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SUMMARY
Response to multiple microenvironmental cues and resilience to mechanical stress are essential features of
trafficking leukocytes. Here, we describe unexpected role of titin (TTN), the largest protein encoded by the
human genome, in the regulation of mechanisms of lymphocyte trafficking. Human T and B lymphocytes ex-
press five TTN isoforms, exhibiting cell-specific expression, distinct localization to plasmamembranemicro-
domains, and different distribution to cytosolic versus nuclear compartments. In T lymphocytes, the LTTN1
isoform governs themorphogenesis of plasmamembranemicrovilli independently of ERMprotein phosphor-
ylation status, thus allowing selectin-mediated capturing and rolling adhesions. Likewise, LTTN1 controls
chemokine-triggered integrin activation. Accordingly, LTTN1mediates rho and rap small GTPases activation,
but not actin polymerization. In contrast, chemotaxis is facilitated by LTTN1 degradation. Finally, LTTN1 con-
trols resilience to passive cell deformation and ensures T lymphocyte survival in the blood stream. LTTN1 is,
thus, a critical and versatile housekeeping regulator of T lymphocyte trafficking.
INTRODUCTION

During the immune response, leukocytes integrate amultitude of

microenvironmental signals,1 which are concurrently processed

bymechanisms of mechano-transduction.2–12 Circulating leuko-

cytes must also cope with both passive and active cell deforma-

tion, respectively generated by the incessant passage across

capillary nets13,14 and, in the course ofmigration, by the adaption

of cell body and nucleus to the small gaps between endothelial

cells and within the extracellular matrix three-dimensional (3D)

meshwork.15–17 Therefore, trafficking leukocytes need to simul-

taneously control pathways of mechano-transduction and the

resilience to mechanical stress, suggesting the existence of mo-

lecular mechanisms of coordinated regulation of these events.

Detergent-resistant membrane domains (DRMs) have provided

a structural context to understand the topography and organiza-

tion of signaling mechanisms,18–21 and have been widely impli-

cated in many aspects of leukocyte physiology.22 Consequently,

we postulated that DRMs could provide anchoring to proteins
This is an open access article und
that concurrently coordinate mechano-signaling and resilience

to mechanical stress in human primary leukocytes.

Here, we show that titin (TTN), the largest protein encoded by

the human genome, and the main controller of muscle cell pas-

sive stiffness,23–26 plays a central role in the regulation of T

lymphocyte trafficking. Human lymphocytes constitutively ex-

press the TTN gene. Five TTN isoforms are generated in T

and B lymphocytes, encompassing, altogether, the entire TTN

gene. The three isoforms expressed in T lymphocytes are char-

acterized by different distribution to cytosolic and nuclear com-

partments, with the two largest isoforms associated with the

DRMs. Functional analysis of the T lymphocyte-specific

LTTN1 isoform demonstrates its critical regulatory role in every

step of T lymphocyte recruitment process. Moreover, LTTN1

protects resting T lymphocytes from the mechanical stress

induced by passive cell deformation and, thus, facilitates their

survival in the microcirculation. Thus, constitutive expression

of the TTN gene is critical to the regulation of T lymphocyte

trafficking.
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Figure 1. | Transcript expression of TTN isoforms in T lymphocytes

(A) Node centrality analysis of DRM network; shown are violin plots of value distribution of five centrality indexes calculated for every node (protein) in the inferred

DRM PPI network. To allow comparison between different centrality indexes, values are plotted as log10. On top, for every centrality index is reported the log10
value of TTN, along with its percentile ranking. In the individual violin plots, TTN is indicated as a yellow circle to show its relative position with respect to median

(blue dashed line) and percentiles (black dotted lines). See also Data S1.

(B) Human T lymphocyte-specific TTN transcripts reconstructed from RNA-seq data are shown in blue, red, and green. Primers used for PCR validation are

indicated by numbers and arrows.

(C) Validation of RNA-seq data for LTTN1 (primers 1, 2, 3), LTTN2 (primers 7, 8, 9), and LTTN3 (primers 13, 14) mRNAs.

(D) Validation of gap between LTTN1 and LTTN2 mRNAs (primers 4, 5, 6).

(E) Validation of gap between LTTN2 and LTTN3 mRNAs (primers 10, 11, 12).

(F) Validation of upstream fusion between LTTN1 and CCDC141mRNAs (primers 15, 16, 17). One representative experiment of three is shown in (C)–(F); see also

Data S2 and Figure S1.

(G) Diagrams of TTN protein isoforms expressed in human T lymphocytes, predicted from the transcripts described in (B) compared with the canonical muscle

isoform (UniProt IDQ8WZ42-1). The number of amino acids, MW, isoelectric point (pI), and theMS-identified peptides in DRMs are shown, alongwith the position

and total number of immunoglobulin (red), CC (blue), fibronectin III (yellow), and S/T kinase (green) domains. See also Table S3.
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RESULTS

Human lymphocytes express five TTN isoforms
The analysis of DRMs by mass spectrometry (MS) following their

isolation from human primary resting T lymphocytes identified 82

proteins, including the giant protein TTN, which ranked eighth

(Table S1). MS analysis detected 16 peptides mapping to

different TTN regions (Table S2). TTN is a 3,800-kDa spring pro-

tein, 1.1 mm in length, composed of �34,000 amino acid resi-

dues, which provides muscle cells passive stiffness. It is by far

the largest multi-scaffolding signaling protein encoded by hu-

man genome, and the largest isoform comprises 132 fibronectin

type III domains, 112 type II immunoglobulin domains, four

coiled-coil (CC) domains, and additional spring and kinase do-
2 Cell Reports 42, 112516, May 30, 2023
mains.23–26 Protein-protein interaction (PPI) network inference

showed that 54 proteins identified in DRMs may establish direct

interactionswith at least 2,918 protein partners, generating an in-

teractome space of 114,446 interactions (Data S1). In this DRM

protein interactome, TTN interacts with 152 proteins, with 98

proteins consistently expressed in human T lymphocytes (Data

S1), leading to a T lymphocyte-specific subnetwork of 1,310 bi-

nary interactions (Data S1). Computation, for every protein in this

DRM interactome, of five centrality indices indicating the

possible emergence of modularity27–31 showed that TTN ranked

between the 50th and 98th percentiles, with particularly remark-

able scores for the degree (>85th), centroid (>85th), and

betweenness (>98th) values (Figure 1A). Overall, the functional,

structural, and topological features of TTN make it an ideal



Article
ll

OPEN ACCESS
candidate coordinator of mechano-transduction and cell stiff-

ness in human T lymphocytes. TheMS data were fully confirmed

by RNA sequencing (RNA-seq) analysis, which revealed the

expression of 270 exons of the TTN gene (Data S2). Importantly,

RNA-seq data de novo assembly demonstrated the reconstruc-

tion of three distinct transcripts for the TTN gene, clearly sepa-

rated by two gaps showing no sequencing reads spanning

across and thus suggesting that T lymphocytes express three

TTN isoforms (Figure 1B). These findings were verified and

confirmed by PCR, which showed amplification of the recon-

strued transcripts but no amplification of the regions predicted

as gaps (Figures 1C, 1D, 1E, S1A, and S1B), confirming that hu-

man primary T lymphocytes express three TTN isoforms, each

mapping to different segments of the TTN cDNA consensus

sequence. The isoforms were designated LTTN1 (118 exons),

LTTN2 (137 exons), and LTTN3 (15 exons). Interestingly, the

RNA-seq and PCR data indicated that the LTTN1 transcript

was fused to that of the upstream gene CCDC141 (Figures 1F

and S1C; Data S2), although not in frame, suggesting the trans-

lation into two separate proteins. Identification of isoforms’ ami-

noacidic sequence encoded by the RNA-seq-reconstructed

transcripts by using BLASTx predicted that LTTN1 consists of

9,382 amino acids with a molecular weight (MW) of 1.04 MDa,

LTTN2 consists of 19,044 amino acids with an MW of 2.11

MDa, and LTTN3 consists of 3,476 amino acids with an MW of

392 kDa (Figure 1G). BLASTp alignment of the predicted amino-

acidic sequences with canonical TTN revealed the presence in

the three isoforms of multiple protein domains regulating PPI,

signal transduction, and the response to mechanical stress (Fig-

ure 1G). Note that we were able to assign MS-detected peptides

to LTTN1 (peptides 1–4) and LTTN2 (peptides 5–16) but not to

LTTN3, suggesting that LTTN1 and LTTN2, but not LTTN3, are

associated with DRMs (Table S3).

The expression of the three TTN isoforms in T lymphocytes

was confirmed by flow cytometry with five different antibodies,

each targeting a distinct region of TTN (Figure 2A), and by

wide-field fluorescence deconvolution microscopy, with photon

budget readdressing increasing the detection sensitivity

(Figures 2B and 2C). 3D image analysis revealed distinct intracel-

lular distribution of the isoforms (Figure 2D), with LTTN3 confined

to the cytosol, whereas LTTN1 and LTTN2 localized to both

cytosol and nucleus. Flow cytometry revealed reactivity to all

five TTN-specific antibodies also in B lymphocytes (Figure S2A).

RNA-seq analysis confirmed TTN expression in these cells,

covering 319 exons of the TTN gene (Data S2). However, unlike

T lymphocytes, RNA-seq data de novo assembly demonstrated

the reconstruction of two distinct transcripts for the TTN gene,

clearly separated by one gap showing no sequencing reads

spanning across and thus suggesting that B lymphocytes ex-

press two TTN isoforms (Data S2). These data were verified

and confirmed by PCR, which showed amplification of the re-

construed transcripts, but no amplification of the regions pre-

dicted as gap (Figures S2B and S2C), confirming that human pri-

mary B lymphocytes express two TTN isoforms, each mapping

to different segments of the TTN cDNA consensus sequence.

The isoforms specific for B lymphocytes were named LTTN4

(161 exons) and LTTN5 (158 exons). As shown for LTTN1,

RNA-seq and PCR data revealed that the LTTN4 transcript
was fused out of frame to that of CCDC141 (Data S2). Taken

together, these findings show that the TTN gene is constitutively

expressed in human naive lymphocytes, and that T and B lym-

phocytes express five TTN isoforms. T lymphocytes express

three TTN isoforms, encompassing a large proportion of the

TTN gene and showing dissimilar association with DRMs and

distinct intracellular distributions.

LTTN1 controls the morphogenesis of microvilli and
integrin activation by chemokines
To elucidate the role of the TTN isoforms in human lymphocyte

physiology, we focused on primary T lymphocytes to optimize

a gene-silencing method individually targeting the isoforms.

Comparative tests showed that, in contrast to LTTN2 and

LTTN3 (data not shown), LTTN1was amenable to themost effec-

tive silencing by a pool of four LTTN1-specific siRNAs, gener-

ating a uniform cell population showing a 40%–60% LTTN1 sup-

pression within 5–6 days (Figures 3A and 3B). No reduction of

LTTN2 and LTTN3 expression was observed in LTTN1-silenced

cells (Figures 3C and 3D, respectively). Moreover, LTTN1

silencing did not affect cell viability (Figure 3E) or the expression

of L-selectin, PSGL-1, b2, and a4 integrins, or the CXCR4 che-

mokine receptor (Figure 3F). To verify the silencing data, we

set out to estimate by MS analysis the copy number/cell of

LTTN1 in control (nucleoporated with scrambled siRNAs) and

LTTN1-silenced cells. By using histone protein expression as in-

ternal standard,32,33 we estimated that approximately 25 ± 5

copies/cell of LTTN1 were expressed in control cells (n = 16),

whereas 15 ± 3 copies/cell of LTTN1 were expressed in

LTTN1-silenced cells (n = 16). In contrast, the copy number/

cell of histone proteins remained unchanged. This was in keep-

ing with the reduction of LTTN1 expression shown in LTTN1-

silenced T lymphocytes by the cytofluorimetric analysis (Fig-

ure 3A). Notably, this quantification may provide an estimate of

relative expression more than a precise calculation of protein

copy number; nevertheless, it suggests that the expression of

LTTN1, in term of molecules available to functional regulation,

is limited in T lymphocytes.

