of pMLC were substantially decreased in Tln1�/� T cells. Confocal microscopy us-

ing T cells derived from HaloTag(HT)-fused talin1 knock-in mice (Tln1HT/wt) showed that talin1 accumulated in
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Figure 5. Talin1 is involved in cell polarity downstream of Rap1

(A) Changes of cell elongation of naive WT and Tln1�/� T cells after stimulation. T cells suspended in RPMI1640 containing 1% BSA were stimulated with

CCL21 (100 nM) and examined for cell elongation by imaging cytometry. The data shows the average percentage GSD (n = 3, a representative of two

experiments).

(B) Changes in the cell polarization of naive WT and Tln1�/� T cells as in (A).

(C) Chemotactic assays of WT, Tln1�/� (left panel) and Rap1a�/�Rap1b�/� (right panel) T cells in response to 30 nM CCL21 (n = 3).

(D) The amount of RhoA-GTP of Tln1�/� T cells at 2 min after stimulation with CCL21 (100 nM) measured by flow cytometry. Bars indicate the average MFI of

RhoA-GTP GSD (n = 3, a representative of two experiments).

(E) The amount of pMLC of Tln1�/� T cells at 2 min after stimulation with CCL21 (100 nM). The relative amount of pMLC in mutant T cells was calculated as

MLC levels by MFI normalized to the average of MFI of unstimulated WT T cells. (n = 3, a representative of two independent experiments).

(F) The clustering of pMLC in WT and Tln1�/� T cells at 2 min after stimulation with CCL21 (100 nM) was measured by imaging cytometry. Bars indicate the

average GSD (n = 3, a representative of two independent experiments).

(G) A representation of confocal images of F-actin, talin1, and pMLC in HT-talin1 knock-in (Tln1HT/WT) T cells stained with HaloTag SaraFluor 650T Ligand.WT

T cell (Tln1w/w) was used for negative control of HT-specific staining. Scale bar, 5 mm.

(H) Relative levels of pMLC in WT, Rasa3�/�Sipa1�/�, Rasa3�/�Sipa1�/�Tln1�/�, and Tln1�/�T cells were measured by flow cytometry. Bars indicate

average GSD (n = 3, a representative of two independent experiments).

(I) The clustering of pMLC (average GSD) as in (H).

(J) The cell elongation (averageGSD) as in (H). Statistical significance for the above data was determined by two-tailed Student’s t test. *p < 0.05, **p < 0.01,

***p < 0.001, and ****p < 0.0001.
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the vicinity of pMLC in uropods (Figure 5G). These findings support the notion that talin1 regulates cell polarity

via MLC activation downstream of RhoA. To further confirm whether talin1 is a downstream effector of Rap1-

induced cell polarization, we measured MLC activation and elongation of T cells from Rasa3�/�Sipa1�/�mice

(Figures 5H–5J). Compared to Rasa3�/�Sipa1�/� T cells, Rasa3�/�Sipa1�/�Tln1�/� T cells exhibited defective

MLC phosphorylation and clustering with a modest impact on cell elongation. These data indicate that talin1

acts in part as a downstream effector of Rap1 and regulates MLC activation and cell polarization.

Rap1 associates with talin1 via RIAM, or directly through the talin FERM domain.20,43,44 To determine the mo-

lecular mechanism of the link between Rap1 and talin1 in chemokine-induced cell polarity, we examined

RIAM-deficient (Apbb1ip�/�) T cells. RIAM-deficient T cells failed to adhere to ICAM1 (Figure S5B), as re-

ported.45 However, the absence of RIAM had marginal impacts on cell polarization—no significant changes

in polarization parameters 2 min post-stimulation with a small decrease of elongation and polarization at

5 min (Figure S5C). The F0 subdomain of the FERM domain in talin1 mediates direct binding to Rap1.22 To

examine the involvement of the F0 subdomain in cell polarization, we employed a Ba/F3 line, in which talin1

was inactivated with CRSPR/Cas9 and introduced with either wild-type talin1, or a mutant lacking the F0 sub-

domain (Figure S5D). Compared to the wild type, the mutant talin1 inhibited cell elongation and polarization

induced by CXCL12 (Figure S5E). These results indicate that direct binding of Rap1 to talin1 plays a major role

in chemokine-induced cell polarization.

