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Human Neutrophils Will Crawl Upstream on ICAM-1
If Mac-1 Is Blocked
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ABSTRACT The recruitment of neutrophils to sites of inflammatory insult is a hallmark of the innate immune response. Neutro-
phil recruitment is regulated by a multistep process that includes cell rolling, activation, adhesion, and transmigration through the
endothelium commonly referred to as the leukocyte adhesion cascade. After selectin-mediated braking, neutrophils migrate
along the activated vascular endothelium on which ligands, including intercellular adhesion molecule-1 (ICAM-1) and vascular
cell adhesion molecule-1 (VCAM-1), are expressed. Previous studies have shown that two cells that commonly home from blood
vessel to tissue—T cells and hematopoietic stem and progenitor cells—use the integrin lymphocyte functional antigen-1 (LFA-1)
to migrate against the direction of shear flow once adherent on ICAM-1 surfaces. Like T cells and hematopoietic stem and pro-
genitor cells, neutrophils express LFA-1, but they also express macrophage-1 antigen (Mac-1), which binds to ICAM-1. Previous
reports have shown that neutrophils will not migrate against the direction of flow on ICAM-1, but we hypothesized this was due to
the influence of Mac-1. Here, we report that both the HL-60 neutrophil-like cell line and primary human neutrophils can migrate
against the direction of fluid flow on ICAM-1 surfaces via LFA-1 if Mac-1 is blocked; otherwise, they migrate downstream. We
demonstrate this both on ICAM-1 surfaces and on activated endothelium. In sum, both LFA-1 and Mac-1 binding ICAM-1 play a
critical role in determining the direction of neutrophil migration along the endothelium, and their interaction may play an important
role in controlling neutrophil trafficking during inflammation.
SIGNIFICANCE Amoeboid cells of the immune system, most notably CD4þ T cells, can crawl upstream under flow on
surfaces that bear intercellular adhesion molecule-1 (ICAM-1). The upstream migration is mediated by the binding of an
integrin, lymphocyte functional antigen-1 (LFA-1), to ICAM-1. It had been reported that neutrophils, which also bear LFA-1,
are unable to crawl upstream, but we hypothesized that this was because they had two competing receptors for ICAM-1,
LFA-1 and macrophage-1 antigen (Mac-1). When we blocked Mac-1 with an antibody, neutrophils revert phenotype and
crawl upstream. The identification that neutrophils share a common mechanism to crawl upstream with other amoeboid
cells will lead to an examination both of the physiological significance and biophysical mechanisms that underlie upstream
migration.
INTRODUCTION

Immune cell recruitment to sites of inflammation is a hall-
mark of an effective immune response. Neutrophils are the
so-called ‘‘first responders of the immune system’’ and are
the first cell type to respond to an inflammatory insult.
Leukocyte recruitment occurs through the leukocyte adhe-
sion cascade, which consists of several steps. Initially, neu-
trophils are slowed by selectin-mediated interactions,
which allows for chemokine-induced activation of integrins,
firm adhesion, and transmigration across the endothelial
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layer (1,2). At the outset of the adhesion cascade, human
neutrophils bind and roll on P- and L-selectins through a
specific sialyl-Lewis-x-decorated O-glycan on P-selectin
glycoprotein ligand-1 (3–5). Afterwards, a variety of
sialyl-Lewis-x-decorated glycoproteins (6,7) and glycolipids
(8,9) are utilized to bind to endothelial E-selectin to slow the
neutrophil enough to interact with chemokines that are either
expressed on the endothelial surface or in solution. Chemo-
kine stimulation by CXCL12 or CXCL8 (IL-8) leads to intra-
cellular signaling cascades activated through their cognate
cell-surface receptors, CXCR1, 2, or 4 (10–12). Chemokine
ligation or shear forces induce activation of integrins; the
three integrins involved include macrophage-1 antigen
(Mac-1, aMb2), lymphocyte functional antigen-1 (LFA-1,
aLb2), and very late antigen-4 (VLA-4, a4b1) These integrins
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can adopt high affinity states that can bind to their cognate
ligands, intracellular adhesion molecule-1 (ICAM-1) and
vascular cell adhesion molecule-1 (VCAM-1), on the endo-
thelial surface (13,14). After adhesion, leukocytes become
motile and cross the endothelium to reach the basal lamina
and the site of infection (15).

