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ABSTRACT: Leukocyte transendothelial migration is a key step in their recruitment to sites of inflammation. However,
synergic regulation of endothelium-expressed selectins on leukocyte transmigration remains unclear. In this study,
an in vitro model was developed to investigate the dynamic contributions of P- and E-selectin to polymorphonuclear
(PMN) cell transmigration under static conditions. Human umbilical vein endothelial cells (HUVECs) were treated
with LPS for 4 or 12 h to induce different expression of selectins and intercellular adhesion molecule ICAM)-1. PMN
cell transmigration was increased significantly by LPS stimulation, which was higher on 4-h than on 12-h LPS-
treated HUVECs. Blocking and competitive tests indicated that P-selectin engages PSGL-1 to activate f,-integrin
and initiate PMN transmigration within the first 15 min, whereas E-selectin engages CD44 to influence PMN
transmigration after 15 min. P- and E-selectin-induced ,-integrin activation is likely conducted through the spleen
tyrosine kinase signaling pathway. Complicated complementary and competitive mechanisms are involved in the
interaction of P-/E-selectins and theirligands to promote PMN transmigration. These results provide direct evidence
of the distinct and dynamic contribution of P- and E-selectins in mediating PMN transmigration and give new
insight into PMN interaction with the vessel wall.—Gong, Y., Zhang, Y., Feng, S., Liu, X,, Lii, S., Long, M. Dynamic
contributions of P- and E-selectins to ,-integrin induced neutrophil transmigration. FASEB ]J. 31, 000-000 (2017).
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Leukocyte transendothelial migration (TEM) is a key step
in their recruitment from circulating blood to the inflamed
tissue. This multistep process is presented as a cascade of
successive interactions between leukocytes and endothe-
lial cells (1). Leukocytes tether to, roll on, firmly adhere to,
and crawl on the endothelium before transmigration.
Several different families of adhesion molecules are in-
volved in leukocyte-endothelium interactions (2-7).
Selectins and their ligands are essential for leukocyte
extravasation during inflammation. P- and E-selectins
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have been shown to participate in the initial phases of this
process by mediating leukocyte tethering and rolling
along the vessel wall (8, 9). E-selectins are transcriptionally
induced in response to the presence of inflammatory cy-
tokines, such as IL-18, TNF-a (10), and LPS (11) on
inflamed endothelial cells and can bind to different gly-
cosylated ligands on leukocytes, including P-selectin gly-
coprotein ligand (PSGL)-1, CD44, and E-selectin ligand
(ESL)-1, supporting the rolling and stable arrest pheno-
types of leukocytes on activated vascular endothelium (12,
13). P-selectin is stored on the membranes of platelet
granules and endothelial Weibel-Palade bodies. During
inflammation and thrombogenic challenge, P-selectin
translocates rapidly to the cell membrane and contrib-
utes to the weak adhesion between leukocytes and stim-
ulated endothelial cells and to the heterotypic aggregation
of activated platelets and leukocytes (8). In addition to its
roles in mediating tethering and rolling, E-selectins es-
tablish a direct molecular link to the cytoskeleton (14) that
initiates the active crawling and transmigration of leuko-
cytes. The binding of E- or P-selectin by specific antibodies
induces an obvious rounding up of human endothelial
cells. Furthermore, these antibodies trigger a transient in-
crease in cytosolic calcium (11, 15). Thus, in addition to
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promoting the initial interaction between activated endo-
thelium and motile leukocytes, selectins could function as
signaling receptors and play a role in the induction of
subsequent endothelial deformation, thereby facilitating
leukocyte arrest and transmigration.

Integrins are the members of a large family of func-
tional adhesion receptors that mediate cell-cell or cell-
extracellular matrix interactions and have a pivotal role in
leukocyte recruitment, phagocytosis, and immunologic
synapse formation (16, 17). There are at least 3 affinity
states (low-, intermediate-, and high) for B,-integrins.
Binding of B,-integrins can be dynamically regulated by
altering the affinity with a conformational change, which
elevates ligand binding and reduces ligand dissociation
(18,19). Selectin and immunoreceptor engagement induce
the activation of signaling pathways in leukocytes that
enhance integrin affinity (inside—out signaling), whereas
ligand-induced allosteric conformational changes and
integrin clustering likely initiate outside—in signaling,
which stabilizes adhesion and initiates transmigration
(20). Recent studies have suggested that E-selectin engages
PSGL-1 or CD44 through a common pathway thatemploys
Src family kinases to induce integrin oy 3-mediated slow
leukocyte rolling (21). P-selectin binding to PSGL-1 induces
an intermediate state of a3, that enables interaction with
ICAM-1 that promotes arrest and strengthening of adhe-
sion (22, 23). However, the dynamic contribution of P- and
E-selectins in mediating neutrophil transmigration remains
unclear.

We examined the potential involvement of these ad-
hesion molecules in PMN transmigration. Using an in vitro
PMN transmigration assay, differential contributions of
P-and E-selectins were tested to determine the dynamics of
PMN transmigration. The impacts of competitive binding
of CD44 and PSGL-1 to E-selectins were also investigated
in the dynamic process. This type of selectin-induced f3,-
integrin activation finally initiated PMN transmigration
via specific intracellular signaling pathways. Our results
provide direct evidence of dynamic contributions of P-and
E-selectins to mediate PMN transmigration.