Talin1 regulates cell polarization independent of binding to integrins

So far, our data strongly suggest an integrin-independent role of talin1 in cell polarization. T cells ex-

pressed ICAM1/ICAM2, but rarely VCAM1 and MAdCAM1, ligands for a4b1 and a4b7 (Figure 6A). There-

fore, it might be possible that transient LFA1-ICAMs interactions in trans or cis might activate talin1,

thereby facilitating cell polarization by outside-in signaling. To exclude this possibility, we employed naive

T cells from knock-in mice (Itgb2W748A) that express amutant b2 subunit bearing an alanine substitution of

a critical talin-binding tryptophan (W748A) (Figures S6A and S6B).22,46 The mutant T cells expressed the aL

and b2 subunits, as well as CCR7, comparably with WT (Figures 6B and S6C). Detachment assays confirmed

that the mutant T cells lost the ability to adhere to ICAM1, as observed with Tln1�/� T cells (Figure 6C). By

contrast, the mutant T cells exhibit CCL21-induced cell elongation and polarization at levels similar to

those of WT T cells (Figure 6D). These results further emphasize the integrin-independent role of talin1

in cell polarization independent of integrin-mediated interaction.

Talin1 localization during T cell migration

It is generally thought that a cyclic process of cell attachment at the front, cell elongation, and pulling and

detachment at the rear is important for cell motility.47 To gain insights into how talin1 is involved in cell polar-

ization and motility, we performed live imaging of T cells expressing HT-talin1. T cells were incubated on im-

mobilized ICAM1 and CCL21, and imaged with a confocal microscope. z stack images of T cells showed that a

part of the front region of a polarized T cell adhered to and slid onto the substrate, while the uropod formed in

the back region of the T cell was kept lifted during migration (Figure 7A, Video S1). We found that HT-talin1

was recruited to distinct sites duringmigrations: the pseudopod at the front, attachment sites, and the uropod

at the back (Figure 7A). Immunostaining of fixed cells showed that HT-talin1 was distributed in frontal areas

from a tip of F-actin-rich lamellipodia to the region right behind the lamellipodia associated with F-actin

and myosin II. HT-talin1 was also localized in the uropod enriched with myosin II (Figure 7B). These findings

suggest that talin1 is involved in lamellipodial protrusion and attachment at the front and uropod formation.

Super-resolution radial fluctuation (SRRF) imaging revealed that talin1 was scattered as dots over the contact

surface (Figure 7C). Only a fraction of talin1 was colocalized with F-actin and myosin II, suggesting low fre-

quencies of high-affinity interactions of LFA1/ICAM1 that need actomyosin and traction force.48 This finding

is in agreement with our previous studies using single-molecule imaging that showed that high-affinity

engagement with ICAM1 accounted for less than 10% of total LFA1-ICAM1 interactions.22 In contrast, a larger

fraction of talin1 colocalized with myosin II in the non-adherent uropod (Figure 7D). Collectively, these results

support the notion that talin activates actomyosin to form uropods at the rear, thereby restricting the contact

membrane at the front that mediates transient integrin-dependent attachment (Figure 7E).

DISCUSSION

In this study, we have identified important functions andmechanisms of the integrin regulator Rap1 and talin1

in cell polarity and chemotaxis of naive T cells. With the introduction of quantitative measurements and AI, we
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showed that Rap1 had a polarization-organizing property to induce symmetry breaking with distinct cytoskel-

etal reorganizations, F-actin accumulation, and actomyosin, on opposing edges. We revealed the important

role of Rap1 in this process through the spatiotemporal regulation of RhoA signaling to balance actin polymer-

ization and actomyosin contraction via talin1. Furthermore, we demonstrated that the Rap1-talin1 axis plays a

critical role in chemotactic migration.
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Figure 6. Effects of the Itgb2W748A mutation on cell polarization

(A) Expression of ICAM1, ICAM2, VCAM1, andMAdCAM1 inWT and Itgb2W748A KI T cells. Red line: isotype control, blue

line: ICAM1, ICAM2, VCAM1, and MAdCAM1.

(B) Expression of aL and b2 subunits of naive WT andW748A mutant T cells. Red line: isotype control, blue line: aL and b2.

(C) Adhesion of WT, Itgb2W748A KI (left panel) and Tln1�/� T cells (right panel) on ICAM1 (n = 3–5).

(D) Changes of cell elongation and cell polarization of naive WT, W748A and Tln1�/� T cells after CCL21 stimulation

(100 nM) in RPMI1640 containing 1% BSA, measured by Imaging cytometer. Bars represent the average percentageGSD

of elongated cells (n = 3). Statistical significance for the above data was determined by two-tailed Student’s t test.