Our laboratory has recently been studying a unique type
of motility displayed by certain immune cells in which these
cells are able to efficiently crawl against the direction of
shear flow, depending on which CAM the cell engages.
This motility would be displayed in blood vessels on the
endothelial apical surface after leukocyte adhesion but
before diapedesis. The Theodoly laboratory and our labora-
tory established that CD4þ T lymphocytes crawl upstream
on ICAM-1 surfaces and downstream on VCAM-1 surfaces
and our laboratory demonstrated that T cells crawling up-
stream are able transmigrate faster through the endothelium
(16–20). It has since been shown that marginal zone B cells
will crawl upstream on ICAM-1, against the blood flow, to
leave the marginal zone and enter the follicle in the spleen
(21,22). Our laboratory recently showed that hematopoietic
stem and progenitor cells (HSPCs), although homing to the
bone marrow post-transplantation, can migrate upstream on
pure ICAM-1 surfaces, mixtures of ICAM-1 and VCAM-1,
and stimulated human umbilical vein endothelial cells
(HUVECs), but crawl primarily downstream on surfaces
of VCAM-1 only (23). Interestingly, upstream migration
is not observed in all immune cells, as it has been previously
reported that human neutrophils do not migrate upstream
(17). This is surprising because neutrophils carry LFA-1,
which is critical for upstream migration (24,25). However,
neutrophils also carry another integrin, Mac-1, which can
compete with LFA-1 for binding to ICAM-1 (26,27). There-
fore, we hypothesized that blocking Mac-1 binding to
ICAM-1 would allow LFA-1 mediated neutrophil migration
upstream.

Here, we show that blocking Mac-1 via specific anti-
bodies allowed both HL-60 cells and human neutrophils to
migrate upstream on ICAM-1, ICAM-1 þ VCAM-1, and
HUVEC surfaces. We also determined that primary human
neutrophils and the HL-60 cell line are unable to migrate
upstream when using isotype, negative control antibodies.
Elucidating the ability of this important cell type to crawl
upstream suggests a fundamental biophysical mode of
motility that is shared by many immune cells, worthy of
continued investigation.
MATERIALS AND METHODS

Cell culture

All primary and cell lines were cultured as described previously (8,28,29).

Briefly, HL-60 cells (ATCC, Manassas, VA) were cultured as described pre-

viously in Iscove’s modified Eagle’s Medium (IMDM) containing 20% fetal

bovine serum. HL-60 cells were differentiated into neutrophil-like cells in

1.25% DMSO (Sigma-Aldrich, St. Louis, MO) for 5 days before experi-
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mentation (30). HUVECs were maintained in EBM-2 growth media with

BulletKit supplement (Lonza, Wakersville, MD). For experimentation,

HUVECs were seeded in a 35 � 10 mm TC-treated dish (BD Falcon, Bed-

ford, MA) and grown to confluence. HUVECs were then stimulated with

IL-1b (BioLegend, San Diego, CA) for 4 h before experimentation.
Isolation of primary neutrophils from whole blood

The primary neutrophils were isolated from human donors and collected in

sodium citrate as an anticoagulant. Donors were selected from both male

and female populations, and every effort was made to obtain neutrophils

from diverse ethnic populations. After lysis of the red-blood cells in a

hypotonic lysis solution, the remaining blood cells were layered onto a

gradient of Histopaque 1077 and 1119 (Sigma-Aldrich). The cells were

spun at 700 � g for 30 min with no brake and the neutrophils collected

from the interface of the Histopaque solutions (31). The collected cells

were then washed and seeded in Hanks’ Buffered Saline Solution. All neu-

trophils were used for experimentation within 2–4 h of isolation. To assure

no neutrophil activation occurred during the separation procedure, we kept

the cells in Hanks’ Buffered Saline Solution without Ca2þ/Mg2þ because

the ions have been shown to prime cells while also resuspending the neutro-

phils slowly and using mild centrifugation settings (32).
Preparation of adhesion-molecule-coated
surfaces

Surfaces were prepared as described before (23,33,34). Briefly,

either TC-treated 24-well plates (BD Falcon) for static experiments or 1

inch� 3 inch plastic microscope slides (Thermo Fisher Scientific, Waltham,

MA) for shear flow experiments were coated with 2 mg/mL Protein A/G

(Biovision, Milpitas, CA) for overnight at 4�C. Upon washing three times

with 1� phosphate-buffered saline, surfaces were treated with 0.2% Pluronic

F127 (Sigma-Aldrich) for 1 h to block nonspecific binding to the surface.

After three additional phosphate-buffered saline washes, surfaces were

then coated with the desired total concentration (2.5 mg/mL, which is

�122 sites/mm2) (35,36) of recombinant human ICAM-1 Fc, VCAM-1 Fc

(R&D Systems, Minneapolis, MN), or a mixture of the two for 1 h.
Static migration assays

After the preparation of CAM-coated 24-well plates, 500 mL of IMDM

media þ 20% fetal bovine serum was added to each experimental well.

