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Abstract
Transendothelial migration (TEM) of neutrophils under blood flow is critical in the 
inflammatory cascade. However, the role of endothelial plasticity in this process 
is not fully understood. Therefore, we used an in vitro model to test the dynamics 
of human polymorphonuclear neutrophil (PMN) TEM across lipopolysaccharide- 
treated human umbilical vein endothelial cell (HUVEC) monolayers. Interestingly, 
shRNA- E- selectin knockdown in HUVECs destabilized endothelial junctional 
integrity by reducing actin branching and increasing stress fiber at cell– cell junc-
tions. This process is accomplished by downregulating the activation of cortactin 
and Arp2/3, which in turn alters the adhesive function of VE- cadherin, enhancing 
PMN transmigration. Meanwhile, redundant P- selectins possess overlapping func-
tions in E- selectin- mediated neutrophil adhesion, and transmigration. These results 
demonstrate, to our knowledge, for the first time, that E- selectins negatively regulate 
neutrophil transmigration through alterations in endothelial plasticity. Furthermore, 
it improves our understanding of the mechanisms underlying actin remodeling, and 
junctional integrity, in endothelial cells mediating leukocyte TEM.

K E Y W O R D S

cytoskeletal remodeling, endothelial integrity, E- selectin, neutrophil, transmigration

www.wileyonlinelibrary.com/journal/fsb2
mailto:﻿
mailto:﻿
mailto:zhangyan@imech.ac.cn
mailto:mlong@imech.ac.cn


2 of 15 |   HUANG et Al.

1 |  INTRODUCTION

Leukocyte transendothelial migration (TEM) is critical for 
the defense of exogenous infections and repair of injured tis-
sue. This multistep process is orchestrated by several families 
of cellular adhesion molecules, including selectins, integrins, 
and their ligands on the endothelium, which mediate tether-
ing, rolling, firm adhesion, and transmigration of circulating 
leukocytes.1 Selectins are known to mediate the initial inter-
actions of leukocytes with endothelial cells (ECs), slowing 
down the flow of leukocytes, also considered a prerequisite 
for integrin- mediated stable adhesion, and extravasation.2,3 
Both P-  and E- selectins are expressed in activated ECs.4 Once 
E- selectins are transcriptionally induced in ECs in response 
to inflammatory cytokines, such as interleukin- 1β (IL- 1β), 
tumor necrosis factor- α (TNF- α),5 and lipopolysaccharide 
(LPS),6 they bind different glycosylated ligands in leuko-
cytes, including P- selectin glycoprotein ligand- 1 (PSGL- 
1), CD44, and E- selectin ligand- 1 (ESL- 1).7,8 P- selectin is 
a transmembrane protein residing across the membranes 
of platelet granules and endothelial Weibel– Palade bodies 
within ECs. In response to inflammation and thrombogenic 
challenge, P- selectin rapidly translocates to the plasma mem-
brane, serving as a cell adhesion receptor, and contributes 
to the weak adhesion between both leukocytes and activated 
platelets or ECs.2

Functionally, as an adhesion molecule, E- selectins are 
mainly engaged in promoting leukocyte adhesion and extrav-
asation.9 For example, E- selectin can induce β2- integrin ac-
tivation through the Syk signaling pathway and promote the 
transmigration of polymorphonuclear neutrophils (PMNs).10 
In mice, the lack of E- selectin retains the number of roll-
ing leukocytes but reduces their stable arrest on cytokine- 
activated microvascular endothelium.8

Leukocyte extravasation is a complex multistep cascade 
that requires not only the activation of various adhesion 
molecules but also the remodeling of the actin networks 
in both leukocytes and ECs. Most leukocytes extravasate 
from circulation through the paracellular route by opening 
endothelial junctions at sites of inflammation.11– 13 In this 
process, ECs actively interact with migrating leukocytes in 
a complex cross- signaling network to support TEM of leu-
kocytes.14,15 Such cross- signaling leads to actin remodel-
ing and changes in junctional integrity.11 The endothelium 
junctions exhibit high plasticity and quickly respond to cer-
tain stimuli, such as fluid shear stress and inflammatory 
mediators.11,16 Maintenance of vascular barrier function 
depends on the integrity and stability of endothelial adher-
ence junctions (AJs) mediated by vascular endothelial cad-
herin (VE- cadherin).17 Phosphorylation of Tyr residues of 
VE- cadherin differentially regulates vascular permeability 
and the capacity of leukocytes to transmigrate across the 
endothelium.18

In addition to supporting the physical linkage of leuko-
cytes to the luminal surface of the endothelium, selectins play 
a role in signal transduction during leukocyte– endothelial in-
teractions. Leukocyte adhesion induces E- selectin clustering 
on ECs, which is partially dependent on Rho GTPase activ-
ity.19 Binding of E- selectin and its ligands activates signal-
ing via MAPK, ERK/Src, or MLC/p38 pathways in ECs.20,21 
Leukocyte adhesion to cytokine- activated human umbilical 
vein ECs (HUVECs), or antibody- induced cross- linking of 
EC surface E- selectins, results in the transmembrane link-
age of E- selectin to the endothelial cytoskeleton via its cy-
toplasmic domain.22 While it is both known that E- selectin 
connects to F- actin through actin binding proteins,22 and the 
actin cytoskeleton regulates the junctional integrity sepa-
rately,11,16 there is still no direct evidence on how E- selectins 
regulate the endothelial junction integrity to influence leuko-
cyte extravasation.

Therefore, we examined how E- selectin- induced actin re-
modeling in ECs contributes to PMN transmigration through 
E- selectin perturbations. Accordingly, the TEM dynam-
ics of PMNs were analyzed in a time- dependent manner. 
Furthermore, the correlation of endothelial integrity with the 
engaged actin- related protein 2/3 (Arp2/3) complex and cort-
actin has been discussed.