In the context of the canonical steps of leukocyte recruitment,

silencing of LTTN1 impaired the ability of T lymphocytes to

establish under flow adhesive interactions at physiologic shear

stress (2 dyn/cm2) on both E-selectin and P-selectin, suggesting

functional defects in L-selectin and PSGL-1 (Figure 3G). Since

L-selectin and PSGL-1 expressions were unaffected in LTTN1-

silenced cells, and given the well-known critical role of plasma

membrane microvilli in cell capturing and rolling,34 we hypothe-

sized that the impairment of cell capturing under flow conditions

was due to a deficiency of microvilli. This was confirmed by

scanning electron microscopy (SEM), which showed that

LTTN1 silencing induced the collapse of microvilli in T lympho-

cytes. SEM imaging showed three distinct morphologies of

microvilli expression (Figure 3H), differently manifested in control

versus silenced cells and likely reflecting the efficiency of LTTN1

silencing. Quantitative analysis of SEM images revealed an eight

times higher percentage of the smooth phenotype in LTTN1-

silenced T lymphocytes, corresponding to a cell morphology

devoid of microvilli (Figure 3I). Besides, since microvilli stability

is dependent on the phosphorylation state of ERM proteins,35
Cell Reports 42, 112516, May 30, 2023 3
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Figure 2. | Protein expression and sub-cellular localization of LTTN1, LTTN2, and LTTN3 in T lymphocytes

(A) TTN isoform expression in human T lymphocytes assessed with TTN site-specific antibodies: T55 and T75 for LTTN1, A-band Ab for LTTN2, and TTN-Kin and

A168-170 for LTTN3. One representative experiment of four is shown.

(B) Fluorescence microscopy images of isotype matching control antibodies.

(C) Fluorescence microscopy images of LTTN1, LTTN2, and LTTN3 expressed in human T lymphocytes.

(D) 3D orthogonal projections showing LTTN1, LTTN2, and LTTN3 sub-cellular localization in human T lymphocytes. In (C) and (D), TTN isoforms are shown in

green (labeled with the same antibodies described in A), and the nucleus is stained with DAPI (blue). Scale bars, 10 mm. One representative experiment of four is

shown.
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with Rac1 mediating chemokine-triggered ERM de-phosphory-

lation leading to microvilli collapse,36 we investigated whether

LTTN1 could control the phosphorylation state of ERM proteins.

As expected, CXCL12 triggered rapid de-phosphorylation of

Ezrin and Moesin, the two main ERM proteins in lymphocytes,

followed by recovery within 10–30 min (data not shown). Howev-

er, LTTN1 silencing did not affect chemokine-triggered de-phos-

phorylation of ERM proteins (Figures 4A, 4B, and 4C). Impor-

tantly, ERM protein phosphorylation was also unaffected by

LTTN1 silencing in the absence of any chemokine signaling

(Figures 4A, 4B, and 4C, control columns), suggesting that

LTTN1 controls microvilli stability independently of the phos-

phorylation state of ERM proteins. These data show that
4 Cell Reports 42, 112516, May 30, 2023
LTTN1 directly controls the morphogenesis of microvilli and ex-

plains the defective capturing and rolling of LTTN1-silenced T

lymphocytes under flow conditions.

Next, we evaluated the role of LTTN1 in rapid integrin activa-

tion by chemokines. LTTN1 silencing inhibited CXCL12-trig-

gered integrin-mediated static adhesion in T lymphocytes,

affecting both LFA-1-mediated adhesion to ICAM-1 and VLA-

4-mediated adhesion to VCAM-1 (Figures 4D and 4E, respec-

tively). Moreover, LTTN1 silencing reduced CXCL12-induced

LFA-1 transition to heterodimeric high-affinity state (Figure 4F).

Accordingly, LTTN1 silencing prevented CXCL12-triggered

activation of the small GTPases RhoA by �70% and Rac1 by

�80% (Figures 4G and 4H, respectively), with no differences
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found in total RhoA and Rac1 expression (Figures 4I, 4J, 4K,

and 4L). Activation of the small GTPase Rap1A was also in-

hibited by LTTN1 silencing, although to a lesser extent

(Figures 4M and 4N). Altogether, these data show that LTTN1

controls, at the same time, the morphogenesis of microvilli

and thus selectin-mediated cell capturing under flow, chemo-

kine-triggered signal transduction, integrin activation, and

mediated adhesion.

Rapid and transient downregulation of LTTN1
expression by pro-adhesive stimuli
Since TTN contributes tomuscle cell passive stiffness,23–25,37 we

hypothesized that LTTN1 could likewise regulate the stiffness of

T lymphocytes.14,38–40 Therefore, LTTN1 expression should

relate inversely to the acquisition of a migratory cell phenotype.

Pro-adhesive molecules expressed by endothelial cells and

extracellular matrix trigger in migrating leukocytes inside-out

and outside-in signaling pathways leading to cell activa-

tion.13,15,16,41 Thus, we testedwhether signaling events triggered

by pro-adhesive interactions could affect the expression of

LTTN1. T lymphocyte activation by CXCL12 triggered LTTN1

expression to decline by �50% in 3 min, surprisingly followed

by a recovery to resting level within 30 min (Figure 5A). Notably,

the very rapid but transient change in expression suggested a

mechanism of LTTN1 proteolytic degradation triggered by

CXCR4. Like muscle TTN,42 LTTN1 is a possible substrate for

the Ca2+-dependent protease calpain (Data S3). We therefore

examined whether calpain mediates the CXCR4-triggered

degradation of LTTN1 in T lymphocytes. Pre-treatment with the

calpain inhibitor calpeptin totally prevented LTTN1 degradation

induced by CXCR4 (Figure 5B). Likewise, PSGL-1 interaction

with P-selectin induced the rapid but transient downmodulation

of LTTN1 expression, with complete restoration to resting level

within 10–30 min (Figure 5C), which was blocked by calpeptin

(Figure 5D). Finally, LFA-1 interaction with ICAM-1 induced a

progressive but sustained downmodulation of LTTN1 expres-

sion, which was also prevented by calpeptin (Figure 5E). Taken

together, these data suggest that the expression of LTTN1 can

be rapidly downregulated during the pro-adhesive steps of T

lymphocyte recruitment, and that calpain may mediate the rapid

degradation of LTTN1 triggered by selectin, chemokine, and in-

tegrin signaling. Notably, calpeptin not only prevented LTTN1

degradation induced by CXCR4, PSGL-1, and LFA-1 but also

induced an increase in LTTN1 expression in both resting and

chemokine-activated T lymphocytes. This indicates that the

expression level of LTTN1 in T lymphocytes is constitutively
Figure 3. | LTTN1 controls selectin-mediated adhesion under flow by m

(A) LTTN1 expression in human T lymphocytes nucleoporated with a pool of four s

Data are mean ± SEM (n = 6; unpaired Student’s t test; ***p < 0.001, versus scra

(B) Representative experiment of the data shown in (A).

(C and D) LTTN2 (C) and LTTN3 (D) expression in human T lymphocytes as in (A

(E) Viability of human T lymphocytes nucleoporated as in (A) (n = 3).

(F) Expression of L-selectin, PSGL-1, CD18, CD49d, and CXCR4 in human T lym

(G) Capturing and rolling under flow conditions on dimeric E-selectin and P-select

in quintuplicate; unpaired Student’s t test; *p < 0.05, versus scrambled siRNAs).

(H and I) Representative SEM images (H) and quantification of SEM images (I) of hu

morphologies were identified and plotted by analyzing multiple SEM images, incl

(from 21 images) treated with LTTN1-specific siRNAs. Percentage average data
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regulated by the balance between ongoing degradation and

fast de novo synthesis.

LTTN1 is a negative regulator of chemokine-triggered T
lymphocyte polarization and migration
We then asked whether blockade of transient LTTN1 downregu-

lation byCXCL12 could affect T lymphocyte polarization and sur-

face integrin redistribution triggered by chemotactic factors.

Treatment with calpeptin inhibited CXCL12-triggered T lympho-

cyte polarization (Figures 5F, 5G, and 5H). Moreover, calpeptin

inhibited LFA-1 polar redistribution induced by CXCL12 (Fig-

ure 5I). These data suggest that LTTN1 is a negative regulator

of cell polarization induced by chemotactic factors. Next, we

examined the role of LTTN1 in chemokine-directed chemotaxis.

The actin cytoskeleton controls cell motility, so we first tested

whether LTTN1 was involved in the regulation of actin polymer-

ization. LTTN1 silencing did not affect the basal content of

F-actin, or the increase in F-actin triggered by CXCL12 (Fig-

ure 5J). In Transwell migration assays, LTTN1 silencing did not

inhibit migration through 3-mm pores triggered by CXCL12; on

the contrary, there was a significant increase of migrated cells

(Figure 5K). However, migration through 5-mm pores was neither

inhibited nor potentiated by LTTN1 silencing (Figure 5L). Then,

we performed chemotaxis assays across 3-mmpores with T lym-

phocytes treated with calpeptin to block CXCL12-induced

degradation of LTTN1. We found that calpeptin treatment

completely inhibited chemokine-triggered migration (Figure 5M).

Notably, with respect to untreated cells (Figure 5K), calpeptin

reduced migration also in LTTN1-silenced cells (Figure 5N),

which, however, still presented higher migratory capability with

respect to cells nucleoporated with Scr siRNAs treated with cal-

peptin (Figure 5N). This may not be surprising since chemotaxis

is made in a population of cells showing incomplete LTTN1

silencing and that are, thus, possibly sensitive to further degra-

dation of residual LTTN1 triggered by CXCL12. These findings

show that LTTN1 does not regulate actin cytoskeleton dynamics

or chemokine gradient sensing; however, a role for LTTN1

emerges when lymphocytes cross tighter gaps. Here, in keeping

with the role of TTN in muscle cell stiffness,23–25,37 LTTN1 degra-

dation seems required to decrease the stiffness of T lympho-

cytes, thus facilitating their motility across small gaps.

LTTN1 controls T lymphocyte resilience to passive cell
and nuclear deformation
The stability of recirculating T lymphocytes is continuously chal-

lenged by periodic passages through capillary nets, which
aintaining microvilli expression in T lymphocytes

crambled (control) or four LTTN1-specific siRNAs and kept in culture for 5 days.

mbled siRNAs).

). Data are mean ± SEM (n = 3 for C; n = 4 for D).

phocytes nucleoporated as in (A). Data are mean ± SEM (n = 3).

in of human T lymphocytes nucleoporated as in (A). Data are mean ± SEM (n = 3

man T lymphocytes nucleoporated as in (A). Full, intermediate, and smooth cell

uding 366 cells (from 25 images) treated with scrambled siRNAs and 308 cells

from three donors with SD are shown in (I).
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Figure 4. | LTTN1 does not control ERM protein phosphorylation but mediates chemokine-triggered signaling leading to integrin activation

(A and B) Immunoblot evaluation (A) and quantification of immunoreactive bands (B) of p-Moesin, TotalMoesin, andp-Ezrin/Radixin in T lymphocytes nucleoporated

with a pool of four scrambled or four LTTN1-specific siRNAs and stimulated with buffer (control) or with 200 nMCXCL12. The p-Moesin intensity was normalized to

total Moesin; p-Ezrin/Radixin intensity was normalized to b-actin. Data are mean ± SEM (n = 3); one representative experiment of three is shown in (A).

(C) Flow cytometry analysis of phopsho Ezrin-Radixin-Moesin (p-ERMs) expression in cells as in (A). Data aremean ± SEM (n = 4; ANOVA followed by Tukey’s test).