HL-60 cells were then seeded at a concentration of 5000 cells/cm2 and

allowed to settle and attach to the surface for 30 min. The plate was then

mounted on the microscope in a 5% CO2 and 37�C environment for

15 min to allow for equilibration. Images were captured every minute for

30 min on a motorized stage and observed using a Nikon Eclipse TE300

phase contrast microscope (Nikon, Tokyo, Japan). Images were captured

using a 10� objective.
Flow chamber assembly and assay for
recombinant surfaces

Experiments were conducted as described previously (3,34). Briefly, a par-

allel-plate flow chamber (GlycoTech, Gaithersburg, MD) was used with a

prepared plastic slide functionalized with either ICAM-1 Fc, VCAM-1

Fc, or equal mixtures of both. The channel template was cut from 0.01-

inch-thick Duralastic sheeting (Allied Biomedical, Ventura, CA). For

each flow experiment, the template was placed over the prepared slide.

The template and slide were placed in the bottom well of the flow chamber,

and the top was secured with screws. The chamber was assembled under

water to minimize the introduction of air. It was then mounted on the
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microscope in a 5% CO2 and 37�C environment for 10 min to allow for

equilibration. Before introduction of cells, the chamber was flushed with

running media consisting of IMDM. A volume of 2 mL containing

1 � 106 cells in running media was introduced into the chamber, and cells

were allowed to attach for 15 min. Fluid flow was initiated using a syringe

pump (11 Plus; Harvard Apparatus, Holliston, MA), and volumetric flow

rates were adjusted accordingly to correspond to desired shear rates. Shear

rate was calculated using tw ¼ (6 mQ)/(h2w), where m is the fluid viscosity,

Q is the volumetric flow rate, h is the channel height, and w is the channel

width. For this chamber, h ¼ 0.023 cm, w ¼ 0.1 cm. Images were captured

every minute on a motorized stage and observed using a Nikon Eclipse

TE300 phase contrast microscope. Images were captured using a

10� objective every minute for 30 min. Migrating cells had a polarized

morphology consisting of a lamellipod at the front and a uropod at the

rear and were phase dark. Spherical and nonadherent cells were either

washed away upon application of flow or demonstrated no motility and

were not included in analysis.
Shear flow assays on stimulated HUVEC surfaces

Experiments were conducted under similar conditions as previous studies

(23,28,37). In brief, HUVECs (Lonza) were seeded and grown to conflu-

ence in EGM-2 media with bullet supplements (Lonza) on 35 � 10 mm tis-

sue-culture-treated polystyrene plates (BD Falcon) and gown to confluence

at 37�C and 5%CO2. Before experimentation, HUVECs were supplied with

fresh EGM-2 media supplemented with 10 ng/mL recombinant IL-1b (Bio-

legend) and allowed to incubate for a minimum of 4 h to ensure robust

expression of E-selectin, ICAM-1, and VCAM-1 on the surface (38). To

perfuse the HL-60 cells and PMNs across the HUVEC monolayer, we

used a circular parallel-plate flow chamber (Glycotech) under vacuum,

fitted with a rubber gasket to create a rectangular flow path (h ¼ 127 mm,

w ¼ 0.25 cm). The chamber was assembled under water to minimize the

introduction of air. It was then mounted on the microscope in a 5% CO2

and 37�C environment for 10 min to allow for equilibration. Before intro-

duction of cells, the chamber was flushed with running media consisting of

IMDM. A volume of 2 mL containing 1 � 106 cells in running media was

introduced into the chamber, and cells were allowed to attach for 10 min.

From this point on, the assay was performed under similar conditions to

the previous experiments on recombinant surfaces as described above.
Antibody blocking

Functional blocking antibodies HL111 (anti-CD11a/aL-integrin), ICRF44

(anti-CD11b/aM-integrin), and 9F10 (anti-CD49d/a4-integrin) were ob-

tained from Biolegend. 5 � 105 HL-60 cells or PMNs were blocked with

a final concentration of 50 mg/mL blocking antibody in 25 mL running me-

dia and incubated for 30 min at 37�C and 5% CO2 as described previously

(23,37). Cells were then injected into flow chamber apparatus and allowed

to adhere in the absence of flow for 30 min. Cells were exposed to flow for

10 min before quantification of speed and MI.
Measurement of cell trajectories, speed, and MI

Cell movement was tracked using the ImageJ plugin Manual Tracking as

described previously (20,23,39). ImageJ and the plugin are both freely

available through the National Institutes of Health website (https://imagej.