*p < 0.05, **p < 0.01, ****p < 0.0001, NS: not significant.
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A

B

C

D

E

Figure 7. Localization of talin1 during T cell migration

(A) Timelapse imaging of HT-talin1 during T cell migration on immobilized ICAM1 (5 mg/mL) and CCL21 (100 nM). Upper and lower images represent xy and

xz projection images, respectively. Dotted lines represent the contact surface.

(B) Representative xy and xz projection images of HT-talin1, F-actin, and myosin II in WT and Tln1HT/wt T cells migrated on immobilized ICAM1 (5 mg/mL) and

CCL21 (100 nM). Scale bar, 5 mm. Dotted lines represent the contact surface.

(C and D) Super-resolution radial fluctuation (SRRF) image of HT-talin1, F-actin, and myosin II at contact surface (C) and in uropod (D) with enlarged views of

dotted areas (right). Arrowheads indicate HT-talin1 colocalized with F-actin (C) and F-actin in the vicinity of myosin II (D). Scale bar, 5 mm.

(E) A schematic view of Rap1/talin1 pathways in migrating cells on ICAM-1. Rap1 and talin1 to orchestrate chemotactic migration via both integrin-

dependent adhesion and integrin-independent cell polarity. The DATA above are a representative of 2 experiments.
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Chemokines activate the Rho family GTPases Rac and RhoA through the heterotrimeric G proteins resulting

in the reorganization of the distinct actin cytoskeleton—F-actin-rich pseudopods and uropods enriched

with contractile actomyosin, respectively. Although both Rac and RhoA depend on PTX-sensitive Gi pro-

teins in T cells stimulated with CCL21, the Rac–F-actin response occurred fully within a few seconds,

whereas RhoA activation gradually increased over several minutes, forming uropods, as previously re-

ported.49 Our results suggest that Rap1 translates the Rac-F-actin signal to RhoA-dependent contractile

F-actin/myosin II complexes. Specifically, Rap1 induces the segregation of the two distinct actin cytoskel-

etons resulting in symmetry breaking; Rap1 is activated depending on F-actin scaffolds generated by the

PI3K-DOCK2-Rac signaling and the activated Rap1 subsequently stimulates Rho signaling. As a result, the

RhoA signaling induces MLC activation and contractile F-actin/myosin complexes demarcated with

growing pseudopods, leading to well-developed bipolar structures of the cell. Thus, Rap1 signaling con-

stitutes a positive linkage of the front-to-back signaling modules and allows the cooperative generation of

F-actin ruffles and actomyosin to reorganize the actin cytoskeleton and shape changes (Figure S7). This mo-

dality of cell polarization enables synchronous reinforcement/attenuation of the front and back polarity to

adapt to the fluctuation of chemokine stimulation. This mechanism sharply contrasts with that reported in

neutrophil-like HL60 cells stimulated with fMLP. In this case, G12/G13 initiated the ‘‘backness’’ signal

through RhoA, whereas Gi signaling transmits the ‘‘frontness’’ signal through the Rac-F-actin pathway.11

Since different heterotrimeric G proteins transmit a chemoattractant receptor signaling to distinct Rho fam-

ily members, inhibition of either of the two pathways results in the domination of the other. However, this is

not the case with T cells, in which both ‘‘frontness’’ of the Rac signal and ‘‘backness’’ of the RhoA signal are

initiated by the same Gi signaling and generation of cell polarity.

We show that PI3K-DOCK2-Rac activation and F-actin is important for Rap1 activation upon chemokine

stimulation. The disruption of F-actin inhibited the membrane translocation of Rap-GEFs RasGRP2 and

C3G, indicating that F-actin act as scaffold for RasGRP2 and C3G RasGRP2 to activate Rap1. Although

the exact mechanisms how F-actin regulates Rap-GEF translocation, RasGRP2 might translocate to the

plasma membrane and membrane ruffles via a direct association with F-actin.50 Similarly, C3G, complexed

with Able and CrkL, could translocate to the membrane via interaction with WAVE2–Arp2/3 complex.51

Previous studies reported a requirement of Mst1/Mst2 and NDR1/NDR2 kinases for RhoA activation in

mature thymocytes and T cells stimulated with chemokines and sphingosine-1-phosphate.37,38 Mst1/

Mst2 kinases directly associate with the Rap1-GTP-binding protein RAPL and are activated. Then, Mst1

phosphorylates and activates NDR1/2 kinases.21,38,41 In support of this notion, we demonstrated that

Rap1-deficient T cells exhibit the defective phosphorylation of NDR1 kinase (Figure 4L). The absence of

each component in the Rap1-RAPL-Mst1/2-NDR1/2 axis results in defective cell polarity of T cells,38–40 sug-

gesting that these signaling components act in the same genetic pathway.