(legend continued on next page)
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impose cell and nuclear passive deformation followed by fast

shape recovery. The previous data suggest that LTTN1may con-

trol T lymphocyte stiffness; however, in contrast with cells under-

going migration across small gaps, in circulating T lymphocytes

rigidity should be preserved to confer cells resilience to passive

deformation. To studymechanical stress induced by passive cell

deformation under flow conditions, amicrofluidic device was de-

signed consisting of parallel microchannels with diameters nar-

rower than the average human lymphocyte (Figures S3A and

S3B). In this setting, control cells were able to cross the micro-

fluidic constriction without damage (Figure 6A). We then tested

whether the actin cytoskeleton of T lymphocytes confers resis-

tance to passive deformation. Treatment with cytochalasin B

reduced the F-actin content as expected (data not shown) but

did not affect resilience to deformation (Figure 6B). In sharp

contrast, stimulation with CXCL12 impaired cell resistance to

passive deformation in a dose-dependent manner (Figures 6C

and 6D). Notably, CXCL12 was shown to trigger a biphasic in-

crease in [Ca2+]i, including an influx of extracellular calcium

due to the opening of calcium-operated calcium channels.43–45

Accordingly, the presence of extracellular calcium increased

the effect of CXCL12, implying a role for an intracellular cal-

cium-dependent mechanism further potentiated by the entry of

extracellular calcium (Figure 6E), thus suggesting that the effect

of CXCL12 on passive cell deformation could be mediated by

LTTN1 degradation triggered by calpain, whose activity was

shown to be potentiated by the entry of extracellular calcium.46

This hypothesis was tested by treating lymphocytes with calpep-

tin, which conferred complete resistance to the CXCL12-trig-

gered effect and allowed the treated cells to pass through themi-

crochannels similarly to resting cells (Figure 6F). Finally, cells

stimulated with CXCL12 and left to recover for 30 min restored

LTTN1 expression, as expected, along with full resilience to pas-

sive deformation (Figure 6G). Taken together, these data show

that the actin cytoskeleton is not required for T lymphocyte resil-

ience to passive deformation and that CXCL12-triggered, cal-

pain-dependent LTTN1 degradation may be responsible for the

effect of chemokine stimulation on T lymphocyte resilience to

passive mechanical stress. This was confirmed by comparing

LTTN1-silenced cells with those nucleoporated with scrambled

siRNAs. The cells nucleoporated with scrambled siRNAs were

able to cross the microchannels as easily as control cells (Fig-

ure 6H); in contrast, LTTN1 silencing strongly impaired the resil-

ience of T lymphocytes to deformation (Figure 6I). The silenced

cells were unable to cross the microfluidic channels and were

destroyed immediately after crossing the initial microchannel

constriction. Together, these data suggest that LTTN1 controls

the deformability of T lymphocytes, providing the necessary stiff-
(D and E) Static adhesion assay on ICAM-1 (D) or VCAM-1 (E) of human T lymph

200 nM CXCL12. Data are mean ± SEM (n = 4 in triplicate; unpaired Student’s t

(F) LFA-1 high-affinity measurement of cells as in (D). Data are mean ± SEM (n =

(G and H) Small G-protein linked immunosorbent assay (G-LISA) assay detecting

(D). Fold increase of RhoA or Rac1 activation was normalized to intensity in untrea

versus scrambled siRNAs).

(I–L) immunoblot evaluation and quantification of immunoreactive bands of Rho

normalized to b-actin. Data are means ± SEM (n = 3); one representative experim

(M and N) Immunoblot evaluation (M) and quantification (N) of immunoreactive ban

Rap1A intensity was normalized to total Rap1A intensity. One representative exp
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ness to counteract the passive deformation occurring in micro-

channels (Figures 6J and 6K).

To further support these findings, we tested T lymphocytes for

resistance to hypo-osmotic shock, a test previously adopted to

study cell deformability.47 In cells nucleoporated with scrambled

siRNAs, osmotic shock induced time-dependent swelling

accompanied by cell damage, whereas no such effects were

seen in control cells maintained in an isosmolar environment,

as expected. In contrast, in LTTN1-silenced cells, osmotic shock

triggered swelling and cell damagemore effectively, with an 80%

drop in the number of undamaged cells (Figures 7A, 7B, and 7C).

This protocol did not cause nuclear disruption. These data show

that LTTN1 controls T lymphocyte resistance to osmotic shock,

further supporting its role in maintaining cell body resistance to

passive mechanical stress.

LTTN1 preserves the cellular integrity of T lymphocytes
in the microcirculation
The previous data suggest that LTTN1 deficiency could affect

the survival of T lymphocytes in the microcirculation, where me-

chanical stress due to passive deformation induced by crossing

capillary nets continuously occurs. To test this hypothesis, cells

nucleoporated with Scr siRNAs (control) or with LTTN1-specific

siRNAs were injected intravenously in mice, and after 30 min the

relative abundance of controls and silenced cells in the lung ves-

sels was determined. The cells were alternatively labeled with

different fluorochromes to reveal possible non-specific effects.

Fluorescence microscopy showed a clear imbalance between

control cells and LTTN1-silenced cells in the lung vasculature,

with a consistent loss of silenced cells (Figures S4 and S5).

Indeed, quantification by image analysis of multiple serial tissue

sections taken from different pulmonary lobes showed a consis-

tent decline in the proportion of silenced cells, ranging from

�38% to �76% (Figures 7D and 7E). Pooled image quantifica-

tion data from all lobes and lungs analyzed showed an overall

54% reduction in the number of LTTN1-silenced T cells (Fig-

ure 7F). In agreement with these data, quantification by flow cy-

tometry of the relative number of fluorescently labeled cells, both

in blood samples and in lung lysates, showed a significative

reduction of LTTN1-silenced T cells with respect to control cells

(Figures 7G and 7H).

Last, to directly assess in real time the resilience of LTTN1-

silenced T lymphocytes to passive deformation occurring in

the microcirculation, an established intravital microcopy setting

was applied to directly visualize the microcirculation within mus-

cle vasculature, where an extensive texture of parallel capillaries

is present.44–46 Fluorescently labeled T lymphocytes, either nu-

cleoporated with Scr siRNAs or with LTTN1-specific siRNAs,
ocytes nucleoporated as in Figure 3A, stimulated with buffer (control) or with

test; **p < 0.01, *p < 0.05, versus scrambled siRNAs).

3; unpaired Student’s t test; *p < 0.05, versus scrambled siRNAs).

RhoA (G) and Rac1 (H) activation in human T lymphocytes nucleoporated as in

ted controls. Data are mean ± SEM (n = 3; unpaired Student’s t test; *p < 0.05,

A (I and J) and Rac1 (K and L) in cells as in (D). RhoA and Rap1 intensity was

ent of three is shown in (I) and (K).

ds of Rap1A activation in human T lymphocytes nucleoporated as in (D). GTP-

eriment of three is shown.
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Figure 5. Control of LTTN1 expression by pro-adhesive stimuli and role in cell polarization

(A) LTTN1 expression in human T lymphocytes unstimulated (control) or stimulated with 200 nM CXCL12 for the indicated times (n = 5).

(B) LTTN1 expression in human T lymphocytes pre-treated with DMSO (NT) or 150 mg/mL calpeptin for 30 min at 37�C and stimulated as in (A) (n = 3).

(C) LTTN1 expression in human T lymphocytes unstimulated (control) or stimulated with 10 mg/mL dimeric P-selectin for the indicated times (n = 3).

(legend continued on next page)
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were injected directly in the mouse right carotid, thus allowing

immediate arrival of the cells into the pectoral muscle vascula-

ture, avoiding previous passage through other organs.48–50

This experimental setting showed that cells nucleoporated with

Scr siRNAs progressively accumulate in the pectoral muscle

microcirculation at early time points (5 min) and remain entrap-

ped for prolonged time (20 min) (Figure S6). In contrast,

LTTN1-silenced cells accumulated in the microcirculation simi-

larly to control cells at early time points (5 min) but progressively

disappeared at late time points (20 min) (Figure S6). This was not

exclusively due to cell disengagement from the microcirculation

to come back to the blood flow; indeed, frame-by-frame video

analysis showed that, compared with control cells, an almost

three times higher percentage of LTTN1-silenced cells mani-

fested, with respect to the blood flow direction, a progressive

intravascular rear leakage of cell fluorescent content, a

morphology indicating cell damage under flow (Figures 7I and

7J; Video S1). Altogether, these data are in keeping with the pre-

vious in vitro and in vivo experiments and indicate that LTTN1

provides circulating T lymphocytes the resilience to mechanical

stress induced by passive deformation in the microcirculation.

DISCUSSION

In this study we provide evidence that human lymphocytes ex-

press five novel TTN isoforms and that at least one, LTTN1, con-

trols, at the same time, different steps of lymphocyte recruitment

such as cell capturing under flow, signaling mechanisms leading

to integrin activation by chemokines, and cell deformability. T

lymphocytes express three TTN isoforms (LTTN1, LTTN2, and

LTTN3), whereas two further isoforms (LTTN4 and LTTN5) are

expressed in B lymphocytes. High-sensitivity fluorescence mi-

croscopy showed that LTTN1 and LTTN2 occupy both the cyto-

solic and nuclear compartments, whereas LTTN3 is confined to

the cytosol. Moreover, MS analysis detected LTTN1 and LTTN2,

but not LTTN3, in T lymphocyte DRMs. Given that DRMs are

nanoscale structures, the much larger LTTN1 and LTTN2 iso-

forms, with an estimated size of about 300 and 620 nm respec-

tively, are unlikely to be confined within them. It is therefore

conceivable that LTTN1 and LTTN2 extend from DRMs into the

cell interior. Notably, LTTN1 and LTTN2 show protein domain ar-
(D) LTTN1 expression in T lymphocytes pre-treated as in (B) and stimulated as in

(E) LTTN1 expression in human T lymphocytes untreated (control) or treated with 1

treated with 1 mM Mn2+ and exposed to immobilized ICAM-1. LTTN1 expression

ANOVA followed by Dunnett’s post hoc test; *p < 0.05, versus control.

(F) Polarization of resting T lymphocytes (control), T lymphocytes stimulated with

lymphocytes pre-treated with 150 mg/mL calpeptin and stimulated with 0.2 mMCX

and 50 mm (403).

(G and H) Average FormCircle (G) and FormCircle index value distribution (H) an

n = 1,123, calpeptin n = 962, calpeptin + CXCL12 n = 1105; unpaired Student’s

(I) Immunofluorescence evaluation of CD18 (green) expression in T lymphocytes

(DAPI), respectively; three representative cells for every condition are shown; on

(J) F-actin polymerization in human T lymphocytes nucleoporated as in Figure 3A

mean ± SEM (n = 3).

(K and L) Migration assays through 3 mm (K) or 5 mm (L) Transwells of human T ly

(M) Migration assay as in (K) in human T lymphocytes untreated (control) and tre

(N) Migration assay as in (K) of human T lymphocytes untreated (NT) or pre-treate

**p < 0.01, ***p < 0.001, versus scrambled siRNAs). See also Data S3.
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rangements like canonical TTN, suggesting interactome proper-

ties comparable with those of muscle TTN. Thus, we hypothe-

sized that, in T lymphocytes, DRMs can be anchors for LTTN1

and LTTN2, and that these isoforms extend from DRMs into

the cell, generating an intracellular mechano-scaffolding skel-

eton, perhaps by means of homophilic and/or heterophilic multi-

meric interactions,25,51 that control the signaling andmechanical

properties of human T lymphocytes.

A focus of our study was to test whether LTTN1 could regulate

cell stiffness and deformability in T lymphocytes. Four distinct

findings supported this hypothesis. First, LTTN1 is rapidly

degraded in a calpeptin-sensitive manner by either chemokine

or integrin signaling. This establishes an inverse correlation be-

tween LTTN1 expression and the activity of pro-adhesive medi-

ators regulating cell polarization, spreading, and motility, which

are characterized by increased cell plasticity.17,52 Second,

LTTN1 appears to be a negative regulator of cell plasticity

because cells that cannot degrade LTTN1 are unable to polarize

and to squeeze through, and overstep, small gaps. Third, LTTN1

silencing does not prevent migration, but it does facilitate it,

which requires the reduction in cell stiffness to favor deformabil-

ity.17 Finally, in LTTN1-silenced T lymphocytes, the resilience to

passive cell deformation is compromised, with both cell body

and nucleus destroyed by passive mechanical stress in vitro.

Furthermore, LTTN1 deficiency reduces the resilience of T lym-

phocytes to osmotic shock and affects their cellular integrity in

the microcirculation. Taken together, these data support a dual

role for LTTN1 in T lymphocyte trafficking: accordingly, LTTN1

seems necessary to provide resting T lymphocytes with suffi-

cient rigidity to tolerate the mechanical stress induced by pas-

sive deformation occurring in the microcirculation, but its degra-

dation appears indispensable for the migration. Thus, LTTN1

seems to regulate both passive and active cell deformability.

LTTN1 also controls the canonical steps of T lymphocyte

adhesion under flow conditions. LTTN1 silencing impaired selec-

tin-mediated capturing and rolling, and this was in keeping with

the collapse of surface microvilli. Interestingly, LTTN1 silencing

did not affect chemokine-triggered de-phosphorylation of ERM

proteins. This could possibly contrast with the reported role of

Rac1 in the de-phosphorylation of ERM proteins induced by

chemokines. However, since LTTN1 silencing did not entirely
(C) (n = 3).

mMMn2+ and exposed to immobilized ICAM-1 or pre-treated as in (B) and then

was evaluated at the indicated times (n = 3). In (A)–(E), data are mean ± SEM;

0.2 mM CXCL12, T lymphocytes pre-treated with 150 mg/mL calpeptin, and T

CL12; image square frames show 403magnification. Scale bars, 100 mm (203)

alysis of cells treated as in (F). Data are mean ± SD (control n = 782, CXCL12

t test; ****p < 0.0001).

treated as in (F). F-actin and nuclei are shown in red (SiR-actin_CY5) and blue

e representative experiment of three. Scale bars, 10 mm.