nih.gov/ij/). The centroid of the cell was considered to represent the cell

position. Time-lapsemicroscopywas used and images were taken everymin-

ute. The result was a series of (xi, yi) positions with time for each cell. The net

displacement during the ith minute increment, Di, was calculated by the dif-

ference of the position at the beginning and end of the time step. The sum of

total displacements (Di,accum) was used to calculate the cell speed over the

entire experimental time course of 30 min. The migration index (MI) was
defined as the ratio of the difference between the initial and final x-displace-

ment/total displacementwhereMI¼ (xi,end� xi,initial)/(Di,accum).Values of the

MI near�1 indicate that cellsmigrate in a straight trajectory against the direc-

tion of flow,whereas values nearþ1 indicatemigration in a straight trajectory

in thedirectionofflow.When theMI is near 0, there is nopreferreddirection in

migration, indicating random motility. Only single cells actively migrating

along the surface that remained in the field of view for the entire experiment

were included in the analysis. Dividing cells and clusters of cells in which the

cells interacted with one another’s path were not included in analysis, and

neither were stationary cells or loosely adhered cells.
Statistics

Data are presented asmean5 standard error. Testing for differences between

means was determined with either Student’s t-test or two-way ANOVAwith

post hoc comparisons in InStat 3 software (GraphPad, San Diego, CA). p <

0.05 was considered significant and is indicated in the figure legends.
RESULTS

Untreated HL-60 cells and primary neutrophils are
unable to migrate against the direction of shear
flow on ICAM-1

We first examined the ability of either HL-60 cells (an
immortalized promyeloid cell line that can be differentiated
into neutrophil-like cells) or primary human neutrophils to
migrate upstream. The MI is defined as the ratio of the dif-
ference between the initial and final x-displacement/total
displacement where MI¼ (xi,end� xi,initial)/(Di,accum), where
positive values indicate downstream migration and negative
values indicate upstream migration. Interestingly, the scat-
tergrams (Fig. 1 A) and MI (Fig. 1 B) demonstrate that
although the majority of primary CD4þ T cells, primary
HSPCs, and the immortalized HSPC-like line KG1a cells
migrate against the direction of flow on ICAM-1 surfaces
(demonstrated by the abundance of red tracks and negative
MI), differentiated HL-60 cells and primary neutrophils
migrated preferentially downstream, as shown by the pre-
ponderance of blue tracks and a positive MI. Furthermore,
more than half of the T cells, HSPCs, and KG1a cells
migrated upstream (80.9, 65.2, and 81.1%, respectively),
whereas a minority of HL-60 cells and neutrophils migrated
upstream (23.2 and 18.1%, respectively) (Fig. 1 C).

We characterized the expression of ICAM-1 binding mol-
ecules on HL-60 cells and primary neutrophils, compared it
to the surface expression of molecules expressed on KG1a
cells, and showed that HL-60 cells and primary neutrophils
have a remarkably similar integrin profile. A common
feature of cells in Fig. 1 that were unable to crawl upstream
(HL-60 cells and primary neutrophils) was the expression of
the integrin Mac-1 (Fig. S1). Because it is known that LFA-1
is responsible for upstream migration (17–21), we hypothe-
sized that cells expressing Mac-1 are unable to migrate up-
stream because of competition between LFA-1 and Mac-1
for ICAM-1, suggesting that blocking Mac-1 in neutrophils
and HL-60 cells may allow them to crawl upstream.
Biophysical Journal 117, 1393–1404, October 15, 2019 1395
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FIGURE 1 CD4þ T cells, HSPCs, and KG1a migrate upstream on ICAM-1 surfaces, whereas HL-60 cells and primary PMNs do not. (A) Cell traces of CD4þ

T cells, bone marrow HSPCs, whole-blood-derived PMNs, KG1a cells, or differentiated HL-60 cells on 2.5 mg/mL ICAM-1 surfaces are shown at a shear rate of

800 s�1. Blue traces indicate cells that traveled downstream (with flow), and red traces indicate cells that traveled upstream (against flow). The direction of flow

is from left to right, and the displacement has units of microns. In general, more of the cell traces indicate upstreammotion (red tracks) in CD4þ T cells, HSPCs,

and KG1a cells, whereas PMNs and HL-60 cells have more blue traces indicating downstream migration. (B) The directional migration of the five cell types

under shear flow as expressed by the migration index (MI) is shown. A negative MI indicates migration against the flow (upstream), whereas a positive MI

indicates migration with the flow (downstream). CD4þ T cells, HSPCs, and KG1a cells have a negative MI, whereas HL-60 cells and PMNs have a positive

MI. (C) Percentage of migrating cells traveling upstream for each cell type at 100 and 800 s�1 shear rate on ICAM-1 is shown. HL-60 cells and PMNs have