MATERIALS AND METHODS
Reagents

Human recombinant soluble E-selectin/CD62E, P-selectin/
CD62P, CD44, and basic fibroblast growth factor (FGF) (146
aa) and FITC-labeled anti-ICAM-1 (BBA20) blocking mAbs
were purchased from R&D Systems (Minneapolis, MN, USA).
PE-labeled anti-human CD44 (BJ18), PE-labeled anti-human
CD62E (HA-1f), Alexa Fluor 647-labeled anti-human CD54
(HCD54), PE-labeled anti-human CD106 (STA), PE-labeled
anti-human CD11a (HI111), PE-labeled anti-human CD11b
(ICRF44), PE-labeled anti-human CD162 (KPL-1) mAbs and
isotype control antibody LEAF purified mouse IgG1 (MOPC-
21), purified rat IgG2a (RTK2758), and LEAF purified mouse
IgM (MM-30) were obtained from BioLegend (San Diego, CA,
USA). Medium 199, Dulbecco’s PBS, and 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) were obtained from
GE Healthcare Life Sciences (Logan, UT, USA). Thymidine,
heparin sodium salt, LPS, polybrene, piceatannol, and anti-CD11a
blocking mAb (MEM25) were purchased from Sigma-Aldrich
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(St. Louis, MO, USA). Anti-CD11b (ICRF44) and anti-PSGL-1 (PL-
1) blocking mAbs were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). FITC-labeled anti-E-selectin (1.2B6) and
anti-CD44 (Hermes-1) blocking mAbs were purchased from
Abcam (Cambridge, MA, USA). FITC-labeled anti-P-selectin
blocking mAbs (AK-6) were obtained from Thermo Fisher Sci-
entific (Waltham, MA, USA). Amphotericin B was purchased
from Amresco (Solon, OH, USA), and FBS was purchased from
Thermo Fisher Scientific. Anti-sLe* blocking mAb (KM93) was a
kind gift from Dr. R. P. McEver (University of Oklahoma Health
Sciences Center, Oklahoma City, OK, USA).

Neutrophil isolation and preparation

Whole human blood was obtained from healthy human donors
after informed consent was obtained, as approved by the Animal
and Medicine Ethical Committee of the Institute of Mechanics,
Chinese Academy of Sciences, in accordance with the Declaration
of Helsinki. Healthy, unmedicated donors were selected ran-
domly. PMNs were isolated from whole blood by using density
gradient medium Histopaque-1119 and Histopaque-1077 (Sigma-
Aldrich) (24). Isolated PMNs were washed twice with HEPES
buffer [10 mM KCI, 110 mM NaCl, 10 mM glucose, 1 mM MgCl,,
and 30 mM HEPES (pH 7.4)] and were kept on ice in phosphate
buffer with calcium and magnesium (Sigma-Aldrich until use.
Isolated PMNs were used within 2 h after isolation. Neutrophil
density was determined with a hand-held automated cell counter
(Scepter 2.0; Merck Millipore, Darmstadt, Germany).

Cell culture, treatment, and transfection

An HUVEC line was obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA) and grown in Medium
199 supplemented with 20% FBS, 100 U/ml penicillin, 20 mM
HEPES, 3 pug/ml thymidine, 14 U/ml heparin sodium salt,
25 ug/ml amphotericin B, and 5 ng/ml FGF. For experimental
use, subcultured (passage 4) HUVECs were plated on collagen-I-
coated 35 mm glass-bottomed culture dishes (Nest Scientific,
Rahway, NJ, USA) to form a monolayer. To examine the potential
involvement of these adhesion molecules in PMN transmigration,
HUVECs were treated with LPS for 4 or 12 h to induce the ex-
pression of selectins and ICAM-1 before transmigration tests.

Immunostaining

For immunostaining experiments, HUVECs were plated on a
35 mm glass dish precoated with 20 ug/ml collagen I overnight.
After treatment with LPS (1 wg/ml) for 4 or 12 h, the cells were
fixed in 4% paraformaldehyde at room temperature for 10 min.
After 2 washings with PBS, the collected cells were incubated
with Alexa Fluor 647-anti-ICAM-1, FITC-anti-E-selectin, ,FITC-
anti-P-selectin mAbs or the corresponding mouse IgGlisotype
control antibodies in PBS/1% BSA for 45 min at 37°C. Images
were acquired with a laser scanning confocal microscope
(LSM710, Zeiss, Oberkochen, Germany) witha X63/1.35 NA oil-
immersion objective. All images were analyzed with Image]
(National Institutes of Health, Bethesda, MD, USA).

Flow cytometry analysis

HUVECs were detached from culture dishes using 0.25%
trypsin and incubated with 10 pg/ml FITC-anti-ICAM-1, PE-
anti-E-selectin, FITC-anti-P-selectin mAbs or isotype-matched
irrelevant antibodies in DPBS buffer on ice for 45 min. Isolated
PMNs were incubated with 5 ug/ml PE-anti-human CDl11a,
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PE-anti-human CD11b, PE-anti-human CD44, PE-anti-human
CD162 mAbs or isotype-matched irrelevant control anti-
bodies (mouse IgG1) on ice for 45 min. After they were fully
washed, HUVECs or PMNs were resuspended in DPBS and
analyzed by a FACSCalibur cytometer (BD Biosciences, Franklin
Lakes, NJ, USA).

Live-cell imaging

The dish containing cells was placed in a custom-made heating
device that provided temperature control (37 + 0.5°C) and a 5%
CO; supply during imaging. All images were obtained at X60/
1.35 NA magnification with an automatic inverted microscope
(IX81; Olympus, Tokyo, Japan) equipped with an electron-
multiplying charge-coupled device camera (897; Andor Tech-
nologies, Belfast, United Kingdom). Time-lapse differential
interference contrast (DIC) imaging was initiated when PMNs
were plated onto an HUVEC monolayer, and images were ac-
quired at 30-s intervals over a period of 60 min.

PMN adhesion and transmigration assay

Fully confluent HUVEC monolayers were treated with 1 pug/ml
LPS for4 or 12 h to induce the expression of different selectins and
ICAM-1. To promote adhesion, 5 X 10° PMNs were added ran-
domly onto the HUVEC monolayer. The fraction of neutrophil
transmigration (transmigration ratio) was calculated by dividing
the number of PMNs that had migrated through the endothelium
atan interval of 5 min by the total number of PMNs presenting in
the observation window at ¢ = 40 min. All experiments were
repeated at least 4 times.

HUVEC permeability assay

FITC-dextran (10 kDa; ThermoFisher Scientific) was used to test
the permeability of the HUVEC monolayer. In brief, HUVECs
were seeded at a density of 2 X 10* cells /well in 100 pl medium
into the upper compartment of a 24-well Transwell (3-pm
pore size; Corning Inc., Corning NY, USA). After achieving
2 d confluence, the HUVECs were treated without LPS as a
control or with LPS (1 pug/ml) for 4 or 12 h, and FITC-dextran
(1 mg/ml) was added to the upper compartment. After 1 h in-
cubation, 100 pl medium was collected from the lower com-
partment, and fluorescence intensity was evaluated with a
microplate reader (FLX800; Biotek, Winooski, VT, USA). These
experiments were repeated 3 times. The data were normalized
to the average fluorescence intensity of the intact HUVEC
monolayer.