2 |  MATERIALS AND METHODS

2.1 | Reagents

PE- labeled antihuman CD62E (336008) antibodies (Abs), 
isotype- matched irrelevant LEAF purified mouse IgG1 
(400101), and purified rat IgG2a (400502) were obtained 
from BioLegend (San Diego, CA, USA). Mouse anti- 
human E- selectin (S9555) and anti- human Arp3 (A5979) 
monoclonal Abs, thymidine, heparin sodium, LPS, CK666, 
CK689, and DMSO were purchased from Sigma- Aldrich (St. 
Louis, MO, USA). Rabbit anti- cortactin phospho- specific 
[Tyr421] (44- 854G) and [Tyr466] (PA5- 38130) Abs were 
obtained from ThermoFisher Scientific (Waltham, MA, 
USA). Rabbit anti- VE- Cadherin (ab33168), anti- cortactin 
(ab81208), and anti- Arp2 (ab47654) Abs were purchased 
from Abcam (Cambridge, MA, USA). Medium 199, DMEM, 
trypsin, 4- (2- hydroxyethyl)- 1- piperazine ethanesulfonic acid 
(HEPES), and Dulbecco's phosphate- buffered saline (DPBS) 
were purchased from GE Healthcare Life Sciences (Logan, 
UT, USA). Amphotericin B was purchased from Amresco 
(Solon, OH, USA). Basic fibroblast growth factor (bFGF), 
rabbit anti- VE- cadherin phospho- specific [Tyr731] (NBP2- 
54766), and anti- human E- selectin (NBP1- 45545) Abs were 
obtained from R&D Systems (Minneapolis, MN, USA). 
Fetal bovine serum (FBS), MEM nonessential amino acids 
(MEM NEAA), and sodium pyruvate were obtained from 
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Gibco (Grand Island, NY, USA). RIPA buffer (9806), PMSF 
(8553), protease inhibitor (5871), and rabbit anti- human β- 
actin (12620) Abs were obtained from CST (Danvers, MA, 
USA).

2.2 | Neutrophil isolation and preparation

Whole human blood was obtained from healthy, unmedi-
cated donors, after informed consent, as approved by the 
Animal and Medicine Ethical Committee of the Institute 
of Mechanics, Chinese Academy of Sciences. Donors were 
randomized irrespective of sex and age. Briefly, PMNs were 
isolated from blood samples using the density gradient media 
Histopaque- 1119 and Histopaque- 1077 (Sigma- Aldrich, St. 
Louis, MO, USA), as described previously.10 Isolated PMNs 
were suspended in ice- cold DPBS and kept on ice until use. 
Collected cells were used within 3  hours of isolation, and 
cell density was determined using a hand- held cell counter 
(Scepter 2.0, Millipore, Germany).

2.3 | Cells culture and isolation

HUVECs (ATCC, Manassas, VA, USA) were cultured 
routinely as previously described.10 Cells from passage 4 
were plated on collagen- I- coated 35  mm glass- bottomed 
culture dishes (D35- 14- 0- N, Cellvis, Mountain View, CA, 
USA) to form a monolayer and then treated with 1  μg/ml 
LPS for 4 hours prior to cell transmigration tests. In some 
cases, HUVECs were pretreated with either 200 μM CK666 
or CK689 inhibitor, for 15  minutes and then washed with 
DPBS, before adding PMNs. The inhibitors, CK666 and 
CK689, were dissolved in DMSO, with the pure DMSO 
serving as control. Human embryonic kidney (HEK)- 293FT 
cells (ATCC, Manassas, VA, USA) were cultured in DMEM 
supplemented with 10% FBS, 1% NEAA, and 1 mM sodium 
pyruvate.

2.4 | shRNA transfection of E- selectin in  
HUVECs

A short hairpin RNA (shRNA) plasmid (ID: 
TRCN0000057790), delivered with a commercial lentiviral 
system (Sigma- Aldrich, St. Louis, MO, USA), was used for 
E- selectin knockdown in HUVECs. The scrambled and pack-
aging plasmids were kindly provided by Dr. J. Luo, Peking 
University, Beijing, China. HEK- 293FT cells were used for 
lentivirus preparation. For transfection, HEK- 293FT cells 
were seeded at 1 × 104 cells/cm2 in 2 mL culture medium, 
containing DMEM, 10% FBS, 1% NEAA, and 1 mM sodium 
pyruvate without penicillin and grown to 60% confluence. 

Opti- MEM was used to form a transfection complex contain-
ing fugenHD (Promega, Madison, WI, USA) and packaging 
plasmids, before dropwise addition to the cells. The suspen-
sion was then incubated for 12- 16 hours and replaced with 
DMEM supplemented with 30% FBS for 48 hours. The virus- 
containing supernatants were obtained and filtered through a 
0.45 μm filter. For infection, 500 μL virus- containing super-
natants, 500 μL complete medium, and polybrene (final con-
centration: 8 μg/mL) were added. HUVECs at passage 4 were 
then incubated in the virus- containing medium for 48 hours.

2.5 | Real- time PCR analysis

Total RNA was isolated from HUVECs using a commercial 
RNA extraction kit (Tiangen, Beijing, China) according to the 
manufacturer's instructions. The corresponding cDNA was 
obtained using a commercial kit, ReverTra Ace- a (Toyobo, 
Tokyo, Japan), with 1 μg of RNA (total volume: 20 μL per 
reaction). A reverse transcriptase- polymerase chain reaction 
was performed using a quantitative real- time amplification 
system (QuantStudio 7, ThermoFisher Scientific, Waltham, 
MA, USA) following the manufacturer's protocol. Briefly, 
10 μL amplification mixture per well was amplified as fol-
lows: denaturation at 95°C for 10  seconds, annealing at 
60°C for 30 seconds, and extension at 72°C for 30 seconds. 
The cycle time (Ct) values obtained were used to quantify 
the relative expression of the genes of interest. The primer 
sequences used for the qPCR tests of related adhesion mol-
ecules are listed in Table S1. GAPDH was used as an internal 
control. The fold change of the target genes in all cases was 
calculated and presented as relative expression values.

2.6 | Live cell imaging and 
transmigration assay

Cells were grouped into either intact cell lines with no 
transfection or infected cell lines with scramble- plasmid 
(scr) or shRNA- E- selectin knockdown (shE- sel) transfec-
tion. After LPS treatment, the intact and infected HUVEC 
monolayers were washed twice with DPBS at 37°C and 
replaced with fresh media or treated with CK666, CK689, 
or DMSO, as described above. A total of 5 × 105 isolated 
PMNs were added to the HUVEC monolayer and allowed 
1– 2 minutes to adhere before imaging. Time- lapsed differ-
ential interference contrast (DIC) imaging was captured at 
30 seconds intervals for 1 hours using an IX81 automatic in-
verted microscope (Olympus, Tokyo, Japan) equipped with 
an electron- multiplying charge- coupled device camera (iXon 
Ultra 897, Andor, UK). The experiments were conducted 
in a custom- made heating device, with temperature control 
(37 ± 0.5°C) and 5% CO2 supply, during live cell imaging. 
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PMN transmigration was identified by visualizing the bright-
ness change from the DIC images. The ratio of PMN trans-
migration was calculated by dividing the number of PMNs 
transmigrated per 5  min, by the total number of adhered 
PMNs in the field- of- view, at t = 45 minutes.10 At 45 min-
utes, nearly all the PMNs in the focal plane adhered to the 
HUVEC monolayer, providing a stable baseline to estimate 
the PMN transmigration ratio.