<50% of cells migrating upstream, whereas CD4þ T cells, HSPCs, and KG1a cells have>50% of cells migrating upstream. n¼ 4 independent experiments of

at least 50 cells analyzed per experiment for each shear rate. *p < 0.05 with respect to CD4þ T cell experiments at similar conditions.
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HL-60 cells are maximally motile at lower ICAM-1
concentrations than T cells and HSPCs

To determine the concentration in which HL-60 cells were
maximally motile, we measured the motility of HL-60 cells
on substrates coated with ICAM-1 in the absence of flow
over a range of concentrations (1, 2.5, 5, and 10 mg/mL).
In the absence of flow, the MI fell between �0.05 and 0.05
for all four ICAM-1 concentrations, indicating there was
no preference in direction of migration in the absence of
flow (Fig. S2 A). The persistence time mirrored the motility
coefficient and was maximal at 2.5 mg/mL (Fig. S2 B),
whereas the speed was inversely proportional to the concen-
tration of ICAM-1 (Fig. S2 C). The two-dimensional area
that HL-60 cells explored through migration was highest at
2.5 mg/mL; correspondingly, the random motility coefficient
was highest at that surface density (Fig. S2 D).
Migration of both resting and activated HL-60
cells is upstream on ICAM-1 and downstream on
VCAM-1 under shear flow after Mac-1 blocking

We then tested the motility of HL-60 at a shear rate of
800 s�1 at a range of ICAM-1 surface concentrations
(2.5, 5, and 10 mg/mL) with and without preincubation
of a Mac-1-blocking antibody (Fig. 2). As seen from the
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cell tracks on ICAM-1 surfaces, HL-60 cells treated
with an isotype antibody have a preference for migration
with the direction of flow, indicated by the preponderance
of blue tracks (Fig. 2 A), with less than 50% of cells
traveling upstream (Fig. 2 D), and a positive MI
(Fig. 2 E). Also, HL-60 cells explore a greater area with
decreasing concentration, as evidenced by the motility
coefficient (Fig. 2 C), which increases with decreasing
concentration.

Blocking Mac-1 with a monoclonal antibody allows
HL-60 cells to migrate upstream on ICAM-1 surfaces, indi-
cated by the greater number of red tracks (Fig. 2 B). Further-
more, more than 50% of cells are traveling upstream at
ICAM-1 concentrations of 5 mg/mL and 2.5 mg/mL
(Fig. 2 D). After blocking Mac-1, HL-60 cells display a
negative MI (Fig. 2 E). HL-60 cells blocked with Mac-1
also explore a greater area and are more motile with
decreasing concentration of ICAM-1 as compared to cells
treated with a negative control isotype antibody. This is
demonstrated by the random motility coefficient
(Fig. 2 C), which increases with decreasing ICAM-1 con-
centration. In all, these data demonstrate that HL-60 cells
are indeed able to migrate upstream on ICAM-1 surfaces,
provided Mac-1 is blocked, and that the inverse dependence
of motility on ICAM-1 concentration may account for



FIGURE 2 The migration of HL-60 cells under

shear flow is dependent on ICAM-1 concentration

and Mac-1 binding: cell traces of HL-60 cells on

ICAM-1 at concentrations of 10mg/mL (first col-

umn), 5mg/mL (second column), and 2.5mg/mL

(third column) under (A) isotype or (B) anti-aM-

integrin blocking at a shear rate of 800 s�1 are

shown. The traces depicted are the cumulative

tracks of two independent experiments and have

units of microns. Blue traces indicate cells that

traveled downstream (with flow), and red traces

indicate cells that traveled upstream (against

flow). The direction of flow is from left to right

in these traces and has units of microns. (C) The

randommotility coefficient (mm2/min), (D) the per-

centage of cells migrating upstream, and (E) the MI

of HL-60 cells on varying ICAM-1 concentrations

under isotype or anti-aM-integrin blocking at

800 s�1 shear rate are shown. A negative MI indi-

cates migration against the flow (upstream),

whereas a positive MI indicates migration with

the flow (downstream). HL-60 cells become more

motile at lower ICAM-1 concentrations and

migrate upstream under Mac-1-blocking condi-

tions. n ¼ 4 independent experiments of at least

50 cells analyzed per experiment. *p < 0.05 with

respect to isotype conditions.

Upstream Migration of Neutrophils
previous reports in which neutrophils were unable to
migrate upstream even when an attempt was made to block
Mac-1 (17).