Numerical simulation

To better understand the dynamic contribution of P- and E-
selectins to B,-integrin-induced PMN transmigration, a theoret-
ical model was developed, and the related numerical calculations
were conducted, as described in the Supplemental Materials. In
brief, the activation of B,-integrin is controlled by the binding of
P- and E-selectins with their ligands in a force-dependent man-
ner, and the bond formation is described by a stochastic process
related to the respective receptor-ligand binding kinetics. Ac-
cordingly, the dynamic features of PMN transmigration are as-
sumed to work in the following way. The basal level of activated
Bo-integrins helps PMNSs to form nascent adhesions and thus
induce initial cell movement. Ligand-engaged selectin bonds are
strained, resulting in a stretch force that serves as an input signal
for further inside-out By-integrin activation. Up-regulation of

activated B,-integrins further promotes focal adhesion forma-
tion, which in turn accelerates cell motion and increases the force
subjected to selectin bonds.

Protein array for chemokine analysis

A human chemokine array was used to detect multiple analytes
in culture supernates. HUVECs were left untreated or were
treated with 1 wg/ml LPS for 4 or 12 h. The supernates were
collected for chemokine analysis performed with a commercial
protein array (Proteome Profiler Arrays, ARY017; R&D Sys-
tems), according to the manufacturer’s instructions. Cell culture
supernates (500 pl) were added to each array. Data were shown
from a 5 min exposure to X-ray film (25).

Statistical analysis

All data are presented as the means = Sk. The data were compared
by 1-way ANOVA followed by the Tukey post hoc test. All sta-
tistical analyses were performed with Prism statistical software
(GraphPad Software, La Jolla, CA, USA).

RESULTS

PMN transmigration is significantly higher on
4-h LPS-treated HUVECs

PMNs were placed on top of the HUVEC monolayer to let
them settle down and migrate freely along the monolayer.
Subsequently, the PMNs transmigrated across the endo-
thelium (Fig. 1A), typically starting within ~5-20 min and
lasting through the whole imaging course (60 min). PMN
transmigration was enhanced by LPS stimulation, which
was higher on 4 h than on 12-h LPS-treated HUVECs be-
fore 45 min (Fig. 1B). Specifically, PMN transmigration at
4-h LPS treatment took place earlier (<5 min), reached a
peak at 45 min, and subsequently decreased up to 60 min.
In contrast, on 12-h LPS—treated HUVECs, PMN trans-
migration was observed at >10 min, followed by a mono-
tonic increase with time up to 60 min. Typical data at t = 15
and 45 min were compared, yielding a significantly higher
value at 4 h than at 12 h of LPS treatment (Fig. 1C).

LPS is known to increase endothelial cell permeability
and induce chemokine production (26, 27). To test whether
differential PMN transmigration at different LPS treatment
durations is attributable to these 2 factors, we first used
FITC-dextran to examine the junctional permeability of the
HUVEC monolayer after 4 and 12 h and with no LPS
treatment. At 12 h, LPS treatment significantly enhanced
HUVEC permeability over that in the other 2 conditions
(Fig. 1D; P < 0.0001), whereas no differences were ob-
served between the control and 4-h LPS treatments. These
findings indicate that LPS-induced permeability alterations
are unlikely to contribute to increased PMN transmigration
at 4- vs. 12-h treatment. We also tested chemokine pro-
duction from the HUVEC monolayer at 4 and 12 h with
no LPS treatment. All 8 typical chemokines preserved al-
most the same level during the 4- and 12-h LPS treat-
ments (Supplemental Fig. S1), excluding the possibility of
chemokine-induced differential PMN transmigration at
different treatment durations.
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Figure 1. PMN transmigration is significantly higher on a 4-h LPS-treated HUVEC monolayer. A) An in vitro neutrophil
transmigration assay was used. Representative time-lapse images are shown for PMNs migrating through the endothelium.
Arrows: neutrophils that are undergoing TEM. B) Dynamic time courses of the PMN transmigration ratio in 4- and 12-h LPS-
treated HUVEGs. C) Typical PMN transmigration ratio in 4- and 12-h LPS-treated HUVEGs at ¢ = 15 and 45 min from B. D)
HUVEC monolayer permeability assay. Data are means = St and are representative of 10-18 independent experiments. *P <

0.05, #*P < 0.01, ***P < 0.001, ****P < 0.0001.

Selectin-induced B,-integrin activation
increases PMIN transmigration

To further examine the potential involvement of adhesion
molecules in increased PMN transmigration on the 4-h
LPS-treated HUVEC monolayer, the HUVECs were ex-
posed to 1 wg/ml LPS for 0 (control), 4, 8, and 12 h. Flow
cytometry analysis (Fig. 24, B) and immunostaining
(Supplemental Fig. 52) were used to measure E-selectin,
P-selectin, and ICAM-1 expression. Compared to control
cells (no LPS treatment), E-selectin expression peaked
(more than 10-fold) at 4 h (Fig. 2B) and then declined to
baseline within 12 h. P-selectin expression on 4-h LPS
treatment increased by ~30% and returned to baseline
within 12 h. By contrast, ICAM-1 expression increased
with increasing LPS treatment duration and reached a pla-
teau beyond 8 h. These data present distinct expression
dynamics for different adhesive molecules, as expected (11).

Activation of By-integrin is known to mediate PMN
rolling and adhesion on endothelium (22, 28). To test
whether B,-integrins are responsible for increased PMN
transmigration on a 4-h LPS-treated HUVEC monolayer,
we also examined the expression of CD11a/CD18 and
CD11b/CD18 on PMNs, yielding stable presentation of
Bo-integrins on the PMN surface (Fig. 2C). We then tested
PMN transmigration dynamics on the HUVEC monolayer
by treating PMNs with ,-integrin blocking or activating
antibodies (Fig. 3A—D). Incubation of the PMNs with anti-
CD1la (MEM25) and anti-CD11b (ICRF44) blocking
mADbs lowered dramatically the transmigration ratio
onto the 4-h LPS-treated HUVEC monolayer to the
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level of 12-h treatment. By contrast, incubation of PMNs
with By-integrin-activating mAbs (MEM48) enhanced
the transmigration ratio on the 12-h LPS-treated HUVEC
monolayer to the level observed after 4-h treatment.
This antibody-induced inhibition or activation is spe-
cific because incubation with isotype-matched irrele-
vant mAbs had no effect (Fig. 3A, B). These results
indicate that activated B,-integrin is responsible for
increased transmigration on a 4-h vs. 12-h LPS-treated
HUVEC monolayer.