2.7 | AFM test

A dimension icon atomic force microscope (AFM) (Bruker, 
BioScope Catalyst, Billerica, MA, USA) operated in 
PeakForce Quantitative Nanomechanics (QNM) mode, was 
employed to collect the topographical and modulus images 
of the HUVEC monolayer as previously described.23,24 
Briefly, the QNM- Live Cell (PFQNM- LC) probes (Bruker 
AFM Probes, Camarillo, CA, USA) were used with a spring 
constant of 0.07 N/m, tip length of 17 μm, and tip radius of 
65 nm. The scanning size was 100 × 100 μm2 with a resolu-
tion of 256 × 256 pixels, and the entire surface of a HUVEC 
cell was scanned point- by- point to obtain the individual elas-
tic modulus values, at an indentation depth of 400– 500 nm. 
All experiments were performed with ≥3 independent re-
peats at 25°C. A HUVEC cell was divided into two regions 
of the cell body, and cell periphery, in the height image. 
Average Young’s modulus is calculated as the mean of the 
values at each point in the region. Data were analyzed using 
Nanoscope Analysis Version 1.8 (Bruker, Santa Barbara, 
CA, USA).

2.8 | Western blotting

After 4  h of LPS treatment, infected HUVEC monolayers 
were incubated with PMN for 30  minutes, washed in cold 
DPBS, and lysed in a 10 cm plate with 400 μL buffer, contain-
ing 20 mM Tris- HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 
1  mM EGTA, 1% sodium deoxycholate, 2.5  mM sodium 
pyrophosphate, 1 mM β- glycerophosphate, 1 mM Na3VO4, 
1  µg/mL leupeptin, 1% nonyl phenoxypolyethoxylethanol 
(NP- 40) with PMSF, and protease inhibitor. Cell lysates were 
collected and kept on ice for 30 minutes before centrifugation 
at 14 000 ×g for 8 minutes at 4°C. The supernatants were then 
collected and denatured at 95°C. Samples were separated by 
SDS- PAGE, transferred to PVDF membranes and incubated 
with primary Abs overnight. Afterwards, the membranes 
were incubated with secondary Abs for 1  hours at 25°C 
and proteins visualized using enhanced chemiluminescence 
(Bio- Rad, Hercules, CA, USA, 170- 5060). The following 
primary Abs were used: anti- E- selectin (1:1000), cortactin 
(1:1000), anti- VE- cadherin (1:1000), anti- β- actin (1:2000), 

anti- GAPDH (1:2000), anti- cortactin phospho- specific 
[Tyr421] (1:500), anti- cortactin phospho- specific [Tyr466] 
(1:1000), and anti- VE- cadherin phospho- specific [Tyr731] 
(1:1000). For the quantification of protein phosphorylation 
level, fold change of the target protein is presented as relative 
expression values between the scr and shE- sel HUVECs with 
GAPDH used as the internal reference.

2.9 | Proximity ligation assay

Proximity ligation assay (PLA) was performed with the 
Duolink In Situ Detection Reagents Red DUO9210 (Sigma- 
Aldrich, St. Louis, MO, USA), according to the manufac-
turer's instruction. Briefly, PMNs were added to the HUVEC 
monolayers after 30  minutes, washed with DPBS, fixed in 
4% PFA for 15  minutes at 25°C, permeabilized with 0.1% 
Triton X- 100 (w/v) for 15  minutes, and then blocked with 
PBS/BSA for 60 minutes at 37°C. Primary Abs were diluted 
with Ab diluent and added to the samples. After overnight 
incubation at 4°C, two PLA probes were diluted 1:5 and 
incubated with samples for 60  minutrs at 37°C, followed 
by the ligation mix incubation for 30 minutes at 37°C, and 
then the amplification mix was incubated for 100 minutes at 
37°C. Finally, Duolink In Situ Mounting Medium with DAPI 
was used to mount the samples for 15 minutes. The samples 
were analyzed using a confocal laser scanning microscope 
(LSM880, Zeiss, Oberkochen, Germany), while PLA signals 
were visible as fluorescent dots.

2.10 | Immunofluorescence 
staining and imaging

For immunostaining, intact or infected HUVEC monolayers 
pretreated with LPS were washed, fixed, and immunostained, 
as previously described.10 The primary Abs were diluted and 
added to the samples, followed by incubation overnight at 
4°C. Secondary Abs in blocking buffer were added and in-
cubated for 1 hours at 37°C. The stained samples were then 
stored at 4°C for imaging by confocal microscopy. Collected 
images were analyzed using ImageJ Version 1.53c software 
(National Institute of Health, Bethesda, MD, USA).

Morphological analysis of cell- cell junctions was con-
ducted for confluent HUVEC monolayers stained with VE- 
Cadherin. Three morphological categories were defined: 
straight, finger, and reticular junctions, as reported in the lit-
erature.25 Briefly, a total of 12- 15 images were collected in 
each case. Junctions were identified using a pre- set 20 μm2 
patch in each image, while counting the amount of times a 
category appears. The percentage of patches per image was 
estimated as the ratio of patches per category to the total num-
ber of patches, and the mean percentage was averaged for all 
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images in that case. This analysis was performed in a manual, 
blinded fashion. For actin network analysis at cell junctions, 
F- actin stained images were opened in ImageJ, and the plugin 
Fibriltool was used to obtain the value of actin anisotropy, for 
evaluating the organized configuration of actin fibers.26 The 
estimated values ranged between 0 and 1, with 0 denoted as 
disordered (isotropic) structures and 1 to completely ordered 
(anisotropic) structures.

2.11 | Determination of the rate of 
lamellipodium protrusion

For living- cell staining, the HUVEC monolayers were in-
cubated with both 0.5  μM SiR- actin (Spirochrome Kit, 
Cytoskeleton, Denver, CO, USA),27 to label the F- actin, and 
10 μM Verapamil to further enhance the F- actin signal, for 
4 hours at 37°C. The intact or infected HUVEC monolayers 
were then washed twice with DPBS at 37°C and replaced 
with fresh media supplemented with CK666, CK689, or 
DMSO, as described above. Live cell imaging of fluorescent 
HUVECs was conducted by confocal laser scanning micro-
scope (LSM880, Zeiss, Oberkochen, Germany) with 63× 
(1.35 NA) oil- immersion objective at 37°C, with 5% CO2 
for 5 minutes at 2  seconds intervals. Zen software Version 
2.3 lite (Carl Zeiss, Gottingen, Germany) was used for image 
acquisition and analysis. Kymographs were generated using 
ImageJ software along the lamellipodia moving direction 
(Figure S1A,B). The target regions with lamellipodia appear-
ance at each time point were pasted next to each other along 
the y- axis.28 Protrusion rates were then determined based on 
the resulting kymograph in a time- lapsed series by measuring 
the distance of lamellipodia tips (x- axis) over time (y- axis).