Next, we measured the motility of HL-60 cells on surfaces
coated with either ICAM-1 or VCAM-1 at two shear rates
(100 and 800 s�1) and with or without blocking antibodies
against either the aL-integrin (LFA-1) or the aM-integrin
(Mac-1) (Fig. 3). On surfaces containing only ICAM-1,
HL-60 cells migrate with the direction of flow when treated
with an isotype antibody (Fig. 3 A, left panel; Video S1), but
the direction of migration is reversed to be against the direc-
tion of flow upon blocking the aM-integrin (Fig. 3 A, middle
panel; Video S2). Under Mac-1 blocking conditions, HL-60
cells migrated upstream with a negative MI (Fig. 3 B) and
>50% of cells travelled upstream (Fig. 3 C). Conversely,
blocking LFA-1 showed the opposite effect by increasing
the migration in the direction of flow (Fig. 3 A, right panel).
Cells travel a shorter distance under either of the blocking
conditions as compared to isotype (Fig. S3 A).

On VCAM-1-only surfaces, HL-60 cells migrate down-
stream in the presence of a negative control antibody
(Fig. 3 D, left plot), if aM-integrin is blocked (Fig. 3 D, mid-
dle plot), or if aL-integrin is blocked (Fig. 3 D, right plot).
There was no significant difference in the direction of
migration under any blocking conditions, as shown by the
MI (Fig. 3 E). Less than 10% of HL-60 cells migrated up-
stream on VCAM-1 under any conditions (Fig. 3 F). In
all, these data demonstrate that blocking Mac-1 on HL-60
cells leads to upstream migration on ICAM-1, whereas
VCAM-1 only supported downstream migration under all
conditions tested. Cells travel similar distances under all
conditions tested (Fig. S3 B).

To determine whether activation (which the neutrophils
would experience during an inflammatory insult) changes
the directional preferences of the HL-60 cells, these cells
were stimulated with N-Formylmethionine-leucyl-phenylal-
anine (fmlp) before experimentation. As seen in Fig. S4,
activation of the HL-60 with fmlp does not change the direc-
tional preference of the cells on either ICAM-1 or VCAM-1
(from Fig. 3) because cells will only migrate upstream on
ICAM-1 if Mac-1 is blocked and HL-60 cells migrate down-
stream on VCAM-1 under all conditions. On the other hand,
the HL-60 cells stimulated with fmlp are significantly more
motile (Fig. S4 E) than their unstimulated counterparts (data
not shown). In sum, although fmlp stimulation increases the
motility of the HL-60 cells, the directional preferences are
similar, as seen with unstimulated HL-60 cells.
Primary neutrophils from whole blood behave
similarly to HL-60 cells on ICAM-1 and VCAM-1
surfaces

To determine whether the results we found in our assays on
cell lines were transferrable to primary cells, we tested
Biophysical Journal 117, 1393–1404, October 15, 2019 1397



FIGURE 3 HL-60 cells migrate upstream on ICAM-1 and downstream on VCAM-1 once Mac-1 is blocked: cell traces of HL-60 cells on (A) ICAM-1 and

(D) VCAM-1 under isotype (first column), with anti-aM-integrin blocking (second column), or with anti-aL-integrin blocking (third column) at 800 s
�1 shear

rate at a concentration of 2.5 mg/mL. The traces depicted are the cumulative tracks of two independent experiments and have units of microns. Blue traces

indicate downstreammigration (with flow), and red traces indicate upstreammigration (against flow). The direction of flow is from left to right in these traces

and the traces have units of microns. The direction of HL-60 cell migration under shear flow as expressed by the MI under isotype, anti-aM-integrin, or anti-

aL-integrin blocking at 100 and 800 s
�1 shear rate on (B) ICAM-1 and (E) VCAM-1 is shown. A negative MI indicates migration against the flow (upstream),

whereas a positive MI indicates migration with the flow (downstream). The percentage of migrating cells traveling upstream under isotype, anti-aL-integrin,

or anti-aM-integrin blocking at 100 and 800 s�1 shear rate on (C) ICAM-1 or (F) VCAM-1 is shown. HL-60 cells migrate downstream on ICAM-1 and

VCAM-1 under isotype conditions, whereas blocking the aM-integrin promotes upstream migration on ICAM-1 but not VCAM-1. Blocking the aL-integrin

of removes all upstream migration in ICAM-1 and does not affect VCAM-1 migration. n ¼ 4–5 independent experiments of at least 60 cells analyzed per

experiment for each CAM. *p < 0.05 with respect to isotype conditions.
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whether primary neutrophils from whole blood display
similar patterns of directional migration on ICAM-1
(Fig. 4, A–C) and VCAM-1 (Fig. 4, D–F). On ICAM-1 sur-
faces, primary PMNs migrate with the direction of flow
when treated with an isotype antibody (Fig. 4 A, left panel;
Video S3), and the direction of motility was reversed to
against the direction of flow if the aM-integrin was blocked
(Fig. 4 A, middle panel; Video S4). Blocking the aL-integrin
led to migration that was more directionally downstream
compared to migration when isotype antibodies were used
(Fig. 4 A, right panel). Quantification of the direction of
migration confirmed these qualitative results; blocking
with either aL or isotype antibody led to positive MIs,
whereas blocking Mac-1 led to a negative MI (Fig. 4 B).
Measuring the fraction of cells migrating upstream yielded
similar results regarding the directionality of migration
(Fig. 4 C), and PMNs traveled similar distances under all
conditions tested (Fig. S3 A).