We further performed cross tests by adding PMNs in-
cubated with MEM25 and ICRF44 to a 12-h LPS-treated
HUVEC monolayer and by adding PMNs incubated with
MEM48 to a 4-h LPS-treated monolayer. The PMN trans-
migration ratio on the 12- or 4-h LPS-treated HUVEC
monolayer did not decrease or increase any further when
Bo-integrin was blocked (CD11a and CD11b) or activated
(Fig. 3C, D), suggesting that B,-integrins were in an acti-
vated state after PMNs were placed on 4-h LPS-treated
HUVEC monolayer and those inactive 3,-integrins contrib-
uted much less to PMN transmigration on 12-h LPS-treated
HUVECs. Because ligand-engaged P- or E-selectin can
activate Bp-integrin in a spleen tyrosine kinase (Syk)-
dependent manner (29, 30), we simply assumed that
P- and E-selectin-induced B,-integrin activation was re-
sponsible for the increased PMN transmigration on the
4-h LPS—treated HUVEC monolayer. Using piceatannol,
but not DMSO, to inhibit B,-integrin activation through
the Syk/Btk signaling pathway significantly decreased
PMN transmigration on 4-h LPS treatment (Fig. 3E, F),
which supported the assumption. Taken together, these
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Figure 2. Cellular adhesion molecules are expressed dynamically on LPS-treated HUVEGs or intact PMNs. A) HUVEC
monolayers treated for 4, 8, and 12 h with LPS or not treated (control) were collected and then stained with respective mAbs.
Flow cytometry analysis was used to determine E-selectin, P-selectin, and ICAM-1 expression. B) Time courses of E-selectin,
P-selectin, and ICAM-1 expression on HUVECs exposed to LPS treatment. Data were collected from 6 independent experiments.
C) Expression of CD11a, CD11b, CD44, and PSGL-1 on PMNs measured by flow cytometry analysis. PMNs incubated with FITC-
conjugated isotype-matched mAbs were used as the control. Data were collected in 3-4 independent experiments.

results suggest that P- and E-selectin-induced By -integrin
activation was responsible for increased PMN transmigration
on the 4- vs. the 12-h LPS-treated HUVEC monolayer.

Dynamic contributions of E- and P-selectin
during PMN transmigration

To further elucidate the dynamic contributions of P- and
E-selectin-induced B,-integrin activation, we tested mo-
lecular mechanisms for 2 physiologic selectin ligands on
the PMN surface, PSGL-1 and CD44, where PSGL-1 binds
to P- and E-selectins (31) and CD44 serves as an E-selectin
ligand (32, 33). PSGL-1 and CD44 were highly expressed
on human PMNs (Fig. 2C). Thus, HUVEC-expressed P-
and E-selectins competitively bind to PSGL-1 on PMNs,
whereas PSGL-1 and CD44 on PMNs competitively bind
to HUVEC E-selectin. To isolate the independent contri-
butions of P-selectin-PSGL-1 binding to PMN trans-
migration on the 4-h LPS-treated HUVEC monolayer, we

first used saturated (5 pg/ml) (17) soluble CD44 to com-
petitively bind to E-selectin on the HUVECs and then
added PMNs onto the HUVECs and measured the iso-
lated contribution of P-selectin-PSGL-1 binding to PMN
transmigration (Fig. 44, B). Next, we applied saturated
soluble P-selectin (5 pg/ml), which competitively bound
to PSGL-1 on the PMNs, to isolate the independent con-
tribution of E-selectin-CD44 binding (Fig. 4C, D). Finally,
we simultaneously added the P-selectin-blocking mAb G1
onto the HUVECs and the anti-CD44-blocking mAb
Hermes-1 to the PMN:Ss to isolate the independent contri-
bution of E-selectin-PSGL-1 binding where IgG2a and
IgG1 served as the isotype-matched control (Fig. 4E, F).
Independent contributions observed for P-selectin—
PSGL-1 (Fig. 4A) and E-selectin-PSGL-1 (Fig. 4E) bind-
ing were similar, given that either supported the same
PMN transmigration dynamics on the 4-h LPS-treated
HUVEC monolayer and yielded a higher ratio, typically
at t = 15 and 45 min than those on the 12-h LPS-treated
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Figure 3. High selectin expression correlates with Be-integrin activation for increased PMN transmigration on a 4-h LPS-
treated HUVEC monolayer. A) Dynamic time courses of the transmigration ratio for PMNs incubated with anti-CD11a
(MEMZ25) and anti-CD11b (ICRF44) mAbs on a 4-h LPS-treated HUVEC monolayer, or with a Bo-integrin activation mAb
(MEM48) on a 12-h LPS-treated HUVEC monolayer. Isotype-matched irrelevant mAbs (IgG1) were used as the control. Data
were collected in 6-16 independent experiments. C) Dynamic time courses of the transmigration ratio for PMNs incubated
with the MEM25 and ICRF44 mAbs on a 12-h LPS-treated HUVEC monolayer or with MEM48 mAb on a 4-h LPS-treated
HUVEC monolayer. An isotype-matched irrelevant mAb (IgGl) was used as the control. Data were collected in 4-17
independent experiments. £) Dynamic time courses of the transmigration ratio for PMNs incubated with piceatannol to
inhibit Be-integrin activation through the Syk/Btk signaling pathway. DMSO served as the vehicle control. Data were
collected in 6-15 independent experiments. Data for 4- or 12-h LPS treatment are also presented in A, C, and E for
comparison. B, D, F) Typical PMN transmigration ratio at ¢ = 15 and 45 min from A, C, and E were compared using 1-way
ANOVA, followed by Tukey post hoc test. Data are means * se. *P < 0.05, **P < 0.01.