We showed the requirement of Rap1 in GEF-H1 accumulation in the posterior part of the cell body in polar-

ized T cells. The activity of GEF-H1 is controlled by the phosphorylation and dephosphorylation of GEF-H1

in different cellular contexts.52–54 Our study suggests that one possible activation signaling of GEF-H1 is

mediated by the Rap1-RAPL-Mst1/2-NDR1/2 pathway in T cells.42 Localized activation of RhoA drives

cellular contractility through MLC phosphorylation downstream of the Rho-ROCK signaling axis. In this

context, we revealed unexpected roles of talin1 for cell elongation and polarity development. Rap1 asso-

ciates with and recruits talin directly or indirectly to the cytoplasmic tail of integrin b-subunits.20,23,55,56 Talin

connects integrins with the actomyosin cytoskeleton, thereby activating integrins, leading to cytoskeletal

reorganization and mechanotransduction by outside-in signaling.57–60 Since our experiment showed the

inhibition of talin1 binding to the b2 tail had little impact on cell polarization, talin1 promotes cell polari-

zation independent of integrin. We found that the Rap1-interacting F0 subdomain in talin FERM, rather

than RIAM, was required for cell polarization suggesting that a direct association of Rap1 with talin1 reg-

ulates this process.

Integrin-independent roles of talin have been largely unexplored in leukocytes and other cells. While talin1

deficiency had a modest impact on RhoA activation in T cells stimulated with chemokines, it substantially

decreased the total amounts and localization of pMLC in chemokine-stimulated T cells as well as that of

mutant T cells exhibiting spontaneous cell polarity due to constitutive Rap1 activation. Although the exact

mechanisms by which talin1 regulates MLC are unclear, talin1 might mediate an anchorage of cortical

F-actin and myosin II complexes to the plasma membrane via PIP2-binding FERM subdomains and a rod
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domain that associates with F-actin, thereby supporting proper activation and localization of MLC, leading

to contractile force generation.61,62 The close association of talin1 with F-actin and myosin II in the uropod

of T cells supports this view. Collectively, our study provides strong evidence that Rap1 promotes cell po-

larization via RhoA signaling and talin1 (Figure S7).

RIAM and vinculin associated with talin1 and could organize actin cytoskeleton and actin-myosin contrac-

tile complexes to facilitate cell polarization in the downstream of talin1. RIAM links Rap1/talin1 to Ena/

VASP proteins to facilitate F-actin polymerization.63,64 However, we showed that RIAM had a modest

role for cell polarization. Consistently, Ena/VASP proteins do not seem to play an important role for naive

T cell polarization, because naive T cell from Ena/VASP knockout mice exhibited normal migration to che-

mokine and homing to secondary lymphoid tissues.65 The role of vinculin in chemokine-induced T cell

migration and polarity has not been elucidated yet, though vinculin mediates a linkage of integrin to actin

cytoskeleton via talin166,67 and important for stable adhesion of lymphocytes as well as force genera-

tion.68,69 It is possible that the unfolding of the talin rod domain independently regulate actin bundling

and force generation via vinculin69 In this context, the binding PI5KIg and membrane PIP2 of the talin1

head domain might have a role in unfolding of the role.70

We and others previously demonstrated that T cells utilize integrin-dependent and independent migration

modalities within lymph nodes, where fast lymphocyte migration is supported by transient interactions with

dendritic cells and stromal cells.3,4,7 Visualization of talin1 in the 2-dimensional migration of T cells revealed

the localization of talin1 in pseudopods and the contact membrane and non-adhering uropods in the rear.

High co-localization of talin with F-actin and myosin II in non-adhering uropods suggests strong contractile

force, preventing attachment at the rear, while only a fraction of its association with myosin II at the front

allows lamellipodial protrusion and transient integrin-dependent attachment with weak traction force,

generating a sliding mode of migration.71–74 Thus, talin1 has a dual role in rapid T cell migration through

the regulation of cell adhesion and cell polarization (Figure S7).