. Cells were stimulated with 200 nM CXCL12 for the indicated times. Data are

mphocytes nucleoporated as in Figure 3A (in K, n = 4; in L, n = 3).

ated with 150 mg/mL calpeptin for 30 min at 37�C (n = 3).

d as in (M) (n = 4). In (K)–(M), data are mean ± SEM (unpaired Student’s t test;
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Figure 6. | LTTN1 controls the resilience of T lymphocytes to passive cell deformation in microfluidic setting

(A–I) Fluorescence microscopy images showing individual channels in the microfluidic device designed to study passive cell deformability under flow conditions.

Cells were labeled with AO. (A) Control human T lymphocytes. (B) Human T lymphocytes treated with 5 mg/mL cytochalasin B for 30 min at 37�C. (C) Human T

lymphocytes stimulated with 0.5 mM CXCL12 for 3 min at 37�C. (D) Human T lymphocytes stimulated with 1 mM CXCL12 for 3 min at 37�C. (E) Human T

(legend continued on next page)
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abolish Rac1 activation, it is possible that the residual Rac1 ac-

tivity is sufficient to mediate ERM protein de-phosphorylation

induced by chemokines in LTTN1-silenced cells. Importantly,

in the absence of any chemokine signaling, constitutive ERM

protein phosphorylation was completely unaffected by LTTN1

silencing, suggesting that LTTN1 may control microvilli expres-

sion independently of the phosphorylation state of ERMproteins.

Overall, the data suggest that LTTN1 and ERM proteins concur-

rently control microvilli structure and function and that chemo-

kines may lead to microvilli collapse by triggering, at the same

time, Rac1-mediated ERM protein de-phosphorylation and cal-

pain-mediated LTTN1 degradation. In muscle cells, TTN inter-

acts with actin and actin-binding proteins.53,54 Accordingly,

LTTN1 could generate an intracellular meshwork beneath the

plasma membrane, anchoring actin-binding proteins, or the

actin cytoskeleton backbone, within the microvilli. Upon LTTN1

degradation, the actin backbone could lose support, causing

the microvilli to collapse. Notably, microvilli are now recognized

as platforms of receptor aggregation and signal transduction.55

Thus, the critical role of LTTN1 in the morphogenesis of microvilli

may provide insights on their homeostasis and function, beyond

their classical role in leukocyte capturing and rolling. Interest-

ingly, as with chemokines and integrins, PSGL-1 triggers

LTTN1 degradation. Thus, PSGL-1 relies on LTTN1-controlled

microvilli integrity to mediate cell capturing but, at the same

time, appears capable of triggering LTTN1 degradation, possibly

leading to the collapse of microvilli. This apparent paradox could

hypothetically represent a homeostatic mechanism. Indeed, by

successively mediating capturing/rolling and LTTN1 degrada-

tion, PSGL-1 could potentially establish a temporal threshold

to the duration of rolling.

LTTN1 likewise regulates rapid LFA-1 and VLA-4 integrin acti-

vation by chemokines. This was in keepingwith the data showing

that LTTN1 silencing prevents RhoA, Rac1, and Rap1A activa-

tion by CXCL12. Because LTTN1 lacks kinase activity, which in

T lymphocytes is possibly restricted to the LTTN3 isoform, it is

likely that LTTN1 regulates integrin activation via docking-scaf-

folding mechanisms. We have previously shown that at least

four rho guanine nucleotide exchange factor (GEF) domains

mediate the CXCL12-triggered activation of rho GTPases,56

concurrently regulated by JAK and BTK protein tyrosine ki-

nases.57,58 LTTN1 could, therefore, regulate the activity of these

intermediates.

Collectively, the data could suggest an LTTN1-centric model

of T lymphocyte trafficking. In this model, circulating T lympho-

cytes rely on LTTN1 to maintain the stiffness to cope with pas-

sive deformation in the microcirculation. LTTN1 may ensure

the survival of circulating cells until a permissive endothelium is

engaged. Here, LTTN1 is critical to maintain microvilli, allowing

the presentation of the molecules required for cell capturing

and rolling. However, a checkpoint could occur during rolling,
lymphocytes stimulated with 1 mM CXCL12 for 3 min in buffer containing 1 mM C

37�C and then stimulated with 1 mMCXCL12 for 3 min in buffer containing 1 mMC

and left to recover for 30 min 37�C. (H) Human T lymphocytes nucleoporated w

nucleoporated with four LTTN1-specific siRNAs and cultured for 5 days. (A–I) On

(J) Quantification of the average cell number observed in the ‘‘IN’’ and ‘‘OUT’’ sid

(K) Quantification of the percentage cell number engaging the ‘‘IN’’ and ‘‘OUT’’ s
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due to PSGL1-triggered degradation of LTTN1. Then, the ar-

rested cells need to remove intracellular mechanical constraints

to actomyosin-based contractile forces to generate pseudo-

pods. In keeping with the role of TTN in muscle cell stiffness

and with our data, LTTN1 degradation is essential at this stage

to reduce stiffness, increasing cell plasticity. During chemotaxis

LTTN1 expression is kept low by concurrent inside-out and

outside-in signaling generated by chemokines and integrins.

Eventually, T lymphocytes may come back to the circulation,

where stiffness must be restored to ensure resilience to passive

deformation. The very rapid expression turnover of LTTN1 may

facilitate this process. Notably, considering the huge size of

LTTN1, its very fast resynthesis after degradation could be sur-

prising. However, recent data regarding the capability of naive

T lymphocytes to control very rapid and consistent protein turn-

over, mainly with autophagic pathway, may support this finding.

Indeed, it was recently shown that naive T lymphocytes, far from

being metabolically quiescent cells, do possess a fast dynamic

program of very rapid protein turnover, leading to fast and

consistent protein synthesis, with about 60,000 proteins/min

synthesized.59,60 This protein synthesis does not lead to pro-

gressive protein content increase, suggesting an ongoing equi-

librium between incessant protein replenishment and loss.

Moreover, naive T lymphocytes rely on autophagy of key pro-

teins to sustain protein turnover critical to survival,61 with calpain

involved in autophagy regulation.62,63 Thus, the data showing

that calpeptin treatment alone leads to rapid increase of

LTTN1 expression in resting T lymphocytes (see Figure 5) sug-

gest that LTTN1 content is possibly regulated according to this

balanced protein degradation/synthesis program, constitutively

at work in naive T cells. Therefore, the trafficking of T lympho-

cytes could be subjected to tight spatiotemporal regulation by

the fast expression turnover of LTTN1.

Several questions arise from our study, including the mecha-

nism by which LTTN1 is anchored to DRMs, the regulation of

membrane tubulation controlling the morphogenesis of micro-

villi, the regulation of chemokine-triggered integrin activation,

and the possible cooperation of LTTN1withmolecules proposed

to maintain cell and nuclear stiffness and shape, such as vimen-

tin,64,65 the linker of nucleoskeleton and cytoskeleton (LINC)

complex,17,66 and lamins.67,68 It is also important to evaluate

the role of LTTN1 in T cell receptor function, which is almost

exclusively localized on microvilli.69 Moreover, considering the

proposed role of TTN in chromosome structure and segrega-

tion,70–73 it will be interesting to determine whether the detected

nuclear localization of LTTN1may suggest a role in the regulation

of T lymphocyte gene expression or maturation. Interestingly, a

functional nuclear localization sequence (NLS), 200-PAKKTKT-

206, located in a low-complexity, titin-specific region between

Z2 and Z repeats, was found in previous studies.74 We checked

the presence of this NLS sequence in the LTTN isoforms and
a2+. (F) Human T lymphocytes treated with 150 mg/mL calpeptin for 30 min at

a2+. (G) Human T lymphocytes stimulated with 1 mMCXCL12 for 3 min at 37�C
ith four scrambled siRNAs and cultured for 5 days. (I) Human T lymphocytes

e representative microchannel from four experiments is shown.

e of the microfluidic device (see also Figures S3A and S3B).

ide of the microfluidic device (in J and K, n = 4).
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found it in LTTN1 (amino acid 214-PAKKTKT-222). This could

possibly explain the nuclear localization of at least LTTN1.

Finally, the functional roles of the other four isoforms need to

be defined.

TTN is a major determinant of cardiomyocyte stiffness and

contributor to cardiac strain sensing. Due to the enormous

size, complexity, and malleability of the titin molecule, TTN is

also vulnerable to dysregulation, as observed in various cardiac

disorders. Accordingly, the TTN gene is structured to accom-

modate extensive splicing,75 and many genetic variants have

been described.76 In this context, it could be possible that

changes in structure and/or expression of the leukocyte TTN

isoforms might play a role in pathologies involving immune

cells. For instance, certain diseases are characterized by the

alteration of leukocyte rigidity leading to diffuse intravascular

leukostasis, for example in pulmonary distress syndrome77,78

and acute leukemia.79,80 The molecular basis of leukostasis is

poorly defined, and the role of LTTN1 in the stiffness and sur-

vival of circulating T lymphocytes could provide a further line

of investigation. Therefore, it will be of great interest to investi-

gate whether variants of the identified lymphocyte TTN iso-

forms may occur in pathology.

Limitations of the study
The role of LTTN1 in controlling T lymphocyte stiffness was not

complemented by atomic force microscopy (AFM) quantitative

analysis. Moreover, the role of LTTN1 in microvilli morphogen-

esis was not completely clarified; particularly, it is necessary to

understand how LTTN1 may stabilize microvilli structure inde-

pendently of the phosphorylation state of ERM proteins. Further-

more, it is unclear how LTTN1mediates activation of rho and rap

small GTPases. Last, we showed that, in both the silenced cells

and those stimulated with CXCL12, the deformation induced by

microchannels disrupted not only the cell body but also the nu-

cleus, as shown by the massive leakage of stained nucleic acids

into the fluidic device. This may suggest that LTTN1 could be

also critical to preserving nuclear integrity. However, it is also

possible that, in LTTN1-silenced cells, the nucleus, upon cell

disruption and, thus, outside the context of the whole cell, simply

becomes more sensitive to the shear force of the device, thus

undergoing disruption independently of a role for LTTN1. This
Figure 7. | LTTN1 controls the resilience of T lymphocytes to osmotic

(A) Quantification of resilience to hypo-osmotic shock in human T lymphocytes n

0.2% NaCl and incubated for 30 min at 37�C. One representative experiment of

(B and C) Differential interference contrast (DIC) images of control (B) or LTTN1-

images of 50. Scale bars, 10 mm.

(D–F) Permanence of human T lymphocytes in mouse blood circulation deduced

individual analyzed images. (D) Control cells nucleoporated with Scr siRNAs (CM

Scr siRNAs (CMTPX) and LTTN1-silenced cells (CMTMR). One representative exp

from (D) and (E). Error bars indicate SD (A) or SEM (D–F). Unpaired Student’s t te

(G and H) Permanence of human T lymphocytes nucleoporated as in Figure 3A in m

injection; control (Scr siRNAs) and LTTN1-silenced cells were alternatively labele

normalized to scrambled siRNAs. Unpaired Student’s t test, *p < 0.05 (n = 5).