2.12 | Scratch wound assay

Infected HUVEC monolayers were seeded in six- well plates 
till confluence and then wounded by scraping with a sterile 
pipette tip along the center of each monolayer. The wounded 
monolayers were then washed with PBS to remove the de-
tached cells and cultured in medium containing 2% FBS for 
12 hours. Images were captured using a phase- contrast mi-
croscope (Olympus, Tokyo, Japan), either immediately or 
12 hours after wounding. The healing percentage was deter-
mined by calculating the ratio of the wounding distance at 0 
and 12 hours using ImageJ software.

2.13 | Flow cytometry analysis

Intact or infected HUVECs were pretreated with LPS for 
4 hours, detached using 0.25% trypsin and incubated with 

PE- anti- E- selectin or isotype- matched irrelevant Abs in DPBS 
buffer on ice for 45 minutes. After washing, HUVECs were 
resuspended in DPBS and analyzed using a FACSCalibur cy-
tometer (BD Biosciences, NJ, USA).

2.14 | Statistical analysis

All experiments were performed in triplicate, and the data are 
presented as the mean ± SE. For statistical tests, Prism soft-
ware Version 6.02 (GraphPad Software, CA, USA) was used. 
Statistical differences were assessed with unpaired two- tailed 
Student's t test between paired data or one- way ANOVA fol-
lowed by Tukey's post hoc test for grouped data. Values of 
P < .05 were considered statistically significant.

3 |  RESULTS

3.1 | shRNA E- selectin transfection 
enhanced PMN transmigration on HUVEC 
monolayer.

To explore the roles of E- selectins on ECs in TEM of adhered 
PMNs, E- selectin expression in HUVECs monolayers was 
knocked down via shRNA transfection. The data indicated 
that E- selectin mRNA levels were significantly reduced by 
shE- sel transfection compared to scr transfection, while the 
adhesion molecules, P- selectin, ICAM- 1, and VCAM- 1, 
remained unchanged (Figure 1A). E- selectin expression in 
HUVECs was further tested by flow cytometry, western blot-
ting, and immunostaining (Figure 1B- D). The shE- sel trans-
fection reduced E- selectin expression in HUVECs, while 
similar expression was observed between intact (4 h- LPS 
stimulation without infection) and scr cells, and the expres-
sion in all of these was higher than that seen in the negative 
control without LPS stimulus (Figure 1B). These observa-
tions were further confirmed by western blotting (Figure 1C) 
and immunostaining (Figure 1D). Here, 4 h- LPS stimulation 
to HUVECs was used to mimic the enhanced E- selectin ex-
pression in the inflammatory cascade.10 The total E- selectin 
expression and E- selectin fluorescence intensity was de-
creased in shE- sel compared with scr HUVECs. Thus, these 
results provide an in vitro EC model to elucidate the effects 
of E- selectin on the regulation of TEM dynamics of PMNs.

To test the TEM dynamics, PMNs were added to an in-
tact or infected HUVEC monolayer pre- treated with LPS 
for 4  hours. The TEM time courses of PMNs were then 
visualized for 60  minutes (Figure 1E). The results indi-
cated a transient increase in PMN TEM up to 60 minutes. 
Furthermore, the TEM ratio on shE- sel HUVECs was sig-
nificantly higher (~0.3 at 60  minutes) than scr or intact 
HUVECs (~0.2 at 60 minutes) (Figure 1E). Optical images 
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illustrated the three morphological cases of individual 
neutrophils undergoing TEM (white arrows) (Figure 1F). 
These data suggest that E- selectin on HUVECs negatively 
regulates TEM dynamics of PMNs. Moreover, these ob-
servations are not attributed to cell infection itself since 
no difference in TEM ratio was observed between scr and 
intact cells.

3.2 | E- selectin knockdown enlarged 
intercellular gap and reduced elastic moduli at 
cell- cell junction on HUVEC monolayer

We first tested the effects of E- selectin knockdown on actin 
remodeling. Here, F- actin staining (Figure 2A) for the shE- 
sel HUVEC monolayer showed an increase in actin filaments 

F I G U R E  1  shRNA infection reduced E- selectin expression and enhanced transendothelial migration (TEM) of polymorphonuclear neutrophils 
(PMNs) on human umbilical vein endothelial cell (HUVEC) monolayer. A, mRNA expressions of E-  and P- selectins, ICAM- 1, and VCAM- 1, on 
4 h- LPS treated, scr or shE- sel HUVECs. Data were obtained by qPCR and normalized to the scr cells. E- selectin expression decreased in HUVEC 
monolayer examined by (B) flow cytometry analysis, (C) western blotting, and (D) immunostaining. Cells incubated with isotype- matched Abs 
were used as control in flow cytometry and immunostaining. E, Time courses of PMN TEM ratio on shE- sel, scr, or intact HUVEC monolayer. 
Data were obtained from at least three repeats and presented as the mean ± SE (shadow bands). *P < .05, and #P < .05, compared with either scr or 
intact controls, respectively. F, Typical images of an in vitro PMN TEM assay in three cases. White arrows indicated the individual PMNs that are 
undergoing TEM
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and stress fibers (actin bundles) along the junction, and a de-
crease in branched actin networks with high F- actin anisot-
ropy (Figure 2B), compared to scr HUVECs with disorderly 
F- actin structures (Figure 2A), and low F- actin anisotropy 
(Figure 2B), implying that E- selectin knockdown induced 
actin remodeling.