Cell polarity of leukocytes and fast-moving cells alike are characterized by the segregation of activated Rac

and Rho small GTPases,75,76 which provide cells with fundamental abilities to alter cell shapes, adhesive-

ness, and migration. This work will enable further studies to elucidate the precise mechanisms of Rap1

signaling to coordinate Rac and Rho with integrin functions to exert cellular functions in homeostatic

and pathological processes.

Limitations of the study

Our study has revealed that Rap1 regulates integrin-independent cell polarization via RhoA and talin1 in

chemokine-stimulated naive T cells. Our findings of the front-back development by Rap1 warrants further

studies to determine activation mechanisms of the Rap1-RhoA and Rap1-talin1 axis, and to elucidate the

importance of their integrin-independent roles in lymphocyte trafficking in health and disease.
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Ager, A., Sánchez-Mateos, P., and Sánchez-
Madrid, F. (1997). ICAMs redistributed by
chemokines to cellular uropods as a
mechanism for recruitment of T lymphocytes.
J. Cell Biol. 137, 493–508. https://doi.org/10.
1083/jcb.137.2.493.

26. Serrador, J.M., Alonso-Lebrero, J.L., del
Pozo, M.A., Furthmayr, H., Schwartz-Albiez,
R., Calvo, J., Lozano, F., and Sánchez-Madrid,
F. (1997). Moesin interacts with the
cytoplasmic region of intercellular adhesion
molecule-3 and is redistributed to the uropod
of T lymphocytes during cell polarization.
J. Cell Biol. 138, 1409–1423. https://doi.org/
10.1083/jcb.138.6.1409.

27. Ueda, Y., Kondo, N., Ozawa, M., Yasuda, K.,
Tomiyama, T., and Kinashi, T. (2016). Sema3e/
Plexin D1 modulates immunological synapse
and migration of thymocytes by Rap1
inhibition. J. Immunol. 196, 3019–3031.
https://doi.org/10.4049/jimmunol.1502121.

28. Nombela-Arrieta, C., Lacalle, R.A., Montoya,
M.C., Kunisaki, Y., Megı́as, D., Marqués, M.,
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CSII-EF MCS/GFP-RasGRP2 This paper N/A
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Matlab script for front -back polarity

judgement

This paper N/A
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Materials availability

DNA constructs, cell lines and mouse lines generated in this study are available with a material transfer

agreement. Requests should be directed to the lead contact, Yoshihiro Ueda (uedayos@hirakata.kmu.

ac.jp).

Data and code availability

d Original western blot images and microscopic data in this paper will be shared by the lead contact upon

request (uedayos@hirakata.kmu.ac.jp).

d All original code in this paper will be shared by the lead contact upon request (uedayos@hirakata.kmu.

ac.jp).

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request (uedayos@hirakata.kmu.ac.jp).

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

C57BL/6 mice were obtained from CLEA Japan Inc. The floxed Rap1a, Rap1b mice and Rasa3 mice were

reported27,78 and floxed Tln1 was obtained from EUCOMM (Tln1tm4.1Crit).80 These strains were inter-

crossed with Cd4-cre transgenic mice (Taconic) for T-cell specific deletion. Dock2�/� mice were generated

by Fukui et al.13 Sipa1-knockout mice were generated by Crisper/Cas9 technology with a guide RNA tar-

geting exon 7 of the mouse sipa1 gene (TTACACGCCTAATAACCAGCA, Figures S3A and S3B). Likewise,

Apbb1ip knockout mice were generated with a guide RNA targeting exon 3 of the mouse Apbb1ip gene

(CCACCCGTAGAACCCATGCT). HaloTag-talin1 knock-in mice were generated by insertion of HaloTag at

the n-terminal region.79 Itgb2W748A knock-in mice were generated by replacement of exon 15 of the

mouse Itgb2 gene with mutant allele (Figures S6A and S6B). Littermates or age-matched adult mice

(6–22 weeks old) carrying targeted loxP were used as WT controls for conditional knockout mice. Both

sexes were used for experiments. All mice were maintained under specific pathogen-free conditions in

the animal facility at Kansai Medical University. All animal experiments were performed in accordance

with protocols approved by the Animal Care and Use Committee of Kansai Medical University (approval

no. 22-101).

METHOD DETAILS

Antibodies and reagents

Anti-phospho-myosin light chain 2 (S19) was purchased from Cell Signaling Technologies. Antibodies

specific for Rap1 and CDC42 were from BD Transduction Laboratories. Anti-Rac1 was from Cytoskeleton.