(I) Quantification of cells manifesting a progressive intravascular rear release of

siRNAs) human T lymphocytes. Data are percentage mean in six fields from three

(J) Fluorescence microscopy images of AO-labeled LTTN1-silenced human T l

intravascular rear release of cell AO-labeled content. Shown is a temporal sequen

also Figure S6 and Table S4.
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point needs to be further investigated with dedicated experi-

mental settings.
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327A mouse monoclonal antibody Dr. Kristine Kikly, Eli Lilly and Co.,

Indianapolis, IN, USA

N/A

Alexa Fluor 488 goat anti-mouse Invitrogen Cat# A11001

RRID: AB_2534069

Alexa Fluor 488 goat anti-rabbit Invitrogen Cat# A11008 RRID:

AB_143165

Alpha4 antibody (anti-CD49d) BD Pharmigen Cat# 555503

RRID: AB_395893

Anti-Actin Sigma-Aldrich Cat# A2066
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Anti-PSGL-1 (Anti-CD162) BD Pharmigen Cat# 556055 RRID:

AB_396325

Anti-Rabbit IgG (whole molecule)-PE

produced in goat
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RRID: AB_261257

Anti-Rac1 Invitrogen Cat# MA5-37658 RRID:

AB_2897583

Anti-RhoA Invitrogen Cat# MA5-32262 RRID:

AB_2809548

IB4 mouse monoclonal antibody (Anti-CD18) American Type

Culture Collection (ATCC)

N/A

Mouse IgG HRP-linked secondary antibody Cytiva Cat# NA931V RRID:
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Rabbit IgG HRP-linked secondary antibody Cytiva Cat# NA934V RRID:

AB_772206
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Buffy coats from human healthy donors University of Verona

Ethics Committee

(Authorization number:

5626/02-02-2012)

N/A

Chemicals, peptides, and recombinant proteins

Acridine Orange Invitrogen Cat# A1301

AmPure XP Beckman Coulter Cat# A63881

Bovine Serum Albumin Sigma-Aldrich Cat# A4503

Bradford Reagent 5X Serva Cat# 39222.02
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Technologies

Cat# 600675

Human dimeric E-selectin/Fc R&D Systems Cat# 724-ES

Human dimeric P-Selectin R&D Systems Cat# 137-PS

Human ICAM-1/Fc R&D Systems Cat# 720-IC

Human VCAM-1/Fc R&D Systems Cat# 862-VC

Immobilon Western Chemiluminescent

HRP substrate

Millipore Cat# WBKLS0500

Nimatek (ketamine) Dechra N/A

NP-40 BDH Cat# 56009

Paraformaldehyde Vetrotecnica Cat# 119234431

Percoll Cytiva Cat# 17089101

Phalloidin Alexa FluorTM 488 Thermo Fisher

Scientific

Cat# A12379

RNaseOU Recombinant

Ribonuclease Inhibitor

Invitrogen Cat# 10777019
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Saponin Sigma-Aldrich Cat# S4521

SiR-actin Spirochrome Cat# SC001

SuperScrip III Reverse Transcriptase Invitrogen Cat# 18080044

Triton X-100 Sigma-Aldrich Cat#T8787

Xylazine Sigma-Aldrich Cat# X1251

Critical commercial assays

Human T cell Nucleofector Kit Lonza Cat# VPA-1002

Hyb Buffer Evrogen Cat# EA002

KAPA Library Quantification Kit Kapa Biosystem Cat# 07960140001

Qubit RNA BR Assay Kit Thermo Fischer

Scientific

Cat# Q10211

Rac1 G-LISA activation assay Kit Cytoskeleton Cat# BK128

Rap1 Activation Assay Kit Millipore Cat# 17-321

RhoA G-LISA activation assay Kit Cytoskeleton Cat# BK124

RNA 6000 Nano Kit Agilent Technologies Cat# 5067-1511

RNase Free DNase I set Qiagen Cat# 79254

RNeasy Mini Kit Qiagen Cat# 74104

TruSeq Stranded Total RNA Kit Illumina Cat# 20020596

Vybrant Dye Cycle Violet/SYTOX AADvanced

Apoptosis Kit

Thermo Fisher

Scientific

Cat# A35135

Deposited data

Mud-PIT spectra data This Manuscript ftp://MSV0000873

38@massive.ucsd. edu

RNA sequencing data This Manuscript NCBI SRA repository under

BioProject ID PRJNA701009

Experimental models: Organisms/strains

C57BL/6J The Jackson Laboratories Stock# 000664

Black 6

Oligonucleotides

Primer1 Fwd 50-ATGAGCAATGGAGACCTAACAG-30 This Manuscript N/A

Primer1 Rev 50- CCGAAGCCAAAGTCAAGATCC-30 This Manuscript N/A

Primer2 Fwd 50- TGATTTCTGGAGACCCACCGA-30 This Manuscript N/A

Primer2 Rev 50- CAGTTCTCAAAGTAGGCAAAGG-30 This Manuscript N/A

Primer3 Fwd 50-CAGGTTCCTTCTTAGGCACAG-30 This Manuscript N/A

Primer3 Rev 50- GAGGTGTCAGTCACAGTCCC-30 This Manuscript N/A

Primer4 Fwd 50-GCTTCTTAACAGTTGGGACCT-30 This Manuscript N/A

Primer4 Rev 50- AAGCTGTTTCAGTACAACGGG-30 This Manuscript N/A

Primer5 Fwd 50-TGATCTTCTTGGGCTCTTCAG-30 This Manuscript N/A

Primer5 Rev 50-AACCAGAGAAGCCTATCCCT-30 This Manuscript N/A

Primer6 Fwd 50-GTACATCTCTGTGTCTTCAGAAA-30 This Manuscript N/A

Primer6 Rev 50-CACCCGAAGTACCCAAGAAA-30 This Manuscript N/A

Primer7 Fwd 50-GCAGCCTCTTCCTTAGGTGC-30 This Manuscript N/A

Primer7 Rev 50- CAAACCACCTCCTGTGGAACC-30 This Manuscript N/A

Primer8 Fwd 50- GAGATGTTGGAGGACCTAGTG-30 This Manuscript N/A

Primer8 Rev 50- GAGACAACCAATAGAGACTGAG-30 This Manuscript N/A

Primer9 Fwd 50- CAGCAAAGAACCAGGAAGCAG-30 This Manuscript N/A

Primer9 Rev 50-CAAGACCTCAGAGTGTTGCC-30 This Manuscript N/A

Primer10 Fwd 50- GTTCTACCACATAACCACTCAG-30 This Manuscript N/A

Primer10 Rev 50- CTAAATTAACCATCCGTGAAACC-30 This Manuscript N/A
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Primer11 Fwd 50- CGTCCAATTCAGGTGGTTCCC-30 This Manuscript N/A

Primer11 Rev 50- CAAGACCTCAGAGTGTTGCC-30 This Manuscript N/A

Primer12 Fwd 50-CTGCTGCGACACTCTATGAC-30 This Manuscript N/A

Primer12 Rev 50-CTAAATTAACCATCCGTGAAACC-30 This Manuscript N/A

Primer13 Fwd 50-AGCCTGTGACTTTAGATCCTC-30 This Manuscript N/A

Primer13 Rev 50-CGTCCTTCCAAACCCATCGT-30 This Manuscript N/A

Primer14 Fwd 50- TAGGCGGAATTCGAAGGACCA-30 This Manuscript N/A

Primer14 Rev 50- CAAATGTCAGCATAAGCCGCTC-30 This Manuscript N/A

Primer15 Fwd 50-TGACCAACTGGTAAATCATCCAC-30 This Manuscript N/A

Primer15 Rev 50-CCTCCTGACCCATCAAGTCC-30 This Manuscript N/A

Primer16 Fwd 50-TTGACAGGTCTAACACTTTCTAG-30 This Manuscript N/A

Primer16 Rev 50-GCCTCTGACATCACATCCTG-30 This Manuscript N/A

Primer17 Fwd 50- CTAGGCACTTTCAGTATCTCCA-30 This Manuscript N/A

Primer17 Rev 50-GGCCTCTGACATCACATCCT-30 This Manuscript N/A

ON-TARGETplus Non-targeting Pool Horizon/Dharmacon Cat# D-001810-50

Custom siRNAs (ON-TARGETplus

SMARTpool) for LTTN1 Seq1:

Sense: 50 G.U.G.G.A.G.A.C.A.U.U.A.

C.A.U.A.U.U.A.U.U 30

Horizon/Dharmacon Cat# CTM-769725

Custom siRNAs (ON-TARGETplus

SMARTpool) for LTTN1 Seq1:

Antisense: 50

P.U.A.A.U.A.U.G.U.A.A.U.G.U.C.

U.C.C.A.C.U.U 30

Horizon/Dharmacon Cat# CTM-769725

Custom siRNAs (ON-TARGETplus

SMARTpool) for LTTN1 Seq2:

Sense: 50 G.G.U.A.C.U.C.A.A.U.C.

A.C.U.A.A.U.U.A.U.U 30

Horizon/Dharmacon Cat# CTM-769726

Custom siRNAs (ON-TARGETplus

SMARTpool) for LTTN1 Seq2:

Antisense: 50

P.U.A.A.U.U.A.G.U.G.A.U.U.G.

A.G.U.A.C.C.U.U 30

Horizon/Dharmacon Cat# CTM-769726

Custom siRNAs (ON-TARGETplus

SMARTpool) for LTTN1 Seq3:

Sense: 50

G.A.A.U.U.G.A.U.G.U.C.C.U.G.

U.G.G.A.A.U.U30

Horizon/Dharmacon Cat# CTM-769727

Custom siRNAs (ON-TARGETplus

SMARTpool) for LTTN1 Seq3:

Antisense: 50 P.U.U.C.C.A.C.A.G.G.A.

C.A.U.C.A.A.U.U.C.U.U30

Horizon/Dharmacon Cat# CTM-769727

Custom siRNAs (ON-TARGETplus

SMARTpool) for LTTN1 Seq4:

Sense: 50

U.G.U.G.G.A.A.G.C.U.C.G.U.C.

A.U.A.U.A.U.U30

Horizon/Dharmacon Cat# CTM-769728

Custom siRNAs (ON-TARGETplus

SMARTpool) for LTTN1 Seq4:

Antisense: 50 P.U.A.U.A.U.G.A.C.G.A.

G.C.U.U.C.C.A.C.A.U.U30

Horizon/Dharmacon Cat# CTM-769728
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Software and algorithms

BeQuanti embedded Vision System (eVS) http://www.embed.dedvisionsystems.it/

solutions/medical-imaging

Cytoscape Network Analysis Software Cytoscape https://cytoscape.org

FastQC Babraham Bioinformatics http://www.bioinformatics.babraham.

ac.uk/projects/fastqc/RRID:SCR_014583

Fiji ImageJ https://ImageJ.net/s oftware/

fiji/RRID:SCR_002285

FlowJo FlowJo, LLC https://www.flowjo.com/

RRID:SCR_008520

GraphPad Prism v9 GraphPad RRID:SCR_002798

Quantity One Software Bio-Rad RRID:SCR_014280

Scythe software Scythe https://github.com/vsbuffalo/scythe

SEQUEST algorithm University of Washington N/A

Sickle software Buffalo https://github.com/vsbuffalo/

sickle RRID:SCR_006800

StringTie software v1.3.3b StringTie (CCB) http://ccb.jhu.edu/s oftware/

stringtie RRID:SCR_016323

TopHat v2.1.1 software TopHat https://tophat.com

RRID:SCR013035

Zeiss ZEN Carlo Zeiss N/A

Other

Agilent 4200 TapeStation System Agilent N/A

Agilent Bioanalyzer Agilent

Technologies

N/A

Axio Examiner A1 Microscope Carl Zeiss N/A

Axio Imager Z.2 Carl Zeiss N/A

Axio Observer 7 Inverted Microscope Carl Zeiss N/A

Bioflux 200 System Fluxion Biosciences N/A

Blue Pippin SageScience N/A

Cell Culture Inserts (Transwell) Falcon Corning Cat# 353096

CPD 030 Balzers N/A

Custom Microfluidic Chip Dolomite

Microfluidics

N/A

FEI/Philips XL-30 Field Emission ESEM Philips/FEI N/A

ImageQuant LAS 4000 GE Healthcare N/A

Ion Trap LTQ Mass Spectrometer Thermo N/A

Ion-exchange chromatography Biobasic-SCX column

ThermoHypersil

N/A

MACSQuant Analyzer 10 Miltenyi Biotech N/A

MED 010 Balzers N/A

NanoDrop 2000 Spectrophotometer Thermo Scientific N/A

Nitrocellulose Western blotting membranes Amersham GE Healthcare Cat# 10600002

NovaSeq5000/6000 Illumina N/A

Nucleofector 2b Device Lonza Cat# AAB-1001

Olympus IX50 Inverted Fluorescence Microscope Olympus N/A

ORCA-Flash4.0 V3 Digital CMOS camera Hamamatsu Cat# C13440- 20CU

Reversed phase column Biobasic-C18

ThermoHypersil

N/A

Rotatory Microtome Cryostat CM1520 Leica Biosystems N/A
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Sony Alpha IV Full Frame Camera Sony ILCE-7M4

SP100 World Precision Instruments N/A

StepONE Plus Real_Time PCR System Applied Biosystems N/A

VictorX5 Multilabel Plate Reader Perkin Elmer N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for reagents may be directed to, and will be fulfilled by, the lead contact Carlo Laudanna (carlo.

laudanna@univr.it)

Materials availability
All reagents generated or used in this study are available on request from the lead contact with a completedMaterials Transfer Agree-

ment. Information on reagents used in this study is available in the key resources table.