Second, to characterize the E- selectin- induced inter- 
endothelial junction integrity, the size of the intercellular 
gap on the shE- sel or scr HUVEC monolayer was further 
estimated— since gap formation and closure are regulated 

by cytoskeletal dynamics.29 The gaps on shE- sel or scr 
HUVEC monolayers can clearly be seen in Figure 2A. The 
average gap area on shE- sel HUVECs (16.5 ± 0.8 μm2) was 
significantly higher than scr HUVECs (13.8 ± 0.7  μm2) 
(Figure 2D), indicating increased loss of junctional in-
tegrity. VE- cadherin staining in shE- sel HUVECs further 
revealed morphological changes in junctional integrity 
(Figure 2A,F). To elaborate on the differences in junctional 
morphology, three categories of straight, finger, and re-
ticular junctions were defined from the literature (Figure 

F I G U R E  2  E- selectin knockdown lowered the integrity of human umbilical vein endothelial cell (HUVEC) monolayer. A, Localization 
of vascular endothelial (VE)- cadherin and F- actin from immunofluorescence staining. The gap between two neighboring cells was defined as 
previously reported.51Red arrows indicated the gaps at cell- cell junctions. B, F- actin anisotropy estimated for scr (n = 75) and shE- sel (n = 54) 
cells. For definition, see the Materials and Methods. C, Global or local elastic moduli of scr or shE- sel HUVEC monolayer. Height (first column), 
topography (second column), and modulus (third column) images of scr or shE- sel HUVEC monolayer were obtained using PFQNM- LC probes 
in QNM mode. Individual cell was segregated into two regions by plotting an arbitrary line in the height image (white lines in first column) and 
defining the cell body as the region with height ≥1 μm and the cell periphery as the one with height <1 μm (red lines in fourth column). Each panel 
is 100 × 100 μm2. D, Quantification of inter- endothelial gap areas for scr (n = 318) or shE- sel (n = 389) gaps from 90 to 100 interconnected cells. 
E, Regional elastic moduli of cell body and cell periphery. Data were collected from a total of 36– 46 randomly selected regions of the acquired 
images (see the Materials and Methods) and presented as the mean ± SE. F, Typical vascular endothelial (VE)- cadherin staining for scr and shE- sel 
HUVEC monolayers. G, Representative patches used for manual classification of adherence junctions in three categories: straight, fingers, and 
reticular junctions. H, Morphological analysis of VE- cadherin- labeled patches on scr (n = 441) or shE- sel (n = 428) cells. Data in (B), (D), (E), and 
(H) were presented as the mean ± SE from at least three repeats and compared using a t test. *P < .05, ***P < .001, ****P < .0001
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2F,G).25 Analyses indicated that E- selectin knockdown led 
to an increase in straight junctions and a decrease in reticu-
lar junctions in shE- sel HUVECs compared to those in scr 
HUVECs (Figure 2H). Since straight junctions are associ-
ated with actin filaments and stress fibers,16 reticular junc-
tions correspond to actin branching and junction- associated 
intermittent lamellipodia (JAIL) formation,16,25,30 and the 
fingers are polarized structures to direct collective cell 
migration31; these observations infer E- selectin as essen-
tial for actin branching. In fact, actin branching defects 
induced by E- selectin knockdown increased the actin bun-
dle and decreased the reticular junction formation in shE- 
sel HUVECs, resulting in an increased loss of junctional 
integrity.

Moreover, actin remodeling and junctional integrity of 
ECs govern the mechanical features of the entire endothe-
lium, while leukocytes probe the underlying endothelium 
by extending invadosome- like protrusions into its surface.32 
We thus quantitated the effects of E- selectin knockdown on 
the biomechanical properties of cell– cell junctions. A QNM 
mode of AFM was used to simultaneously examine the 
height, topography and elastic modulus of the live HUVEC 
monolayer (Figure 2C). Here, the profiles of HUVEC height 
and topography were used to segregate the main body and the 
peripheral region of a single cell. The measured elastic mod-
uli revealed significant differences in the cell periphery of 
shE- sel and scr HUVECs, with a dramatic decrease in elastic 
moduli at the periphery of shE- sel cells (Figure 2E). Taken 
together, these results indicated that E- selectin knockdown 
could enlarge the intercellular gap and reduce the peripheral 
moduli of the HUVEC monolayer.

3.3 | E- selectin- induced TEM of PMNs 
attributed to Arp2/3 complex- mediated 
lamellipodia protrusion and junction formation

Arp 2/3 is a key regulator in rapid actin branching, contribut-
ing to the formation and protrusion of lamellipodia,33,34 and 
driving the actin assembly to promote JAIL formation and 
gap repair between cells.16,35 Thus, it is hypothesized that E- 
selectin is also involved in Arp 2/3- mediated intercellular re-
modeling, which in turn regulates the TEM of PMNs. Similar 
time courses of transient TEM of PMNs were found in all 
six cases of infected HUVECs in the presence or absence 
of Arp 2/3 inhibition (Figure 3A,B). Interestingly, treating 
scr HUVECs with the Arp 2/3- specific inhibitor, CK666, 
increased the TEM compared with the addition of the inac-
tive analog, CK689, and vehicle control DMSO (Figure 3A). 
In contrast, adding CK666 to shE- sel HUVECs had no ef-
fect on the TEM (Figure 3B), possibly due to the weakened 
linkage of E- selectin- Arp2/3 in shE- sel cells. Alternatively, 
Arp2/3- mediated actin branching is necessary for retaining 

the mechanical properties of the endothelium. AFM was also 
used to measure the elastic moduli of intact HUVECs after 
Arp 2/3 inhibition (Figure 3C,D). Again, adding CK666 dra-
matically decreased the elasticity of the entire HUVEC mon-
olayer, especially at the periphery (Figure 3D), even with 
similar cell height and topography (Figure 3C), indicating 
that Arp2/3- mediated actin branching is required to provide 
mechanical support to the endothelium.

Actin remodeling also governs endothelial junctional in-
tegrity. Compared to cells treated with the inactive analogues, 
CK689 and DMSO, F- actin in CK666- treated HUVECs 
showed increased actin bundles (Figure 3E), F- actin anisot-
ropy (Figure 3F), and decreased branched network (Figure 
3E). Quantitative analysis also indicated that the gap area 
was dramatically increased by CK666 treatment (18.2 ± 
0.8  μm2) compared to the inactive analogues, CK689 and 
DMSO (14.5 ± 0.5 μm2 and 14.4 ± 0.5 μm2, respectively) 
(Figure 3G), consistent with the enlarged gaps by CK666 
treatment (Figure 3E). VE- cadherin staining further revealed 
that CK666 treatment decreased the occurrence of reticular 
junctions and increased the formation of straight junctions, 
whereas there was no difference between CK689 and DMSO 
treatments (Figure 3H,I). Interestingly, CK666 treatment in 
intact HUVECs reduced the occurrence of reticular junctions 
(42 ± 2%) (Figure 3I) to the same level in shE- sel HUVECs 
without CK666 treatment (44 ± 2%) (Figure 2H), implying 
similar effects of E- selectin knockdown and actin depolymer-
ization in the occurrence of reticular junctions.