monolayer (Fig. 4B, F).When soluble P-selectin was used
to compete with PSGL-1 on the PMNs (Fig. 4C), the
transmigration ratio was similar to that at f = 45 min
(Fig. 4D) but significantly lower at f = 15 min than that
on 4-h LPS treatment, indicating that the binding
of E-selectin-CD44 initiated PMN transmigration
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15 min later compared with P- or E-selectin binding
to PSGL-1. Taken together, these data suggest that P-
and E-selectins engaged PSGL-1 to activate Bp-integrin
and to influence PMN transmigration immediately af-
ter their addition onto HUVECSs, and E-selectin en-
gaged CD44 to activate B,-integrin and to influence
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controls. Data were collected in 10-15 independent experiments. Data for 4- or 12-h LPS treatment are also presented in A, C,
and FE for comparison. B, D, F) Typical PMN transmigration ratio at { = 15 and 45 min from A, C, and E were compared using
1-way ANOVA, followed by Tukey post hoc test. Data are means * se. *P < 0.05.

PMN transmig
onto HUVECs.

ration only 15 min after their addition

Complementary and competitive roles of P-/E-
selectin-ligand pairs in PMN transmigration

The above data suggest that both PSGL-1 and CD44
are involved in the capability of P- and E-selectin to

enhance PMN transmigration. However, blocking CD44
(Fig. 5A, B) or P-selectin alone (Fig. 5E, F) did not have a
significant effect on PMN transmigration, suggesting that
selectin-ligand pairs complemented each other very well
to promote increased PMN transmigration on 4-h LPS
treatment. By contrast, blocking PSGL-1 alone significantly
lowered PMN transmigration, especially before 15 min
(Fig. 5C, D), indicating that the binding of P-/E-selectin to
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PSGL-1 plays a dominant role in mediating PMN trans-
migration, as compared to E-selectin-CD44 binding. These
results imply that a complicated network of molecular in-
teractions activate P,-integrin and then enhance PMN
transmigration. To better understand the dynamic contri-
bution of P- and E-selectin to B,-integrin induced PMN
transmigration, we conducted theoretical analyses to de-
termine the time-dependent evolution of the amount of
activated B,-integrin that correlates positively with PMN
transmigration (see Supplemental Materials). Numerical
simulations agreed well with the experimental data for
their complementary and competitive roles to induce -
integrin activation (Supplemental Fig. S4). Specifically, on
the one hand, every selectin-engaged binding (i.e., P-
selectin—-PSGL-1, E-selectin—-PSGL-1, or E-selectin—-CD44)
can induce By-integrin activation independently at a
confined intensity. Higher affinity of P- and E-selectin
to PSGL-1 binding promotes a high force exerted on the
selectin-PSGL-1 bond, which is more likely to exceed
the threshold force and in turn leads to more effective
Bo-integrin activation viaz the inside-out signaling
pathway (i.e., the Syk pathway in the current study)
(Supplemental Fig. S4A). On the other hand, the prob-
ability that the force exerted on E-selectin-CD44 bond
with lower binding affinity exceeds the threshold force
is too low to induce B,-integrin activation efficiently
(Supplemental Fig. S4B). Although the expression level
of P-selectin is much lower than that of E-selectin, the
highest affinity of P-selectin-PSGL-1 binding may also
induce efficient activation of B,-integrin. With E- and P-
selectin coexpression, B,-integrin activation displayed
little variation, suggesting that the activation rate of 3-
integrin had reached to the upper limit level during the
sole expression of P-selectin (Supplemental Fig. S4A). In
the case of PSGL-1 and CD44 coexpression, both CD44
and PSGL-1 may compete with the limited E-selectins.
The on-rate of PSGL-1 binding with E-selectin is de-
creased by competing CD44. However, the activation of
Bo-integrin is not affected because of the limitation of
intracellular signaling strength (Supplemental Fig.
S4B). We also tested the competition of these mole-
cules by predicting the absolute number of engaged
receptor-ligand bonds using the parameters listed in
Supplemental Table S1. Numerical simulations indi-
cated that both PSGL-1 and CD44 compete to bind to
E-selectin (Supplemental Fig. S5A, B) but no competi-
tion exists for E- and P-selectin binding to PSGL-1
(Supplemental Fig. S5C, D), which is mainly attribut-
able to the outnumbered PSGL-1 or CD44 density, as
compared to the density of E- and P-selectin. Taken
together, these simulations supported the comple-
mentary and competitive roles of P- and /E-selectin—
ligand pairs in PMN transmigration.

Intracellular signaling complexity in selectin-engaged
Bo-integrin activation and then PMN transmigration en-
hancement was further observed from our simple double-
blocking tests. That blocking both PSGL-1 and CD44 did
not completely block PMN transmigration (Fig.6A, B;
decreased to the same level as that on 12-h LPS treatment)
suggests that selectin-engaged B,-integrin activation is
only specific for the increased PMN transmigration on

4-h LPS-treatment. Blocking sialyl Lewis x (sLe*) car-
bohydrates on PMNs completely prevented PMN
transmigration (Fig. 6C, D), implying that additional
molecules [e.g., unknown glycoproteins on lipids (34)]
may be involved in mediating PMN TEM.

DISCUSSION

Different families of adhesion molecules have been
reported to participate in leukocyte-endothelium in-
teractions, one of the key processes that occur during
inflammation. P- and E-selectins are known to be involved
in PMN capturing and rolling during this process. Using
an in vitro PMN transmigration assay, we demonstrated
the dynamic roles of E- and P-selectins in PMN trans-
migration. Four key points were highlighted by the results
of this work: 1) P- and E-selectins engage their common
ligand PSGL-1 to activate B,-integrins, thereby initiating
PMN transmigration immediately after being plated on
HUVECs (Figs. 3 and 4); 2) E-selectin engages CD44 to
activate B,-integrins and influences PMN transmigration
after 15 min of adding to the PMNs (Figs. 3 and 4), in which
the binding affinities of P-selectin-PSGL-1, E-selectin—
PSGL-1, and E-selectin—-CD44 account for their differential
contributions to PMN transmigration (Supplemental Figs.
53 and 54); 3) all P- and E-selectin induced By-integrin ac-
tivation is conducted through the Syk signaling pathway
(Fig. 3E, F); and 4) complicated complementary and com-
petitive mechanisms are involved in the interactions be-
tween P-/E-selectins and their ligands to promote PMN
transmigration (Fig. 5 and Supplemental Figs. 54 and S5).
To our knowledge, these findings are novel in elucidating
the dynamic PMN transmigration mediated by P-/E-
selectins and B,-integrins.