On VCAM-1 surfaces, PMNs migrate downstream (Fig. 4
D, left plot), and this is unchanged upon blocking either the
aM- (Fig. 4D,middle plot) or the aL-integrin (Fig. 4D, right
plot). Under all conditions, the MI remained negative (Fig. 4
E), less than 10% of cells migrated upstream (Fig. 4 F), and
PMNs traveled similar distances (Fig. S3 B).

In all, these data demonstrate that like HL-60 cells, block-
ing Mac-1 on the surface of primary neutrophils supports
upstream migration on ICAM-1 but downstream migration
on VCAM-1.
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LFA-1 controls upstream motion while Mac-1 and
VLA-4 control downstream migration on mixed
surfaces

To see how the migration profiles were altered when more
than one CAM was present (as the cell would encounter
on the endothelial surface), we plated either HL-60 cells or
primary PMNs on 50/50 mixtures by mass of ICAM-1 þ
VCAM-1 (I þ V). As seen in the cell tracks (Fig. 5, A
and B), both HL-60 cells and primary PMNs migrate with
the direction of flow when an isotype antibody is present,
as confirmed by the MI (Fig. 5 C) and the fraction of cells
migrating upstream (Fig. 5 D). Next, we demonstrated that
blocking Mac-1 allows HL-60 cells and PMNs to switch
their direction of migration from downstream to upstream
on I þ V surfaces, as illustrated by the abundance of red
traces after blocking (Fig. 5, A and B), the corresponding
decrease in MI (Fig. 5 C), and the number of cells migrating
upstream (Fig. 5 D). We then demonstrated blocking Mac-1
in combination with the a4-integrin (VLA-4) further en-
hances the migration of HL-60 cells and PMNs upstream
on I þ V surfaces, signified by the increase in red traces
on the scattergrams (Fig. 5, A and B), a further decrease in
MI (Fig. 5 C), and an increase in the fraction of cells
migrating upstream (Fig. 5 D). Finally, we demonstrated
that blocking the aL-integrin (LFA-1) eliminates upstream
migration of HL-60 cells and PMNs on Iþ V surfaces, illus-
trated by the lack of red traces (Fig. 5, A and B) and the



FIGURE 4 Primary PMNs display similar migration profiles to HL-60 cells on ICAM-1 and VCAM-1: cell traces of neutrophils from whole blood on (A)

ICAM-1 and (D) VCAM-1 under isotype (first column), with anti-aM-integrin blocking (second column), or with anti-aL-integrin blocking (third column) at

800 s�1 shear rate at a concentration of 2.5 mg/mL. The traces depicted are the cumulative tracks of two independent experiments and have units of microns.

Blue traces indicate cells that traveled downstream (with flow), and red traces indicate cells that traveled upstream (against flow). The direction of flow is

from left to right in these traces and has units of microns. The direction of PMN migration under shear flow as expressed by the MI under isotype, anti-aM-

integrin, or anti-aL-integrin blocking at 100 and 800 s
�1 shear rate on (B) ICAM-1 and (E) VCAM-1 is shown. A negative MI indicates migration against the

flow (upstream), whereas a positive MI indicates migration with the flow (downstream). Percentage of migrating cells traveling upstream under isotype or

anti-aL-integrin blocking at 100 and 800 s
�1 shear rate on (C) ICAM-1 or (F) VCAM-1 is shown. PMNs behave exactly like HL-60 cells by migrating down-

stream on ICAM-1 and VCAM-1 under isotype conditions, whereas blocking the aM-integrin promotes upstream migration on ICAM-1 but not on VCAM-1.

Blocking the aL-integrin of removes all upstream migration on ICAM-1 and does not affect VCAM-1 migration. n¼ 4–5 independent experiments of at least

50 cells analyzed per experiment for each CAM. *p < 0.05 with respect to isotype conditions.

Upstream Migration of Neutrophils
subsequent increase in MI (Fig. 5 C). The number of cells
migrating upstream was also reduced (Fig. 5 D), and both
PMNs and HL-60 cells migrated significantly further
distances than any other subtype (Fig. S3 C). Blocking
VLA-4 alone did not significantly affect the migration of
HL-60 cells and PMNs on IþV surfaces as compared to iso-
type in either the scattergrams (Fig. 5, A and B, fourth panel),
MI (Fig. 5 C), or cells migrating upstream (Fig. 5 D).