Moreover, lamellipodia dynamics were examined to con-
firm the role of E- selectin and Arp2/3 in governing EC barrier 
integrity. Time- lapsed imaging for living- cell labeled SiR- 
actin indicated that E- selectin knockdown slowed lamellipo-
dia movement compared with the scr group (Figure S1A). 
Accordingly, the rate of lamellipodia protrusion dramatically 
decreased after E- selectin knockdown (1.56  μm/min) com-
pared with scr cells (2.89  μm/min) (Figure S1C,D,H). This 
decrease in lamellipodia movement may attenuate junctional 
recovery. Importantly, these observations on lamellipodia dy-
namics were consistent with the results of the wound scratch 
assay, showing smaller healing percentage in shE- sel HUVECs 
compared with scr HUVECs (Figure S2). Taken together, 
these findings indicated that E- selectin knockdown- induced 
actin remodeling significantly decreased lamellipodia move-
ment and the ability to maintain junctional integrity (or restore 
the endothelial barrier), promoting PMN transmigration.

Furthermore, CK666 treatment dramatically slowed 
lamellipodia movement compared with CK689 and DMSO 
treatment (Figure S1B). Kymograph analysis indicated 
slower lamellipodia dynamics in the case of CK666 treatment 
(Figure S1E- G). In accordance with this observation, the rate 
of lamellipodium protrusion was significantly decreased by 
CK666 treatment (1.31  μm/min), compared to its inactive 
analog, CK689 and DMSO control (2.76 and 2.58 μm/min, 
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respectively) (Figure S1I). Collectively, these results indi-
cated negative regulation of E- selectin on TEM of PMNs, 
attributed to Arp2/3- mediated actin remodeling, and lamelli-
podia dynamics at the cell– cell junction.

3.4 | E- selectin activated Arp2/3 complex 
via cortactin pathway

Cortactin is a multidomain scaffold protein involved in 
cortical actin assembly, dynamic actin rearrangement,36 in 

which its N- terminal domain binds and stabilizes the Arp2/3 
complex, and F- actin.37 Cortactin also binds to ICAM- 1 
and E- selectin on ECs, with subsequent phosphorylation by 
Src family kinases.22 As both E- selectin and cortactin are 
crucial for leukocyte TEM via regulating EC cytoskeletal 
remodeling, we hypothesized that cortactin may be a criti-
cal linker of E- selectin integration to cytoskeletal remode-
ling of ECs, thereby regulating TEM of PMNs. Thus, we 
first tested the phosphorylated level of cortactin in infected 
HUVECs treated with PMNs. E- selectin knockdown low-
ered the cortactin phosphorylation at Tyr 466 and Tyr421 

F I G U R E  3  E- selectin regulated PMN transmigration via Arp2/3 complex. Effects of Arp2/3 inhibition on the transendothelial migration 
(TEM) of polymorphonuclear neutrophils (PMNs) across scr (A) or shE- sel (B) human umbilical vein endothelial cell (HUVEC) monolayer. Data 
were obtained from at least three repeats and presented as the mean ± SE (shadow bands). #P < .05 and *P < .05, compared with CK689 and 
dimethyl sulfoxide (DMSO) controls, respectively. Effects of Arp2/3 inhibition (C, D) in elastic moduli of intact HUVECs at cell– cell junction. 
Data were collected from a total of 31- 43 randomly selected regions of the acquired images (see the Materials and Methods) and presented as 
the mean ± SE in D. (E, F, G) F- actin distribution and junctional gap presence in Arp2/3- inhibited HUVEC monolayer. F- actin anisotropy was 
estimated for DMSO (n = 70), CK689 (n = 63), and CK666 (n = 56) cases (F). Red arrows indicated the gaps at cell– cell junctions (E), and total 
527- 700 gaps of 90- 100 interconnected HUVEC cells were collected (G). Regulation of Arp2/3 complex in the formation of adherence junctions 
(H, I). Morphological analysis of vascular endothelial (VE)- cadherin- labeled patches by CK666 (n = 324), CK689 (n = 380), and DMSO (n = 356) 
treatment (I). Data were obtained from at least three repeats and presented as the mean ± SE in D, F, G, and I, ***P < .001, ****P < .0001. In all the 
panels, CK666 is an Arp2/3- specific inhibitor, while CK689 served as inactive analogue and DMSO as vehicle control
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sites (Figure 4A,B), confirming the cortactin involvement in 
PMN transmigration. Next, PLA was used to visualize the 
in situ protein– protein interplay among E- selectin, cortactin, 
and Arp2/3. Technical specificity was first validated, where 
no PLA signals were detectable when an irrelevant IgG was 
paired with a specific antibody against E- selectin, cortactin, 
or Arp2/3 (Figure S3). Interestingly, PLA signals tended to 
accumulate at PMN adhesion sites (Figure 4C- E), indicat-
ing the interplay of multiple E- selectin- cortactin, cortactin- 
Arp2/3, and E- selectin- Arp2/3 pairs, around the sites. As 
expected, these interactions were significantly weakened by 
E- selectin knockdown (Figure 4F). Collectively, these data 

indicated that E- selectin knockdown reduces the function of 
Arp2/3- mediated cell– cell junction remodeling via cortactin 
engagement.

3.5 | Kinetic analysis of PMNs during TEM

PMN transmigration in vivo is a dynamic process, and its 
kinetic features are key to the underlying functions. Our in 
vitro data indicated that the TEM time courses of PMNs ex-
hibited a transient increase in the TEM ratio without reaching 
a plateau within the 60 min observation window (Figures 1E 

F I G U R E  4  E- selectin manipulated Arp2/3 localization via associated cortactin. Immunoassay of phosphorylated Tyr466 and Tyr421 of 
cortactin (A) and their quantifications of the phosphorylation level (B) in 4 h LPS-  and 30 minutes polymorphonuclear neutrophil (PMN)- treated 
scr or shE- sel human umbilical vein endothelial cell (HUVEC) monolayers. Data of at least three repeats were normalized to intact HUVECs 
and presented as the mean ± SE and compared using a t test. *P < .05. Typical images of in situ proximity ligation assay (PLA) for the paired 
E- selectin- cortactin (C), cortactin- Arp2/3 (D), and E- selectin- Arp2/3 (E) interplay in scr or shE- sel HUVEC monolayer. Three paired primary Abs 
were used separately: mouse anti- E- selectin and rabbit anticortactin, rabbit anticortactin and mouse anti- Arp3, or mouse anti- E- selectin and rabbit 
anti- Arp2 Abs. Two anti- Arp2/3 Abs raised from different species were used due as per requirement in PLA tests. Nuclei were stained with DAPI 
(blue). Quantification of dispersed red dots in C– E (F). Data were collected from at least three repeats from a total of 21– 41 cells and presented as 
the mean ± SE. *P < .05
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and 3A,B). Thus, an exponential equation was proposed to 
conduct further kinetics analysis:

where y(t) is the TEM ratio at time t, y∞ denotes the plateau 
value of the TEM ratio, and τ is the characteristic time point to 
reach the value of y∞(1−1/e). For each case, fitting correspond-
ing y- t curves using Equation (1) returned the estimated (y∞, τ) 
value, and averaging all the paired (y∞, τ) values from multiple 
repeats yielded its mean ± SE. Fitting these parameters enabled 
estimation of the plateau value and the characteristic TEM time 
scale of PMNs, representing PMN transmigratory capacity and 
kinetic rate, respectively. Data sets with either TEM < 0.1 or 
relative coefficient R2 <  0.5 were excluded (6.1%– 31.6% of 
total data sets) for comparisons among different cases, assuring 
that the reliability of comparisons are maintained for the major-
ity of data sets.

The above fitting indicated that the plateau value y∞ was 
dramatically increased by E- selectin knockdown (0.52) com-
pared to scr (0.41) and intact HUVECs (0.36) (Figure 5A). 
y∞ was highly enhanced in scr HUVECs after treatment with 
the Arp2/3 inhibitor, CK666 (0.57), compared with the inac-
tive analog CK689 (0.35), and vehicle control DMSO (0.36), 
however, remained indifferent among the three treatments 
for shE- sel HUVECs (Figure 5B). Accordingly, these esti-
mations collaborated the consistency of the TEM ratio with 
measured values (Figures 1E and 3A,B) and predicted the 
plateau values of the TEM ratio.

In contrast, the estimated τ values were similar among the 
different cases. Specifically, τ was 48.2, 44.0, and 45.0 min-
utes, for shE- sel, scr, and intact HUVECs, respectively 
(Figure 5C). Treating with CK666, CK689, or DMSO, re-
turned 49.6, 45.0, and 42.8 minutes, for scr HUVECs, and 
45.3, 47.7, and 47.6 minutes, for shE- sel HUVECs, respec-
tively (Figure 5D). These comparable τ values could be due 
to E- selectin knockdown or treating scr ECs with Arp2/3 
inhibitor, inducing faster dynamics of PMN transmigration, 
since the time to reach the enhanced TEM capacity is similar 
(ie, y(τ) = y∞(1−1/e)) in both treatments.

3.6 | P- selectin played a complementary 
role in mediating PMN TEM on shE- sel 
HUVEC monolayer

Both E-  and P- selectins on HUVECs can activate β2- integrins 
on PMN, thereby promoting PMN transmigration, while the 
two selectin– ligand pairs play complementary and competi-
tive roles.10,38 Thus, it is possible for P- selectins to take over 
the functions of activating β2- integrins when E- selectin is 
knocked down to initiate PMN transmigration. To test this, 
we applied a blocking assay to test the engagement of P- 
selectins. Adding anti- P- selectin Abs G1 reduced the TEM 
of PMNs in shE- sel HUVECs (Figure 6B), while no effects 
were observed in scr HUVECs (Figure 6A), implying partial 
P- selectins “takeover of E- selectins” role in mediating PMN 
transmigration in shE- sel HUVECs. Moreover, no differences 

(1)y (t) = y∞ {1 − exp (− t∕�)}

F I G U R E  5  Kinetic analysis of polymorphonuclear neutrophils (PMNs) during transendothelial migration (TEM). Time courses of TEM ratio 
in Figures 1E and 3A,B were fitted by an exponential equation, y(t) = y∞{1 − exp(−t/τ)}. Estimated plateau value y∞ (A,B) and characteristic time 
τ (C,D) from individual fitting in each case, with at least three repeats, were lumped and presented as the mean ± SE. ***P < .001
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were found in the number of adhered PMNs on shE- sel and 
scr HUVECs (Figure S4), indicating a complementary role 
of P- selectins in mediating PMN adhesion when E- selectins 
were knocked down. Again, fitting Equation (1) with cor-
relating TEM time courses indicated a dramatic decrease in 
the plateau value y∞ by G1 blocking in shE- sel HUVECs 
(0.35), compared to nonblocking shE- sel HUVECs (0.52) 
while yielding comparable values for scr HUVECs (Figure 
6C). The estimated characteristic time τ retained similar val-
ues in all cases (44.0– 50.0 min) (Figure 6D). These results 
indicated that P- selectin overlapped the function in promot-
ing the TEM of PMNs when E- selectin was knocked down.

4 |  DISCUSSION

ECs have long been considered a passive barrier when leu-
kocytes extravasate from the bloodstream into the underlying 
tissue. In fact, leukocyte TEM possesses active crosstalk be-
tween leukocytes and ECs under inflammatory conditions.35 
ECs are able to actively interact with migrating leukocytes in 
a complex cross- signaling network to support TEM of leuko-
cytes.14,15 Such cross- signaling is engaged in cellular adhe-
sion molecules on the cell surface, and intracellular signaling 
molecules for actin remodeling, and junctional integrity.11 
Meanwhile, increased E- selectin expression in activated ECs 
is known to promote PMN extravasation, by increasing PMN 
adhesion and increasing EC permeability. In this study, we 

unexpectedly found that E- selectin knockdown upregulates 
TEM of PMNs with higher and faster dynamics by Arp2/3- 
mediated actin remodeling, and lamellipodia formation at the 
EC side, which in turn downregulates the adhesive function 
of VE- cadherin, and subsequent junctional integrity. This 
process is positively correlated with cortactin phosphoryla-
tion and Arp 2/3 activation, resulting in increased actin bun-
dles, and decreased reticular junctions. We have proposed a 
working model to illustrate the roles of Arp2/3-  and cortactin- 
mediated endothelial actin remodeling and junctional integ-
rity in mediating the TEM of PMNs (Figure 7).