Antibodies specific for RhoA, RASA3, and SIPA1 (N-terminus) were from Santa Cruz Biotechnology. Anti-

talin1/2 (clone 8D4) and tubulin alpha mAbs were from Sigma Aldrich. Anti-NDR1, anti-SIPA1 (C-terminus),

and anti-GEF-H1 were from Abcam and GeneTex. Fluorescent (FITC, PE, APC, eFlour450) antibodies spe-

cific for CD3 (clone 2C11) and CD44 (clone IM7), ICAM1, ICAM2, VCAM1 were from Biolegend or Phalloidin

conjugated with iFlour 555 or iFlour 647 were purchased from Abcam. Fluorescent (eflour660, AlexaFlour

488, 555, 647) polyclonal anti-mouse IgG, anti-rabbit IgG, or anti-goat IgG antibodies were obtained from

Invitrogen or eBioscience. Anti-phospho NDR1 and MAdCAM1 were generated by our laboratory.21 Re-

combinant CCL21 and CXCL12 were purchased from R&D systems. 5-(and -6)-Carboxyfluorescein diace-

tate succinimidyl ester (CFSE) and (5-(and-6)-(((4-chloromethyl) benzoyl)amino) tetramethylrhodamine

(CMTMR) were from Invitrogen. Latrunculin A and Brebbistatin (ab120491) were obtained from

AdipoGen and Abcam, respectively. Y27632 and wortmannin were from Sigma Aldrich. ICAM1 fused

with Fc region of human IgG (ICAM1-Fc), GST-tagged RalGDS-RBD, and GST-tagged PAK-CRIB were

generated by our laboratory.18 Stimulation conditions of chemokines and chemicals were optimized to

types of cells and experimental systems.

Measurements of cell polarity

Purified T cells (1–2 x 106/100 mL) or T cell blast were mixed with an equal volume of CCL21 (final 100 nM or

50 nM, respectively) in RPMI1640 containing 10 mM HEPES and 1% fetal calf serum (FCS) or bovine serum

albumin (BSA) in 1.5 mL microtubes, and Ba/F3 cells were similarly mixed with an equal volume of CXCL12

(final concentration, 10 or 50 nM). Stimulated cells were incubated for the indicated times at 37�C, followed
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by fixation with 4% paraformaldehyde (PFA). Fixed cells were permeabilized and stained with iFlour647-

conjugated phalloidin (1:5000) and FITC- or PE-conjugated anti-CD44 antibodies (1:50, 1:100, respectively)

for 1 h. For pMLC and GEF-H1 clustering, cells were stained with anti-pMLC or anti-GEF-H1 (1:150, 1:500,

respectively), followed by secondary Alexa 488-conjugated anti-rabbit IgG staining (1:1000). Images of

1–20 x 104 stained cells were acquired using an imaging flow cytometer (ImageStream X Mark II, Perkin El-

mer) and analyzed using IDEAS Application v6.1 (Perkin Elmer) for parameters including area, aspect ratios,

circularity, brightness, and intensity of phalloidin and CD44 in naı̈ve T cells selected by gating single cells

with area and width and further extracted the F-actin+CD44lo population (Figures S1A–S1D). Polarity

parameter was determined from the distance of the brightness center between F-actin and CD44. Clus-

tering of F-actin, CD44, pMLC, and GEF-H1 was defined as the gap distance value (pixel) between their

brightness center and morphological center.

Transfer learning on deep convolutional neural network (CNN)

We sorted cell images exhibiting circularitylopolarityhiARlo and circularityhipolarityloARhi as polarized and

unpolarized, respectively, and confirmed by visual inspection (Figure S2). After converting TIFF images

of individual cells exported by IDEA software into 2273 227 pixels of JPEG images, 90% of 263 unpolarized

and 186 polarized images were used for training, and the remaining 10% for validation. The statistical dif-

ference in the polarized scores between cells fromWT and KOmice was evaluated with the chi-square test.

Our network parameters were initialized to the default parameter set provided for the deep CNN,

ALEXNET, and then fine-tuned to the parameters of the last layer of the networks on our data via back-

propagation by using two NVIDIA GeForce RTX 2080Ti graphic processing units. The loss function was

defined as the cross-entropy between predicted probability and the true class labels, and the weights

were trained by SGDM optimization with a learning rate of 0.0001 and momentum of 0.9.