Data and code availability
d Mud-PIT spectra data are available from MassIVE database (https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp), and

downloadable from ftp://MSV000087338@massive.ucsd.edu. The raw RNA sequencing data are available at the NCBI SRA

repository under BioProject ID PRJNA701009.

d This paper does not report original code.

d All the data supporting the findings of the article are available within the main text or supplemental information. Any additional

information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODELS AND SUBJECT DETAILS

Mice
C57BL/6Jmice (stock no. 000664 |Black 6) were purchased from the Jackson Laboratory. Femalemice at 6months of agewere used

in this study. Animals were housed in pathogen-free climate-controlled facilities (temperature 21 ± 1�C and humidity 50 ± 5) and were

provided with food and water ad libitum. Research involving animals was authorized by the Ethical Committee from the University of

Verona and by the ItalianMinistry of Health, Department of Veterinary Public Health, Nutrition and Food Safety, Directorate General of

Animal Health and Veterinary Medicine (authorization no. 416/2020-PR), as required by Italian legislation (D. Lgs 26/2014) as for the

application of European Directive (2010/63/UE). All efforts were made to minimize the number of animals used and their suffering

during the experimental procedures.

Human
Buffy coats from human healthy donors were provided by the Blood Transfusion Center of AOUI Verona. University of Verona Ethics

Committee approved experimentation involving human primary cells (authorization no. 5626/02-02-2012). All blood sample donors

were eighteen years old or older and in equal percentage of males and females. Informed consent was obtained from all subjects.

METHOD DETAILS

Isolation of human primary cells
Human primary T lymphocytes were isolated from whole blood of healthy donors by Ficoll and Percoll gradients. Human primary B

lymphocytes were isolated from PBMCs after blood separation on Ficoll Paque Plus and purification by negative selection. The purity

of T lymphocytes preparation was evaluated by flow cytometry after staining with anti-CD3 antibody (BD Biosciences) and wasmore

than 95%. The purity of B lymphocytes preparations was checked by flow cytometry with anti-CD19 mAb (BD Bioscience) and was

more than 95%. Isolated cells were kept at 37�C in standard adhesion buffer (PBS, 1 mMCaCl2, 1 mMMgCl2, 10% FBS, pH 7.2) and

used within 1 h.

Purification of DRM fraction
DRM (detergent resistance membrane) fractions were isolated from freshly isolated human primary T lymphocytes. Approximately

108 cells were washed twice in ice-cold PBS and then lysed on ice in 25 mM Tris-Hcl pH 8.0, containing 1% Tritron X-100,

150 mM NaCl, 5 mM EDTA, 1 mM Na3VO4, supplemented with a protease inhibitor cocktail. After homogenization through a
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22-gauge needle, cells were kept on ice for 30 min and then centrifuged at 13000 rpm for 10 min at 4�C. Supernatants were mixed

with an equal volume of 85% sucrose w/v in lysis buffer and a step gradient was prepared by overloading 0.7 mL of sample (42.5%

sucrose/lysate) sequentially with 2.1mL of 30%sucrose in lysis buffer followed by a top layer of 1.4mL 5%sucrose. The gradient was

centrifuged for 18 h at 200,0003 g using a Beckman SW50 rotor. Following centrifugation, 14 separate fractions (300 mL each) were

collected from the top of the gradient; fractions were characterized by Western Blotting by using a polyclonal antibody anti-Lyn (In-

vitrogen) and by dot-blot analysis with peroxidase-conjugate cholera toxin subunit B (CTB) (Sigma-Aldrich) to detect GM1 ganglio-

side as raft marker. Anti-Lyn antibody andHRP-CTBwere clearly able to detect best reactivity in fractions 4 to 6. Fractions 4 to 6were

then pooled and concentrated with Centricon Plus centrifugal filter devices (Millipore). The protein concentration of pooled raft frac-

tions was evaluated with Bradford protein assay (Serva) and the protein amount was estimated as 60 mg of total raft proteins from a

single preparation of 108 lymphocytes. Proteins in sampleswere, then, precipitatedwith TCA/acetone and resuspended in 2%Chaps

buffer containing 7M urea, 2M thiourea, and DTT 100 mM. Finally, samples were dialyzed against acetonitrile and concentrated in

speed-vacuum.

MUD-PIT analysis
For MUD-PIT analysis of DRM fractions and total cell lysates samples were processed as previously reported.81 Briefly, pepsin was

added at an enzyme substrate ratio of 1:100 (w/w) in 100 mM ammonium acetate, pH 2.5. After 3 h incubation at room temperature,

the reaction was stopped by rapid ice cooling, and 10 mL were analyzed by MudPIT, based on two-dimensional microchromatog-

raphy coupled with an ion trap mass spectrometer.82 Peptide mixtures were first separated by means of ion-exchange chromatog-

raphy (Biobasic-SCX column, 5 mm, 0.3 ID3 150 mm, ThermoHypersil) using seven steps of increasing ammonium chloride concen-

tration (0, 50, 100, 150, 200, 300, and 600 mM). Each salt step was directly loaded onto the reversed phase column (Biobasic-C18,

0.180 ID3 100mm, ThermoHypersil) and separated with an acetonitrile gradient: eluent A, 0.1% formic acid in water; eluent B, 0.1%

formic acid in acetonitrile; the gradient profile was 5%B for 3 min followed by 5–50%Bwithin 40min. Eluted peptides were analyzed

directly with an ion trap LTQmass spectrometer (Thermo) and spectra were acquired in positive mode (in the range of 400–1600m/z)

using dynamic exclusion for MS/MS analysis (collision energy 35%). Computer analysis of peptide from MS/MS spectra have been

performed using SEQUEST algorithm (University of Washington, USA), For the peptic peptide mixture, the ‘‘no enzyme’’ option was

used. As confidence of peptide identification, the minimum values of Xcorr were greater than 1.5, 2.0, and 2.5 for single, double, and

triple charge ions, respectively. Particularly, only the first-best matching peptide was taken into consideration, and only if the same

peptides were found in multiple MS/MS spectra. The output data obtained from SEQUEST software were processed with the MAp

roMA (Multidimensional Algorithm Protein Map) in-house algorithm allowing comparison of the protein lists, evaluation of relative

abundances, and plotting virtual 2D maps.82

Analysis of DRM interactome
DRM protein-protein

interaction (PPI) network was reconstructed by using Cytoscape network analysis software (https://cytoscape.org). A global hu-

man interactome dataset was obtained by integrating several PPI datasets (see http://dp.univr.it/�laudanna/LCTST/styled-9/

styled-30/downloads/index.html). The 82 DRM proteins identified by MS analysis were used as bioinformatic probes to extract

from the global interactome a first neighbor (FN) DRM interactome. Proteins expressed in human T lymphocytes were identified

by superimposing, to the DRM interactome, human primary T lymphocytes transcriptomic data sets (GSE139242; GSE112899) ob-

tained from NCBI Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/). Five topological indexes of node centrality were

computed by using the Cytoscape appCentiscape27 (see Cytoscape.sif files reported in Data S1). Statistical distribution analysis and

representation to violin plots was done with GraphPad Prims 9.

RNA extraction
Total RNAwas purified from human T and B lymphocytes with the RNeasyMini Kit (Qiagen), according to the manufacturer’s instruc-

tions. DNase treatment (RNase Free DNase I set, Qiagen) on column was performed. RNA quantification, purity, and integrity were

assessed at NanoDrop 2000 spectrophotometer (Thermo Scientific) and by capillary electrophoresis on an Agilent Bioanalyzer (Agi-

lent Technologies), respectively. Purified RNA was used for sequencing analysis or RT-PCR validation, as described below.

RNA sequencing and RNA-seq data processing
Whole transcriptome analysis was performed by RNA-seq technology on extracted RNA. RNA purity was measured using a

NanoDrop Spectrophotometer, while RNA integrity (RNA integrity number R8.0) was assessed using RNA 6000 Nano Kit (Agilent

Technologies). RNA samples were quantified using the Qubit RNA BR Assay Kit (Thermo Fisher Scientific) and RNAseq libraries

were prepared from 1000 ng total RNA using the TruSeq Stranded Total RNA kit (Illumina) after ribosomal RNA depletion, according

to manufacturer’s instructions. The resulting RNAseq libraries were normalized with the Duplex-Specific thermostable nuclease

(DSN, Evrogen) as follows. 600 ng RNAseq library was denatured at 98�C for 2 min and incubated at 68�C for 6 h in 18 mL Hyb buffer

(Evrogen). 3.5 mL DSN enzyme (2U/ml) was added to the reaction and incubated at 68�C for 25 min followed by the addition of stop

solution. After purification using AmPureXP beads (Beckman Coulter), libraries were enriched by PCR using primers and reactionmix

provided in the Illumina RNAseq kit. After bead-based purification, the final Illumina RNAseq libraries were subjected to an additional
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size-selection for 450–650 bp on a Blue Pippin (SageScience). Quality and size of libraries were assessed by capillary electrophoretic

analysis with the Agilent 4200 Tape station (Agilent). Libraries were quantified by real-time PCR against a standard curve with the

KAPA Library Quantification Kit (Kapa Biosystems). Libraries were then pooled at equimolar concentration and sequenced on a

NovaSeq5000 or NovaSeq6000 (Illumina) analyzing on average 67million fragments in 150PEmode for each sample. Quality of reads

was assessed using FastQC software (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and reads with more than 10%

of undetermined bases or more than 50 bases with a quality score <7 were discarded. Reads were then clipped from adapter se-

quences using Scythe software (https://github.com/vsbuffalo/scythe), and low-quality ends (Q score <20 on a 10-nt window)

were trimmed with Sickle (https://github.com/vsbuffalo/sickle). Trimmed reads were aligned to the human reference genome

(GRCh38) with TopHat (version 2.1.1) with the option –library-type fr-firststrand and –b2-very-sensitive. Subsequently, reads map-

ping on the negative strandwere selected and only read-primary alignments were retained. Transcriptome assembly of chromosome

2 was performed with StringTie software (version 1.3.3b) providing to the software the reference annotation of the TTN gene. After

assembly, mapped data were visualized on the Integrative Genomics Viewer (IGV) and assembled isoforms were inspected and

manually curated. To identify the coding capacity of the identified isoforms, the exons were translated using all possible frames

with the web resource ExPASy (https://web.expasy.org/translate/). The search for functional protein domains in the translated iso-

forms were performed using the online tool InterPro (https://www.ebi.ac.uk/interpro/search/sequence/).

Analysis of LTTN isoforms expression by PCR
RNA samples were treated for 13 min at 25�Cwith 100 U/ml DNase I (Invitrogen) and were reverse transcribed using 5 ng/mL random

primers, 1 U/ml RNase inhibitor (RNase Out, Invitrogen), and 5 U/ml reverse transcriptase (SuperScript III, Invitrogen), according to

manufacturer’s instruction. LTTN isoforms expression was confirmed in duplicates by PCR using Herculase II Fusion DNA Polymer-

ase (Agilent Technologies). 20 ng RNA-equivalent cDNA were amplified with different LTTN primers (250 nM) (for sequences see key

resources table, Oligonucleotides), dNTP (400 mM) buffer 1 (1x) Enzyme 0.5 U (25 mL total volume of reaction). After 1 min of initial

denaturation at 95�C, DNA samples underwent 35 cycles of amplification (denaturation 95�C for 15 s, annealing 60�C for 20 s, elon-

gation 68�C for 1min) with a final incubation at 68�C for 4min (StepONE Plus, Applied Biosystems). PCR products were separated by

electrophoresis on 2% agarose gel and acquired by using ImageQuant Las4000 (GE Healthcare Life Science).

LTTN isoforms expression by flow cytometry
Human T lymphocytes and B lymphocytes, differently treated and/or stimulated, were fixed in formaldehyde 0.4% for 20 min at 4�C.
Cells were washed and suspended in 100 mL of permeabilization buffer (PBS +5% FBS +0.5% saponin) containing TTN-specific pri-

mary antibodies, for 40 min at 4�C. After rapid wash, cells were suspended in 100 mL of permeabilization buffer containing specific

secondary antibody, for 40 min at 4�C. Finally, cells were washed and suspended in ice-cold PBS. Expression quantification was by

flow cytometry (MACSQuant Analyzer 10; Miltenyi Biotech). Data are shown asMean Fluorescence Intensity (MFI) normalized to iso-

typic control.