P- and E-selectins are expressed on activated endothe-
lial cells (35). Previous studies have mainly focused on
their roles in mediating leukocyte capturing and rolling.
Our results indicate that P- and E-selectins can also engage
CD44 or PSGL-1 to increase PMN transmigration by acti-
vating B-integrin (Fig. 3). Although PSGL-1 and CD44 are
the major ligands for P- and E-selectin in mediating PMN
transmigration, blocking CD44 alone (Fig. 5A, B) did not
have a significant effect on the transmigration, but block-
ing PSGL-1 alone (Fig. 5C, D) significantly reduced the
transmigration, especially before 15 min. These results
suggest that E-/P-selectin and their ligands likely play
complementary and competitive roles in promoting PMN
transmigration, in that P-/E-selectin-PSGL-1 interaction
plays a dominant role and E-selectin-CD44 has a comple-
mentary effect in this complicated competition for PMN
transmigration on HUVECs. These findings are consistent
with the previous observation that CD44 binds to E-
selectin with a low affinity and that most molecules lack
the proper glycosylation to bind to E-selectin (22).

Murine PMNs roll on E-selectin through their interac-
tions with CD44, PSGL-1, ESL-1 (35) and an unknown O-
glycosylated protein (22), but ESL-1 has not been detected
on human PMNs and lymphocytes (1). The lectin domain
of E-selectin binds to sLe* [NeuAca2-3GalB1-4(Fucal-3)
GlcNAcB1-R], a tetrasaccharide that caps the N-glycans on
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CD44 and the core 1-derived O-glycans on PSGL-1 and
other unknown glycoproteins. P-selectin also interacts
with PSGL-1 (9). P-selectin binds with a higher affinity to
the N-terminal region of PSGL-1 through cooperative in-
teractions with sulfated tyrosines and other amino acids
and with an adjacent sLe*-capped O-glycan. sLe™ can cap
N- and O-glycans on many proteins and glycans on lipids
and also serves as a selectin ligand on PMNs (1). In our
study, blocking sLe* on PMNs completely prevented
PMN transmigration (Fig. 6C, D), whereas simultaneously
blocking CD11a and CD11b did not (Fig. 3A, B). These
results not only verify the contribution of selectins and
their ligand in B,-induced PMN transmigration but also
indicate that there are many other molecules involved in
PMN transmigration, but not through activating B,-
integrin.

LPS is known to increase endothelial cell permeability
and to affect PMN TEM (27). In our study, HUVECs were
exposed to LPS for 4 and 8 h to induce different selectin
expression. We found that PMN transmigration was en-
hanced compared with the control in the absence of LPS
stimuli (Fig. 1B, C). To interpret the results that increased
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E- and P-selectin expression is responsible for the in-
creased PMN transmigration, we must rule out possible
effects of LPS treatment on HUVEC permeability (Fig. 1D).
In the 12-h LPS-treated HUVEC monolayer, significantly
higher permeability was shown than in the 4-h LPS-treated
cells, suggesting that increased PMN transmigration on4-h
LPS-treated HUVECs should not be attributed to LPS-
induced permeability.

In our study, we used soluble isoforms of various ad-
hesion molecules, termed sP-selectin and sCD44, to isolate
the independent contributions of P-/E-selectin-PSGL-1
and E-selectin-CD44 binding to PMN transmigration on a
4-h LPS-treated HUVEC monolayer. This design is phys-
iologically significant: soluble isoforms of these adhesion
molecules are likely generated by enzymatic cleavage at
a site close to the membrane insertion point after cyto-
kine stimulation. The levels of these soluble molecules in
plasma are often altered in inflammatory states, including
atherosclerosis, diabetes, and many cardiovascular dis-
eases (36), wherein PMN adhesion and transmigration
are often abnormal. Previous work has shown that
soluble molecules in plasma regulate PMN adhesion
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and migration on HUVECs (37). Our in vitro study
showed that sP-selectin and sCD44 may profoundly
affect interactions between PMNs and the endothe-
lium (Fig. 4A-D) and suggests that changes in the
levels of these soluble isoforms in diseases may have a
significant effect on microvascular injury through
modulating PMN adhesion and transmigration. On
the other hand, compared to the outcome of tests with
blocking antibodies, using soluble isoforms to com-
petitively bind selectin or its ligand may not induce
any other physiologic abnormalities, as expected. The
effects of blocking PSGL-1 by the addition of soluble
P-selectin (Fig. 4C, D) and blocking via PL-1 (Fig. 5C, D)
were comparable in the current study.

ICAM-1is a key endothelial receptor that functions asa
ligand for B,-integrins on the surface of leukocytes, pro-
moting leukocyte spreading and migration. However,
ICAM-1 also functions in other ways in addition to being
anadhesive ligand, because its engagement and clustering
on leukocytes generate signals within endothelial cells that
promote TEM (38). Indeed, increased downstream RhoA
activity by ICAM-1 clustering is widely considered to
contribute to leukocyte TEM by weakening junctions
(39—41). However, ICAM-1 expression by 12-h LPS-
treated HUVECs is >4-fold higher than that on 4-h LPS-
treated HUVECs, suggesting that ICAM-1 alone is not
sufficient to support transmigration because signaling
by adhesion molecules such as P- and E-selectin are also
necessarily required, whereas the current study focused
primarily on the signaling downstream of P- and E-selectin
engagement of PSGL-1 and CD44 to activate PMN f3,-
integrin, understanding how P- and E-selectin function, in
that signaling receptors to regulate endothelial cell cyto-
skeletal reorganization and to promote PMN trans-
migration will be critical in future investigations.