In contrast to existing evidence that cytokine- induced 
E- selectin upregulation in ECs usually promotes TEM of 
PMNs,8– 10,39 our novel finding shows that E- selectin knock-
down on HUVECs dramatically increases transmigration of 
adhered PMNs (Figure 1E). This is not due to the capacity 
of PMN adhesion, since no differences were found in the 
number of adhered PMNs on shE- sel and scr HUVEC mono-
layers (Figure S4). Therefore, in the absence of E- selectin, 
active adaptation of cellular adhesion molecules occurs from 
the EC side (not the PMN side), to continue its function in 
adhesion of PMNs.38 One example is the potential function 
of P- selectins on ECs, since blocking P- selectin via antibody 
G1 significantly decreases PMN transmigration in shE- sel 
to the same level as scr HUVECs (Figure 6), partially sup-
porting the above hypothesis. Notwithstanding, E- selectin 
knockdown reduces Arp2/3- mediated junctional integrity via 
cortactin, with increased intercellular gap area, and decreased 

F I G U R E  6  Complementary roles of P- selectin for polymorphonuclear neutrophils (PMNs) during transendothelial migration (TEM). Effects 
of anti- P- selectin blocking antibody G1 on the TEM of PMNs across scr (A) or shE- sel (B) human umbilical vein endothelial cell (HUVEC) 
monolayer. Data were obtained from at least three repeats and presented as the mean ± SE (shadow bands). *P < .05. Time courses of TEM ratio 
in A and B were fitted by an exponential equation, y(t) = y∞{1 − exp(−t/τ)}. Estimated plateau value y∞ (C) and characteristic time τ (D) from 
individual fitting in each case, from at least three repeats, were lumped and presented as the mean ± SE. **P < .01
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reticular junction, indicating that E- selectin knockdown low-
ers physical barriers for TEM of PMNs. Thus, the presence of 
E- selectins on the surface of ECs regulates PMN transmigra-
tion in a “double- edged sword” manner between retaining en-
dothelial integrity and supporting PMN adhesion. Since the 
former hinders, but the latter favors the TEM of PMNs, the 
final outcome of E- selectin engagement is governed by the 
competition between these two functions. The evidence from 
this study would strongly suggest that its roles in reducing 
endothelial junction integrity are dominant.

PMN extravasation is related to the phosphorylation 
of VE- cadherin at different sites, for example, the roles of 
Tyr731 dephosphorylation in the integrity of endothelial 
junctions.11,18 To address this issue, western blotting was 
conducted to check the expression of VE- cadherin and its 
dephosphorylation at Tyr731. Intriguingly, E- selectin knock-
down had no effect on Tyr731 phosphorylation but lowered 
the expression of total VE- cadherin (Figure S5). This finding 
seemed to be consistent with observations that local shortage 
of VE- cadherin initiates the formation of JAIL driven by the 
Arp2/3 complex, which in turn facilitates the formation of 
new VE- cadherin adhesion sites, to help maintain EC mono-
layer integrity.16 Noting that the patterns of junctional VE- 
cadherin varied significantly (Figures 2F- H), these results 
suggest that E- selectin knockdown tends to enlarge the endo-
thelial gap by destabilizing the junctional integrity.

The initial formation of cell junctions is mediated by actin- 
driven lamellipodia that brings adjacent cells together,16,40 
while the factors mediating lamellipodia formation are also 

able to regulate junctional integrity.41– 43 In this study, lamel-
lipodial protrusion- related Arp2/3 and cortactin were exam-
ined to clarify their roles in E- selectin- mediated junctional 
remodeling. E- selectin knockdown dramatically weakens the 
linkage of E- selectin- cortactin and cortactin- Arp2/3 com-
plexes, which downregulates the capability of junction for-
mation and junction repairing between ECs, subsequently 
enlarging the endothelial gaps (Figures 2 and 3). In addition, 
there exists an interplay between traction stresses in ECs and 
tugging forces on endothelial junctions.44 E- selectin knock-
down enhanced the presentation of stress fibers (Figures 2A 
and S6), implying a high tugging force to induce large gaps 
between ECs and destabilize junctional integrity for mono-
layer permeability. These results confirm previous studies 
showing that tugging forces can generate gaps if the forces 
are too high, but the loss of tension on cell junctions can also 
destabilize the endothelial junctions.44

Actin remodeling and junctional integrity are associated 
with endothelial mechanics, and the spatiotemporal differ-
ences in the mechanical strength of the endothelial barrier 
crucially affect where leukocytes undergo diapedesis.32 We 
evaluated the mechanical properties of ECs using an AFM 
assay. The results showed that E- selectin knockdown signifi-
cantly decreased the stiffness of ECs at the intercellular junc-
tion (periphery) (Figure 2E), providing mechanical support 
for PMN diapedesis. F- actin is known to be one of the primary 
determinants of cellular stiffness in most cell types,45,46 and 
leukocytes prefer diapedesis at locations with relatively lower 
F- actin density, or at the zones of lowest endothelial stiff-
ness.32,47 Therefore, the decreased stiffness of the endothelial 
periphery suggests that the density of F- actin could also have 
been decreased. Investigating the F- actin fluorescence inten-
sity at the periphery in the conditions of pre- E- selectin and 
post- E- selectin knockdown showed a decreased normalized 
mean F- actin fluorescence intensity after E- selectin knock-
down (Figure S6A,B), supporting the evidence that PMN dia-
pedesis occurs at the least resistant mechanical position.32,48,49 
While F- actin anisotropy is proportional to cell stiffness in 
some studies,50 E- selectin knockdown in this study resulted 
in a high anisotropy value with lowered total F- actin intensity 
and peripheral stiffness in shE- sel compared to scr HUVECs. 
Further analysis of F- actin distribution indicated that the peak 
values in shE- sel HUVECs were relatively high, while the 
number of peaks and valleys were much lower than those in 
scr HUVECs (Figures S6A and 2A), consistent with the de-
creased F- actin intensity and peripheral stiffness.

In conclusion, we found, for the first time, that E- selectin 
knockdown in ECs enhances TEM of neutrophils, by altering 
endothelial integrity. E- selectin knockdown destabilized the 
mechanical properties of ECs and its endothelial junctions, 
by downregulating cortactin, Arp2/3, and VE- cadherin, 
which in turn enhances PMN TEM via actin remodeling, 
lamellipodia projection, and improved junctional integrity. 

F I G U R E  7  Working model of E- selectin- dependent 
transendothelial migration (TEM) of polymorphonuclear neutrophils 
(PMNs). Negative regulation of E- selectins on PMN TEM is attributed 
to Arp2/3-  and cortactin- mediated actin remodeling and junction 
repair. E- selectin knockdown weakens the activation of cortactin and 
Arp2/3, which prevents the formations of branched actin, lamellipodia 
protrusion, and reticular junction between endothelial cells (ECs). 
Subsequently, the adhesive function of vascular endothelial (VE)- 
cadherin is altered, enlarging the endothelial gap, and thus expedites 
the PMN transmigration
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Our results provide in vitro insight into the mechanisms of 
neutrophil transmigration from an inflammation- activated 
EC perspective.
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