Sub-cellular localization of LTTN isoforms by IF
5 3 106 T lymphocytes were fixed with formaldehyde 0.4% in PBS for 20 min at RT, washed with wash buffer (PBS+5% FBS) by

microcentrifugation at 3000 RPM for 3 min, and re-suspended in 100 mL of permeabilization buffer (PBS +0.1% Triton X-100) for

7 min at 4�C. After washing as above, cells were incubated with blocking buffer (PBS +5% FBS) for 15 min at 4�C, and then TTN-

specific primary antibodies were directly added and incubated for 40min at 4�C. Cells were washed twice with wash buffer and incu-

bated for 40min at 4�Cwith secondary antibody in blocking buffer. Finally, cells were stainedwith 1 mg/mLDAPI for 10min in the dark,

washed, transferred to glass slides, and mounted with Fluoro Gel with DABCO, Anti-Fading Mounting Medium (EMS). Images were

acquired with a wide field Zeiss AxioImager Z.2 deconvolution microscopy setting (Carlo Zeiss, Germany), equipped with Colibri 7

fluorescent LED illumination, motorized 3D scanning stage, and Hamamatsu ORCA-Flash4.0 V3 Digital CMOS camera, set at 8 bit

output depth. 512x512 pixel ROIs were acquired with a 1003 Plan Apochromatic oil immersion objective (AN 1.46). Each field was

acquired with double fluorescent light illumination (385/30 nm ex. for DAPI and 475/36 nm ex. for Alexa Fluor 488). Automatic 3D

image scanningwas according to the Nyquist-Shannon sampling theorem, by using the inline ZEN 3.5 Nyquist Calculator. To achieve

super resolution imaging, 3D sampling density was set at intervals of 100 nm, corresponding to about half of the calculated Nyquist

sampling distance (oversampling). Oversampled 3D scanswere, then, processed with Zeiss ZEN 3.5 by applying the advanced Zeiss

Deconvolution (DCV)module. Image deconvolution was achieved by applying the Constrain Iterative algorithm, without auto-normal-

ization to fully control the photon budget thus allowing full reassignment of photons from out of focus optical planes. Spectral linear

unmixing was, finally, applied to remove overlapped spectral components and background noise. Deconvolved and unmixed 3D

stacks were rendered and analyzed with the ZEN 3.5 Arivis 3D module. Image Ortho projections were generated with Zeiss ZEN 3.5.

LTTN1 silencing by small interfering RNA
Human T lymphocytes were plated at 5 x 106 cells/ml in RPMI, 2mMglutamine, and 10%FBS for 2 h before silencing. Cells, suspended

in nucleofector buffer at 107 cells/ml, were electroporated using the Nucleofector 2b Device (program U-14, Lonza; Human T cell

Nucleofector Kit, Lonza) in presence of a pool of four scrambled (Horizon/Dharmacon) or four different specific LTTN1 siRNAs (ON-

TARGETplus SMARTpool siRNAs, from Horizon/Dharmacon; for sequences see Key Resources Table, Oligonucleotides) according
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to manufacturer’s instructions. The efficiency of siRNAs nucleoporation was evaluated with fluorescein isothiocyanate-conjugated

siRNAs; the efficacy of LTTN1 silencing was systematically evaluated by cytofluorimetric analysis every 24 h for 5–6 days. LTTN1-

specific siRNAs were custom designed by Dharmacon service, and the target sequences were.

1) GUGGAGACAUUACAUAUUA

2) GGUACUCAAUCACUAAUUA

3) GAAUUGAUGUCCUGUGGAA

4) UGUGGAAGCUCGUCAUAUA

Evaluation of possible phenotype switch (CD45RO-CD45RA+ (naive) versus CD45RO + CD45RA- (memory)) in cells immediately

before the nucleoporation (T0) and after five days in culture, showed that T lymphocyte phenotype remained unchanged. Indeed, no

difference was observed in the percentage of the distinct subsets, comparing T0 and cultured for 5 days control, nucleoporated with

scrambled siRNAs, and LTTN1-silenced T lymphocytes.

Cell viability
Human T lymphocytes were labelled for 20 min at 4�C with Vybrant DyeCycle Violet/SYTOX AADvanced Apoptosis Kit (TermoFisher

Scientific) following the manufacturer’s instruction. Cell viability was analyzed by flow cytometry (MACSQuant Analyzer 10; Miltenyi

Biotech).

Pro-adhesive molecules expression by flow cytometry
Human T lymphocytes were labelled for 30 min at 4�C with L-Selectin-(BD), PSGL-1-(BD), CD18-(ATCC), CD49d-(BD Pharmigen),

and CXCR4-specific (Biolegend) antibodies. The expression level of the molecules was analyzed by flow cytometry (MACSQuant

Analyzer 10; Miltenyi Biotech). Data are shown as Mean Fluorescence Intensity (MFI) normalized to isotypic control.

Cp-ERMs and moesin expression
Human T lymphocytes, differently treated and stimulated with 0.2 mMCXCL12 (R&D Systems), were fixed in formaldehyde 0.4% for

20 min at 4�C. Cells were washed and suspended in 100 mL of permeabilization buffer (PBS +5% FBS +0.5% saponin) containing

Phospho-Ezrin (Thr567)/Radixin (Thr564)/Moesin (Thr558) (Cell Signaling Technology) and Moesin (Cell Signaling Technology) spe-

cific primary antibodies, for 30 min at 4�C. After rapid wash, cells were suspended in 100 mL of permeabilization buffer containing

specific secondary antibody, for 30 min at 4�C. After washing, cells were suspended in ice-cold PBS and the expression level of

the molecules was analyzed by flow cytometry (MACSQuant Analyzer 10; Miltenyi Biotech). Data are shown as Mean Fluorescence

Intensity (MFI) normalized to isotypic control. For Western blot, cells, treated as above, were lysed in ice-cold 1%NP-40 buffer, con-

taining phosphatase inhibitors and complete protease inhibitor cocktail (Roche). Lysates were quantified by Bradford assay (Serva),

equal amounts of proteins were subjected to 10% SDS-PAGE and blotted onto a nitrocellulose membrane (GE Healthcare). Anti-

Phospho-Ezrin (Thr567)/Radixin (Thr564)/Moesin (Thr558) and anti-Moesin antibodies were used to reveal cp-ERMs and Moesin.

Anti–b-actin (Sigma-Aldrich) antibody was used as loading control. Immunoreactive bands were visualized by ECL detection (Milli-

pore) after incubation with appropriate HRP-linked secondary antibody (Cytiva), and intensities of band signals were quantified by

using ImageQuant LAS 4000 (GE Healthcare).

Under-flow adhesion assay
Human T lymphocytes were suspended at 1 x 106/mL in standard adhesion buffer. Cell behavior in under-flow conditions was studied

with the BioFlux 200 system (Fluxion Biosciences). 48-well plate microfluidics were first co-coated overnight at RT with 2.5 mg/mL

human E-selectin (R&D Systems) or P-Selectin (R&D Systems). Immediately before use, microfluidic channels were washed with

adhesion buffer and the assay was done at wall shear stress of 2 dyne/cm2. The behavior of interacting cells was recorded on digital

drive with a fast CCD videocamera (25 frames/s, capable of 1/2 subframe 20 ms recording) and analyzed subframe by subframe.

Single areas of 0.2 mm2 were recorded for at least 60 s. Rolling cells were automatically detected and quantified with BeQuanti

(http://www.embeddedvisionsystems.it/solutions/medical-imaging).

Analysis of surface microvilli expression by SEM
Human T lymphocytes were fixed in 2% glutaraldehyde in Sorensen buffer for 2 h, postfixed in 1% osmium tetroxide in Sorensen

buffer for 1 h, and dehydrated in graded acetones (Fluka). The specimens were then treated by critical point dryer (CPD 030; Balzers)

and coated by gold (MED 010; Balzers), mounted on stubs, and observed in an XL 30 ESEM (FEI- Philips).

Full resolution images were imported in Zeiss ZEN 3.5 and analyzed with the Zeiss AI-based Intellesis Trainable Segmentation

module, allowing machine-learning-based automatic segmentation and detection of specific image features. Intellesis training

was done with analysis parameters set at ‘‘Deep Features 256’’, using ‘‘layer 3’’, with ‘‘full feature dimension’’. Upon Intellesis-driven

image segmentation, microvilli were automatically detected and enumerated in control, round-shaped, cells by using the Zeiss ZEN

Image Analysis module by applying gray values thresholding and morphological features automatically detected by Intellesis. Data

were, then, expressed as average number of microvilli/cell corresponding, in our experimental setting, to 72 ± 5, calculated from the
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analysis of 222 cells in 16 SEM images. This was considered the average standard. To account for morphological variability in the cell

population, the analysis was normalized to definite thresholds. Thus, in nucleoporated cells, microvilli expression R90% of the

average standard was scored as ‘‘full’’ morphology; microvilli expression ranging between 30 and 70% of standard was scored

as ‘‘intermediate’’ morphology; microvilli expression %10% of standard was scored as ‘‘smooth’’ morphology, corresponding to

cells almost devoid of microvilli expression. Nucleoporated cells (either with scrambled or LTTN1-specific siRNAs) from several im-

ages (3 donors) were automatically analyzed and scored according to the above procedure; data were finally expressed as %

average of total analyzed cells in the three categories (full-intermediate-smooth) with SD.

Static adhesion assay
Human T lymphocytes were suspended at 3 x 106 cells/ml in standard adhesion buffer. Adhesion assays were done on 18-well glass

slides coated with human 1 mg/mL ICAM-1 (R&D Systems) or VCAM-1 (R&D Systems) in PBS; cells, suspended in 20 mL standard

adhesion buffer, were added to the wells and stimulated for 120 s at 37�C with 5 mL of CXCL12 (R&D Systems), 200 nM final con-

centration. After rapid washing, adherent cells were fixed in ice-cold 1.5 glutaraldehyde in PBS and counted by computer-assisted

enumeration using a dedicated macro in Fiji.

Measurement of LFA-1 high-affinity state
Human T lymphocytes suspended in standard adhesion buffer at 2 x 106 cells/ml were stimulated for 180 swith 200 nMCXCL12 (R&D

Systems) under stirring at 37�C in the presence of 327A antibody (reporter for extended conformation epitope related to a high-affinity

state). After rapid washing, the cells were stained with FITC-conjugated secondary antibody (Sigma-Aldrich) and analyzed by flow

cytometry (MACSQuant Analyzer 10; Miltenyi Biotech). Data are shown as Mean Fluorescence Intensity (MFI) normalized to isotypic

control.

RhoA and Rac1 activation
RhoA and Rac1 activations were determined using G-LISA activation assay kits (Cytoskeleton), by adaption of the protocols as previ-

ously reported. Human T lymphocyteswere stimulated or not with 200 nMCXCL12 (R&DSystems) for 120 s andwere lysed for 15min in

the lysis buffer indicated in manufacturer’s protocol. Protein concentrations were quantified by Precision Red (provided in the G-LISA

activation assay kit). Equal amounts of proteins were added in triplicate to a 96-well plate coated with the RhoA-binding domain of rho-

tekin or anti-Rac1-GTP protein and incubated at 4�C for 30 min. Wells containing only lysis buffer were used as blank samples. After

washing, the amount of RhoA-GTP bound or Rac1-GTP bound to eachwell was revealed by an anti-RhoA Ab or anti-Rac1 Ab, followed

by a secondary HRP-labeled Ab and detection of HRP (provided in the G-LISA activation assay kit). Signals were measured with a mi-

croplate spectrophotometer (Victor X5 Multilabel Plate Reader, PerkinElmer) by quantifying absorbance at 490 nm.

Western blot of total RhoA and Rac1 expression
LTTN1-silenced human T lymphocytes were stimulated with 0.2 mM CXCL12 (R&D Systems) and lysed in ice-cold 1 NP-40 buffer,

containing complete protease inhibitor cocktail (Roche). Lysates were quantified by Bradford assay (Serva), equal amounts of pro-

teins were subjected to 12%SDS-PAGE and blotted onto a nitrocellulose membrane (GE Healthcare). RhoA and Rac1were revealed

by immunoblotting with anti-RhoA and anti-Rac1 primary antibodies. Anti–b-actin (Sigma-Aldrich) antibody was used for loading

control. After incubation with appropriate HRP-linked secondary antibody (Cytiva), immunoreactive bands were visualized by ECL

detection (Millipore) and intensities of band signals were quantified by using ImageQuant LAS 4000 (GE Healthcare).