A body of evidence demonstrates that selectin-ligand
interactions are strongly dependent on shear forces. For
instance, selectin bonds exhibit both slip and catch bond-
ing features (42) and undergo conformational changes that
decrease their off-rate under low tensile forces (43). It is
also noted that PMN crawling and transmigration present
both passive and active patterns that are mainly mediated,
respectively, by external forces of blood shear and by in-
ternal forces of cytoskeletal remodeling. To balance ex-
ternal forces, both selectins and their ligands also must be
properly anchored to the cytoskeleton (29, 44, 45). In the
absence of shear force, preanchored selectin bonds and
B,-integrin bonds undergo internal forces applied from
actin polymerization-dependent extension and myosin II-
mediated contraction. Thus, our primary goal was to iso-
late the active PMN transmigration dynamics under static
condition from those coupled dynamics under shear flow.
Internal forces applied by the cytoskeleton to selectin—
ligand interactions also facilitate B, -integrin activation
through an inside—out signaling pathway (e.g., the Syk
pathway). For example, blocking mAbs directed against
P- and E-selectin induce a rise in endothelial Ca** and the
rearrangements of endothelial cytoskeleton without flow
(11). Ligand-induced LFA-1 activation may take place
more readily when LFA-1 is subjected to internal forces
(46). Meanwhile, several processes of integrin-associated

adhesion have been assessed in the absence of shear forces
or have been involved in the late phases of PMN adhesion
and spreading after initial bidirectional integrin activation
(47). In the current study, we are focusing on elucidating
dynamic contributions of P- and E-selectin-induced (-
integrin activation under internal forces using a flow-free
assay that enables us to refine the active regulation of 8-
integrin activation on PMN transmigration. Future works
will be conducted to compare the active regulation with
the coupling of active and passive manipulations under
shear flow.
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MODEL FORMULATION

The model is developed from literatures (1, 2). The two-dimensional cell (PMN) cytoskeleton is discreted by
N nodes upon Delaunay triangulation (Fig. S3B). Each edge that connects neighboring nodes i and j consists
of an elastic Hooke spring. A sliding friction element accounting for viscous dissipation effect associated
with cytoskeleton-fluid friction. Initially, each node is equally assigned with PSGL-1, CD44, and B-integrin
(activated or inactivated). P-selectin, E-selectin, and ICMA-1 are uniformly distributed on endothelial cell
with well defined stiffness, Es (Supplemental Table S1). The model is divided into two modules, named as

cell mechanics and integrin dynamic activation, respectively.

Cell Mechanics

There are three types of forces acting on each node i, substrate frictional drag force (F.* ), passive elastic

force (?'”{ ), and active force (ﬁ ), to expound cell’s movement:

Fidrag + Fiint — Fiact- (Sl)
F“* is composed of two parts:
— U & Na—
ra i !
I:i ¢ = n 8’[ +zzrq,g Ktot (82)
g=1 g=1

Here, 7 is the drag coefficient, J, is the displacement vector, and the second term on the right denotes the
resistance force arisen from the stretch of receptor-ligand bonds  (i.e., P-sel-PSGL-1, E-sel-PSGL-1,

E-sel-CD44, and B,-integrin-ICAM-1. E is the displacement vector of each bond q of the g-th

interacting pair (g =1, 2, 3, 4), and Nit?g is the total number of bonds. K represents the effective spring

constant and is calculated by 1/K: =1/Ks+1/K,, where Ks and K. are spring constants of endothelial cells
(acting as substrate) and force-bearing intracellular structures (i.e., selectin-ligand bonds and

B,-integrin-ligand bonds), respectively.

ﬁ in Eqg. S1 represents the sum of elastic stress at node i with j = 1, 2, 3...G; neighboring nodes, can be

written as;

G;

R :Z(Eijgij)rij’ (S3)

j=1
2




where r, is the unit vector parallel to the connecting edge, and ¢; is the linear deformation of the spring
between neighboring nodes i and j, E; is the element elastic modules, which can be estimated from the

typical elastic modules of cell cytoskeleton (E,), and G, is the number of elements through the i-th node.

ﬁ terms the active forces, which mainly refers to F-actin polymerization force that is transduced to

endothelial cells via engaged B.-integrins bonds (g = 4). The magnitude dependence of ﬁ on

PMN-endothelial cell adhesion strength is described by the following Langmuir—Hill equation:

b 2
ﬁ: FM ( (Ni,4)

" s4
Nfront (Nopt)z-i_(Nit,]4)2)Ic ( )

where F,, is the maximum active force generated by a single PMN, N, is the number of nodes at the

front

A

is the typical number of engaged B-integrin-ICAM-1 bonds. |.

frontal region. N is the unit vector

opt

parallel to the line connecting cell center to the i-th frontal node.

Integrin dynamic activation

In our model, activated B,-integrin-ICAM-1 interactions mediate cell adhesion and movement. Dynamic
activation of B-integrin is controlled by the interactions of E- and P-selectins with their ligands (e.g.,
E-sel-PSGL-1, P-sel-PSGL-1, and E-sel-CD44) in a force-dependent manner. Bond formation is described
by a stochastic process due to respective receptor-ligand binding kinetics (Supplemental Table S1). A

general one-step multivalent reversible reaction can be written as:

kOn
Vrm+Vimy =vemp, (S5)

Koff

Where m, (P-selectin, E-selectin, and B,-integrin), m, (PSGL-1, CD44, and ICAM-1), and
m, (P-sel-PSGL-1, E-sel-PSGL-1, E-sel-CD44, and B,-integrin-ICAM-1) denote receptor, ligand, and

receptor-ligand bonds, respectively. vr,v',and V® denote the corresponding stoichiometric coefficients (v'

=v'=V" =1 in the current work). k¢ 1S the off-rate and is updated after each simulation time interval (At)

according to the Bell model (3). k,, isthe on-rate.