Isolation of T lymphocytes

Primary T cells were enriched by magnetic cell sorting to more than 95% purity by using MojoSort (Bio-

legend). To enrich naı̈ve T cells, an optimal dose of magnetic beads bound to anti-CD44 mAb (Biolegend,

10 mg mAb/100 mL beads) was mixed with T cells and incubated for 15 min. Then, the samples were sub-

jected to magnetic sorting to deplete CD44hi effector cells.

Western blotting

Cells were lysed with lysis buffer (1%Triton X, 0.1M Tris-HCl pH7.5, 0.15M NaCl, 2 mM EDTA, aprotinin,

PMSF). The lysed samples were subjected to electrophoresis and transferred onto PVDF membrane by

semi-dry transfer. The membranes were washed with Tris buffer saline pH 7.3 containing 0.05% Tween

20 (TBST), blocked with TBST containing 5% skim milk and/or 5% BSA incubated with primary antibodies

for 2–4 h at RT or overnight at 4�C. Then the membranes were washed with TBST a few times and incubated

with secondary antibodies in blocking buffer at the concentration recommended by the manufacturer.

Typical dilutions of primary Ab were: anti-RASA3 (1:500), anti-SIPA1 (1:1000), anti-tubulin (1:3000), anti-

Rap1 (1:500), anti-Rac1(1:500), anti-CDC42 (1:500), anti-GEF-H1 (1:1000), anti-NDR1(1:500), and anti-phos-

pho NDR1(1:500).

DNA constructs

cDNAs encoding mice RASGRP2, C3G were cloned by RT-PCR and verified by sequencing and subcloned

in pEGFP-C1, CSII-EF-MCS, or pCDNA3.1-EF-neo.22 The DNA construct of Lifeact-mTurquoise2 was subcl-

oned into CS-UBC-MCS-vectors from pLifeAct-mTurquoise2 (addgene #36201). To produce lentivirus for

protein expression, 293T cells were transfected with polyethyleneimine and 1–3 mg of the lentiviral vector

for a target, 1 mg of pCAG-HIVgp, and pCMV-VSV-G-RSV-Rev in a 10-cm dish. Thirty-six hours after trans-

fection, the supernatant of the cell culture was harvested by ultracentrifugation at 50,000g (Beckman). In-

fectious titer of harvested viruses was determined on the basis of the proportion of 293T cells that were

fluorescence positive, as determined by flow cytometry.

Detection of Rap1-GTP, Rac-GTP, and Cdc42-GTP by pull-down assays

Purified T cells (0.5–2 x107) were stimulated with CCL21 in the absence or presence of latrunculin

A (0.5–1 mM) or wortmannin (100 nM). Samples were then immediately lysed with one volume of 2 x lysis

buffer (2% Triton X, 0.2 M Tris-HCl pH 7.5, 0.3 M NaCl, 30 mM MgCl2, aprotinin, PMSF) and subjected to

pull-down assays using Glutathione Sepharose 4B (GE Healthcare) conjugated with GST-RalGDS-RBD
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for Rap1, or GST-PAK-CRIB for Rac1 and CDC42. Immunoblotting was performed by using antibodies spe-

cific for Rap1, Rac1, and CDC42.27

Flow cytometry

For intracellular staining of pMLC, RhoA, and RhoA-GTP, fixed cells were permeabilized with 1x eBio-

science Permeabilization Buffer and stained with anti-pMLC (1:150), anti-RhoA (1:200), or anti-active

RhoA (1:500) and secondary AlexaFlour488 anti-rabbit IgG or eFluor 660 F(ab’)2-goat anti-mouse IgG

(H+L) (1:200), respectively. Subsequently, samples were stained with APC or FITC anti-mouse CD44

(1:200) with 1% rat serum to distinguish naı̈ve and effector T cells. To determine CCR7 expression, cells

were stained by using CCL19-Fc and Fc, as a control, detected by using FITC anti-human IgG secondary

antibodies.77 Samples were analyzed with FACS Canto II (BD Bioscience) or Attune NxT flow cytometer

(Invitrogen). To calculate a pMLC level, MFI of pMLC in samples was normalized to the averaged MFI of

unstimulated naive wild type T cells.

Transwell chemotaxis assays

T cells (1x106) in 100 mL of RPMI1640/1% FCS/10 mMHEPES were loaded into the upper chamber of 24-well

Transwell plates (5-mmpore; Costar) containing 600 mL of CCL21 (30 nM) in the lower chamber of each well.