Rap1 activation
Rap1 activation was performed by pull-down assay with RalGDS–Rapbinding domain following the manufacturer’s instructions

(Rap1 activation assay kit, Millipore). Human T lymphocytes were stimulated with 200 nM CXCL12 (R&D Systems) for 180 s. Cell ly-

sates were separated by electrophoresis and blotted onto a nitrocellulose membrane (GE Healthcare). After incubation with anti-

Rap1 primary antibody and HRP-coupled secondary antibodies (GEHealthcare), immunoreactive bands were visualized by ECL

(EMD Millipore), acquired by using ImageQuant Las4000 (GE Healthcare Life Science) and quantified by densitometric analysis

(Quantity One, Bio-Rad).

F-actin staining
Polymerization of F-actin was measured using a phalloidin binding assay (ThermoFisher Scientific). Human T lymphocytes (1 x 106 in

adhesion buffer) were stimulated with 200 nMCXCL12 (R&D Systems) at RT. Cells were washed with ice-cold PBS and fixed with 0.4

formaldehyde for 20 min at 4�C. Cells were, then, washed and resuspended in 100 mL of permeabilization buffer (PBS +5%

FBS +0.5% saponin) containing Alexa Fluor 488 Phalloidin for 60 min on ice. Cells were finally washed twice with wash buffer and

analyzed by flow cytometry (MACSQuant Analyzer 10; Miltenyi Biotech).

Cell polarization assay
T lymphocytes were stained with SiR-actin_CY5 according to the manufacturer’s instructions, pretreated for 30 min with 150 mg/mL

calpeptin or DMSO (control) and stimulated with 200 nM CXCL12. For IF assay, upon 5 min of stimulation, cells were fixed with
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formaldehyde 0.4% in PBS for 20 min at RT, washed with wash buffer (PBS+5% FBS) by microcentrifugation at 3000 RPM for 3 min,

incubated with blocking buffer (PBS +5%FBS) for 15min at RT, and then CD18-specific (ATCC) primary antibody was directly added

and incubated for 40 min at RT. Cells were washed twice with wash buffer and incubated for 40 min at RT with secondary antibody in

blocking buffer. Finally, cells were stained with 1 mg/mL DAPI for 10min in the dark, washed, transferred to glass slides, andmounted

with Fluoro Gel with DABCO, Anti-Fading Mounting Medium (EMS). Images were acquired with a wide field Zeiss AxioImager Z.2

deconvolution microscopy setting (Carlo Zeiss, Germany; see the "Sub-cellular localization of LTTN isoforms by IF’’ STAR Methods

section for the acquisition method, with the addition of the Cy5 channel of excitation-emission to detect SiR-actin staining). Quan-

tification of cell polarization in bright field images acquired at 203magnification was done by calculating the FormCircle index of cell

roundness, by using the Zeiss Zen 3.6 Image analysis module. Accordingly, with respect to polarized cells, round cells have

FormCircle values closer to 1.

Chemotaxis assay
Human T lymphocyte migration assays were performed using 3 mm or 5 mm pores transwell filters (Falcon, Corning), inserted in

24-well plates. The bottom chamber was filled with 0.7 mL of RPMI +10% FBS containing 10 nM CXCL12 (R&D Systems); the top

chamber was filled with 0.15 x 106 cells in 0.2 mL of RPMI +10% FBS. Plates were incubated for 120 min at 37�C. The inserts

were, then, removed and the total number of cells migrated in the lower chamber was counted by flow cytometry (MACSQuant

Analyzer 10; Miltenyi Biotech).

Deformability assay in microfluidic channels
To study human T lymphocyte deformability under flow conditions, customizedmicrofluidic chips have been designed and fabricated

in collaboration with Dolomite Microfluidics (Dolomite Microfluidics, Royston, UK). This device was developed to resemble capillary

nets; a single chip consists of 48 parallel micro-channels, divided in 6 different sets of 8 channels each, with an optimized design to

balance the bifurcating flow in all channels. Every single microfluidic capillary is characterized by a central restriction of 7 3 4 mm

(length 250 mm) and 33 3 17 mm inlet/outlet channel sections (length 2000 mm each). Single chips have standard dimensions of

45 mm of 22.5 mm with a 3 mm quartz top layer and a 0.7 mm bottom layer (Figure S3A). To stably mount the chips on an inverted

microscope and to connect the device to the flow-generating pressure pump (BioFlux pump, Fluxion), a customized 4 chips holder

was designed with single inlet and outlet reservoirs dedicated to every chip (1.2 mL in volume each), allowing uniform distribution in

every chip of flowing cells through the 48 microfluidics channels (Figure S3B). To better visualize cell body and nucleus resilience to

deformability across channel restrictions, T lymphocytes were labelled with 0.1 mg/mL Acridine Orange for 15 min at RT, washed

twice and then fluxed into the deformability device. High resolution (24 MP) images of the constriction sections were acquired

with Sony Nex7 color camera plugged to an inverted epi-fluorescence microscope (Olympus IX50; images were taken at 492 nm ⁄
533 nm ex-em). Number of cells engaging the in and out sections of the microfluidic channels were enumerated with Fiji.

Hypoosmotic shock
0.5 x 106 human T lymphocytes were incubated with 1 mM EDTA for 10 min, washed with PBS, suspended in 300 mL NaCl 0.2% and

seeded in a 24-well plate kept at 37�C. Cells were optically contrasted with DIC and 50 different images for each condition were ac-

quired with a AxioObserver 7 invertedmicroscope (Carlo Zeiss, Germany) immediately after seeding and after 30min of hypoosmotic

shock. Undamaged cells were automatically detected according to Feret’s diameter-based cell shape and gray level threshold

detection and counted with the Zeiss ZEN 3.5 image analysis module.

Permanence of T lymphocytes in mouse circulation
Human T lymphocytes, nucleoporated with a pool of four scrambled (control) or four LTTN1-specific siRNAs, were alternatively

labelled with CellTracker Orange CMTMR Dye (Thermo Fisher Scientific) or CellTracker Red CMTPX Dye (Thermo Fisher Scientific).

5 x 106 control and 5 x 106 silenced cells were mixed in a total volume of 200 mL of PBS +5% FCS and co-injected in the tail vein of

adult C57BL/6J female mice. After 30 min, the animals were euthanized and, without previous perfusion, organs were immediately

collected and fixed in 4% paraformaldehyde for 24 h; following, the organs were dehydrated in a sucrose 30% solution for 24 h and

then embedded in Leica FSC 22 Clear compound and finally frozen. 25 mm thick serial sections of different lung lobes were cut using

Leica CM1520 cryostat. Sections were seeded on gelatin-coated glass slides, stained with DAPI as nuclear marker, and mounted

with DABCO mounting medium. Images were acquired with a AxioImager Z.2 wide field deconvolution upright microscopy setting

(Carlo Zeiss, Germany), equipped with Colibri 7 fluorescent LED illumination, motorized 3D scanning stage and Hamamatsu

ORCA-Flash 4.0 V3 Digital CMOS camera, set at 16 output bit depth. 2048x2048 pixel images were acquired with a 103 Plan

Apochromatic objective (NA 0.45), corresponding to 1.33 3 1.33 mm tissue area, encompassing a tissue volume of 0.045 mm3.

Each field was acquired with triple fluorescent light illumination to detect post-fixation DAPI nuclear staining of pulmonary tissue

and vital staining with CMTMR or CMTPX of injected human T lymphocytes. Spectral linear unmixing was automatically applied

to all images to remove overlapped spectral components and background auto-fluorescence. Green and red artificial colors were

assigned to all images to evidence LTTN1-silenced and control cells, respectively. Unmixed images were analyzed with Zeiss Intell-

esis AI automatic segmentation and ZEN 3.5 Image analysis modules.
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Flow cytometry on mouse blood and lungs homogenates
Human T lymphocytes, nucleoporated with a pool of four scrambled (control) or four LTTN1-specific siRNAs, were alternatively

labelled with CellTracker Green CMFDA (Thermo Fisher Scientific) Dye or CellTracker Blue CMAC Dye (Thermo Fisher Scientific).

3 x 106 control and 3 x 106 LTTN1-silenced cells were mixed in a total volume of 200 mL of PBS +5% FCS and co-injected in the

tail vein of adult C57BL/6J female mice. After 30 min, the mouse was anesthetized, 450 mL of blood was collected from the orbital

sinus and erythrocytes were allowed to sediment using 0.5% dextran. The supernatant containing the injected T lymphocytes was

analyzed by flow cytometry (MACSQuant Analyzer 10; Miltenyi Biotech). After blood collection, the lungs were also collected, cut into

small pieces with scissors, and put in 2 mL of freshly prepared digest solution (1 mg/mL Collagenase and 0.5 mg/mL DNase). The

sample was incubated at 37�C for 60 min in shaking to allow tissue digestion. Cells were washed, resuspended in FACS buffer,

filtered through a 70 mm cell strainer, and analyzed by flow cytometer (MACSQuant Analyzer 10; Miltenyi Biotech).

Intravital microscopy in muscle microcirculation
C57BL/6J mice were hosted as above and prepared according to previous studies.48–50 Briefly, animals were anesthetized with an

intraperitoneal injection of physiologic saline containing ketamine (5mg/mL) and xylazine (1mg/mL). For the injection of labelled cells,

the right common carotid artery was cannulated with a heparinized PE-10 polyethylene catheter pointed toward the aortic arch. The

skin was, then, reflected, and the pectoral muscle was bathedwith saline; a coverslip (243 24mm) was applied and fixedwith silicon

grease covering the pectoral muscle. Human T lymphocytes, nucleoporated with a pool of four scrambled (control) or four LTTN1-

specific siRNAs, were labelled with Acridine Orange (AO) 0.1 mg/mL, washed twice in PBS, and directly injected in the right carotid

with a digital pump (SP100; World Precision Instruments) at a flow rate of 1 mL/s. The procedure allowed the immediate arrival of

labelled cells into muscle microcirculation, without previous passage in the great circulation, preventing entering other organs before

imaging. Intravital imaging of striatemuscle preparations was donewith a AxioExaminer A1microscope, equippedwith Colibri 7 fluo-

rescent LED illumination (Carl Zeiss, Germany). Imaging was at 53 magnification (AN 0.16) with fluorescence set at 492 nm_533/

656 nm ex-em wavelengths. Digital movies were acquired with a Sony Alpha IV (ILCE-7M4) full frame (33 MP) camera allowing

high resolution (4K), high framerate (50 fps) color video recording. Recorded MP4 movies were converted to AVI MJPEG and quan-

titative frame-by-frame analysis was done with Fiji. The image analysis field corresponded to a tissue area of about 2 mm2. Four

different behaviors of circulating cells were scored, including: a-cells that very rapidly crossed the field, with no interactions with

the vascular wall; b-cells that very transiently (less than a sec.) interacted with the vascular wall; c-cells that interacted with the

vascular wall, eventually with a stop-and-go and/or entrapped behavior, but with no rear leakage of cell AO labeled content; d-cells

that interacted with the vascular wall, eventually with a stop-and-go and/or entrapped behavior, but manifesting a progressive rear

leakage of cell AO labeled content (see Figure 7J and Video S1). In agreement with the in vitro analysis in microfluidics (see above),

cell showing behavior (d) were scored as damaged cells and counted, along with all cells showing the other three different behaviors

when crossing the imaging field. Data were expressed as % of cells manifesting behavior (d) over total cells crossing the imaging

field. To calculate the hemodynamic parameters,83 the velocity of at least 10 consecutive freely flowing cells per venule wasmanually

measured with Fiji. Data were expressed as mean with SD (Table S4). The analysis showed no difference in the hemodynamic pa-

rameters between different animals (see Table S4). The supplemental video was edited with Apple iMovie.

QUANTIFICATION AND STATISTICAL ANALYSIS

Results are expressed as mean ± standard deviation (SD) or standard error of mean (SEM). Statistical significance was assessed by

two-tailed Student’s t-test or one-way analysis of variance (ANOVA) followed by post hoc Dunnett’s multiple comparisons test at the

95% confidence level. Significance threshold was set at p < 0.05 was considered statistically significant. All statistical analyses were

performed using GraphPad Prism 9 (GraphPad Software, Inc., San Diego, CA, USA).
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