We define a threshold force beyond which B,-integrins are activated. For each node, the variation in the

number of activated Bo-integrin (6A ) in each time interval is calculated as:
SA =S, —yAAL, (S6)

Where y is the self-inactivation rate of Bo-integrin. S, is the source term defined as:

T+n

SoAt+xNigp if f{>F and D N; <N,
T

- ’ (87)

S, At if i<k

where Sq is the basal rate of B,-integrin activation, Jp is the rate of P- or E-selectin mediated B.-integrin

activation, F is the threshold force, f

is the force on ligand-engaged bond, N, is the number of binding
events at current time step that may induce B,-integrin activation, N is the maximum number of B,-integrin

activation events during n steps, and x is a limiting factor due to the pool of inactivated f,-integrins, and is

given by,
K= Ntot — Nact (t) , (S8)
Ntot - Nini
Where N, is the total number of B,-integrin (activated plus inactivated), N, . is the initial number of

activated Pp-integrin, and N, (t) is the total number of activated p,-integrin at present.

NUMERICAL IMPLEMENTATION

The master equations (Egs. S1 and S5) were numerically solved with respective finite element method (FEM)
and Monte-Carlo simulation (MCS) with a time step (At) of 0.02 s. As many signaling components may be
involved in E- and P-selectin mediated B,-integrin activation, the real situation is much complex than the
above theoretical description. We take the following criteria to run our model: if the input force is at
appropriate intensity, the activation rate of Bp-integrins is positively correlated with force strength; however,
if the input signal becomes too intense, the concentration of intermediate signaling components, i.e., Syk,

reach saturation to prevent infinite ,-integrin activation.
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Figure S1. Chemokine microarray for culture supernates from untreated or LPS-treated HUVECs.
A) Localization of chemokine probes in the membranes related to positive controls and reference spots. B)

Relative expression levels of chemokines measured by densitometry.
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Figure S2. Selectin expression is increased on 4 h LPS-treated HUVEC monolayer. Fluorescent images
of HUVEC monolayer treated with culture media containing 1 pg/ml LPS for 4 or 12 h or culture media
alone (control) and then stained with respective mADbs or corresponding isotype-matched irrelevant mADbs.
Compared to intact cells (no LPS treatment), E-selectin expression peaked at 4 h LPS-treated HUVECs,
increasing 2.37-fold (fluorescence intensity (FI) increased from 4835 to 11478) and returning to baseline (FI
= 5610) within 12 h. P-selectin expression on 4 h LPS-treated HUVECs increased by approximately 30%
(i.e., Fl increased from 2025 to 2635) and returned to baseline (FI = 2154) within 12 h. However, ICAM-1
expression increased with increasing LPS treatment duration; FI increased from 269 (0 h) to 6009 (4 h) and
peaked at 12 h with FI = 25251. Data were collected from 9-10 independent experiments. All data were
compared using one-way ANOVA followed by Tukey post-hoc test and presented as the mean +SE. "P<0.05;

*kkk

P<0.0001.
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Figure S3. lllustration of a two-dimensional theoretical model. A) Side-view schematic of
PMN-endothelial cell system. The rectangular region of the lamellipodia is magnified to display specific
molecular interactions involved in current study. Activation of B,-integrins is induced by ligand-engaged
selectin bonds in a force dependent manner, where PSGL-1 and CD44 on PMN competitively bind with
E-selectin while PSGL-1 may also bind with P-selectin on endothelial cell. B) Top-view of finite element
model of the lamellipod. The lamellipodia is triangulated, such that each node represents a mass of
cytoskeleton contained in the surrounding Voronoi polygon. Active force, mainly referring to F-actin

polymerization force, is applied only at nodes marked by red dots.
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Figure S4. Complementary and competitive roles of ligand-engaged selectin bonds induced

B.-integrin activation. Numerical simulations of time-dependent evolution of B,-integrin activation are
shown in the two cases of A) E- and P-selectin respectively or competitively binding to PSLG-1 and B)
PSGL-1 and CD44 respectively or competitively binding to E-selectin. All data were collected from 30

independent simulations.
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Figure S5. Time-dependent evolution of the number of engaged E/P-selectin -PSGL-1 and

E-selectin-CD44 bonds. A) Number of engaged E-selectin-PSGL-1 bonds upon PSGL-1 sole-expression
(red line) and PSGL-1/CD44 (black line) co-engaged conditions. B) Number of engaged E-selectin-CD44
bonds under CD44 sole-engaged (red line) and PSGL-1/CD44 co-engaged (black line) conditions. Due to

the limitation of E-selectin, the number of engaged E-selectin-PSGL-1 bond has been significantly

decreased in PSGL-1/CD44 co-expression condition, and so is the number of engaged E-selectin-CD44

bonds, suggesting that CD44 may compete with PSGL-1 for E-selectin. C) Number of engaged

E-selectin-PSGL-1 bonds upon E-selectin sole-expression (red line) and E/P-selectin co-engaged conditions

(black line). D) Corresponding P-selectin-PSGL-1 bond number. All data were collected from 30

independent simulations.There is no significant difference in sole- or co-engaged conditions due to adequate

expression of PSGL-1. All simulations were conducted at A. = 1 um and zero force (cf. Supplemental Table

s1).



SUPPLEMENTAL TABLE

Supplemental Table S1. Kinetic parameters used for calculations

Parameter description Symbol Value Sources
Young’s modulus of endothelial E, 5 kPa (4, 5)
cell
Young’s modulus of PMN E, 5 kPa (4, 5)
Clutch spring constant K. 1 nN-nm* (3, 6)
Viscosity constant n 30 pN min -um (5,7)
Total amount of activate force F, 20 nN 1)
Threshold force F 10 pN Assumed
upon (3)
Cell radius r 5 um This work
Compliance length A 0.1 nm (8)
Mechanical feedback strength op 0.5 Assumed
upon (3)
Total integrin number N, 8000 This work
Densities of PSGL-1 and CD44 Py P 388, 1788 This work
molecules/pm?
Densities of E-selectin, Pes+ Py 129, 33, 200 This work
P-selectin, and ICMA-1 ; molecules/pm?
1
Kinetic parameters of AK?, K° 10°um*/s (9)
E-selectin-PSGL-1 binding 055t
Kinetic parameters of AK?, K° 5X 10™um®/s Assumed
E-selectin-CD44 binding 2.0s™ upon (10)
Bo-integrin / ICAM-1 kinetics AKS, K° 10™°um®/s (11)
1.0s*
P-selectin/PSGL-1 kinetics AK?, K 3X10°um?/s (9)

10
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