After incubation at 37�C in CO2 incubator for 1.5 h, the number of T cells in the lower chamber was

measured by flow cytometry. Chemotaxis efficiencies were determined to be percentages of migrated

cell numbers to input cell numbers.

Immunofluorescent microscopy

T cells were stimulated with 100 nM CCL21 and fixed with 2 volumes of 4% PFA at the times indicated in the

figures. Fixed cells were washed with PBS and loaded onto glass-bottomed dishes precoated with poly-

lysine. In some experiments, 1 3 106 T cells were loaded on glass-bottomed dishes coated with ICAM1

(5 mg/mL) and CCL21 (100 ng/mL). After incubation for 10 min at 37�C in a CO2 incubator, cells were fixed

using 4% PFA. For immunofluorescent staining, typically the samples were permeabilized with cytoskeleton

permeabilization buffer for 1 min and washed and incubated with blocking buffer for 1 h. They were stained

with fluorescently labeled phalloidin and primary antibodies (anti-pMLC, anti-GEF-H1, anti-myosin II) for

1–2 h and fluorescently labeled secondary antibodies. The images of stained samples were acquired using

a FV3000 confocal microscope with 0.3 mm intervals of Z-stack SRRF imaging was performed by a Drangon-

fly microscope for SRRF imaging (Olympus) with a visual inspection of front, back and contact surface re-

gion in polarized cells.

Live imaging by confocal microscopy

Confocal live imaging of cells was conducted at 37�C in an incubation chamber filled with humidified 21%

O2 and 5% CO2 gas.21 Cells expressing FP-fusion proteins (lifeact-Turquoise2, GFP-RalGDS RBD) were

suspended in RPMI1640 containing 1% FCS and 10 mM HEPES and loaded onto a poly-l-lysine coated

glass-bottomed dish set in the chamber. Time-lapse images were captured using 603 objective lens

and an inverted microscope (IX73, Olympus) that was equipped with a spinning disk confocal unit

(CSU-1, Yokogawa) attached with a CCD camera (iXonUltra, Andor). Image acquisition was controlled using

a Metamorph software (Molecular Device). Time-lapse images were acquired at a 5.0 s after CCL21 stim-

ulation with time 5.0-s interval.

For Halotag (HT)-Talin1 imaging, T cells from heterozygous Halotag knock-in mice were labeled with Sara-

flour 650T ligand. 5x106 labeled cells were loaded on a glass-bottomed dish coated with ICAM1-Fc

(5 mg/mL) and CCL21 (100 nM). The samples were subjected to live imaging by using a Dragonfly micro-

scope (Olympus). Z-stack time-lapse imaging was performed at 4.0-s/1 mm intervals.

Detachment assay

A temperature-controlled parallel-plate flow chamber (FCS2, Bioptechs) were used for detachment assay.

Anti-human IgG Fc specific antibodies (100 mg/mL, Rockland Immunochemicals) were coated overnight on

a plastic dish and washed with PBS. Recombinant mouse ICAM1-Fc (1 mg/mL) was loaded on the disk and

incubated for >2 h, followed by incubation of CCL21 (200 nM in PBS) at room temperature for 30 min. Then,

the disk was placed in a FCS2 flow chamber. Purified T cells (2 3 106/mL) in a warm medium (IMDM con-

taining 1% FCS) were loaded into the chamber, and bright-field images were recorded every 5 s with a
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43 objective lens and CCD camera (HAMAMATSU C2741). Cells were settled on ICAM1 for 5 min, shear

stress was applied for 1 min at 2 dyn/cm2, with a stepwise increment of 1 dyn/cm2 every minute to

5 dyn/cm2, using a programmed syringe pump (FP-1000, MELQUEST). The attached cells were counted

at the end of each shear stress by using an Integrated Morphometry Analysis program of Metamorph (Mo-

lecular Devices). Adhesion efficiencies were the percentages of attached cell numbers relative to input cell

numbers. Shear stress was calculated with an equation of shear stress denoted by 6Qm/wh2 (dyn/cm2), in

which symbols represent: Q, flow rate (mL/min); m, viscosity (0.007 poise for buffer); w, chamber width

(1.2 cm); and h, chamber height (0.1 mm).

QUANTIFICATION AND STATISTICAL ANALYSIS

P-values were calculated with Student’s t-test, chi-squared test by using Graphpad PRISM and Microsoft

Excel. The threshold of statistical significance for all analyses was set at p < 0.05. The data are presented

as means G standard deviation of the mean, unless specified in Figure legends.
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