Together, these data show that competition between
Mac-1 and LFA-1 prevents upstream migration in HL-60
cells and primary neutrophils, and these cells can indeed
migrate against the direction of flow on surfaces of mixed
composition once Mac-1 is blocked. Furthermore, removing
the VLA-4/VCAM-1 interactions in these cells in combina-
tion with the Mac-1/ICAM-1 interactions further enhances
the ability of HL-60 cells and primary neutrophils to migrate
upstream.
HL-60 cells and primary PMN can be induced to
migrate upstream on HUVEC monolayers

Because both HL-60 cells and PMNs were able to migrate
upstream on recombinant CAM surfaces, we tested whether
HL-60 cells and primary PMNs exhibited upstream motility
on HUVEC monolayers (Fig. 6). On unstimulated HUVEC
monolayers, only 5% of HL-60 cells and PMNs attached
to the HUVEC surface as compared to IL-1b-stimulated
HUVECs (Fig. S5), and of those that attached, none actively
migrated. On IL-1b-stimulated HUVECs, HL-60 cells
(Fig. 6 A, first panel) migrate with the direction of flow,
and all upstream motion could be completely removed
upon blocking the aL-integrin (Fig. 6 A, second panel). How-
ever, the direction of migration becomes upstream if the aM-
integrin is blocked (Fig. 6 A, third panel; Video S5), and this
upstream migration is enhanced when both the aM- and the
a4-integrins are blocked (Fig. 6 A, fourth panel). This change
in directional migration is quantified with the MI (Fig. 6 C)
and the percentage of cells migrating upstream (Fig. 6 D).

Primary neutrophils from whole blood (Fig. 6 B, first
panel; Video S5) migrate slightly with the direction of
flow on HUVECs. Like HL-60 cells, all upstream motion
could be eliminated upon blocking the aL-integrin (Fig. 6
B, second panel). Likewise, PMNs migrated upstream
when aM-integrin (Fig. 6 B, third panel) was blocked. Up-
stream migration was enhanced even further when both
the aM- and a4-integrins were blocked in combination
(Fig. 6 B, fourth panel). This preference is also seen in the
MI (Fig. 6 C) and the percentage of cells migrating upstream
(Fig. 6 D). Much like the recombinant surfaces, blocking
VLA-4 alone did not significantly affect the migration of
HL-60 cells and PMNs on HUVEC surfaces as compared
to isotype as demonstrated in either the scattergrams
(Fig. 6, A and B, fourth panel), MI (Fig. 6 C), or cells
migrating upstream (Fig. 6 D). However, when blocking
VLA-4 alone or both Mac-1 þ VLA-4, the distance traveled
significantly decreased as compared to isotype (Fig. S3 D).
Biophysical Journal 117, 1393–1404, October 15, 2019 1399



FIGURE 5 HL-60 cells and PMN migrate upstream on mixed CAM surfaces once Mac-1 is blocked. Cell traces of (A) HL-60 cells and (B) neutrophils

isolated from whole blood on surfaces containing an equal mixture of ICAM-1 and VCAM-1 (I þ V) under isotype (first column), anti-aL-integrin blocking

(second column), anti-aM-integrin blocking (third column), anti-a4-integrin blocking (fourth column), or with anti-aM-integrin and anti-a4-integrin blocking

(fifth column) at 800 s�1 shear rate are shown. The traces depicted are the cumulative tracks of two independent experiments and have units of microns. Blue

traces indicate cells that traveled downstream (with flow), and red traces indicate cells that traveled upstream (against flow). The direction of flow is from left

to right, and traces have units of microns. (C) The direction of migration under shear flow as expressed by the MI or (D) percentage of migrating cells trav-

eling upstream under isotype, anti-aL-integrin blocking, anti-aM-integrin blocking, anti-a4-integrin blocking, or anti-aM- and anti-a4-integrin blocking at

800 s�1 shear rate on I þ V surfaces. Both HL-60 cells and PMNs migrate downstream on I þ V surfaces until the aM-integrin is blocked, when they

then migrate upstream. Blocking the aL-integrin removes all upstream migration, whereas blocking the a4-integrin with the aM-integrin enhances it.

n ¼ 4 independent experiments of at least 60 cells analyzed per experiment. *p < 0.05 with respect to isotype conditions.

Buffone et al.
Taken all together, the data indicate that HL-60 cells and
primary whole-blood PMNs can migrate upstream after
blocking Mac-1 under physiologically relevant conditions
and on primary endothelial cells at shear rates seen in vivo.
DISCUSSION

The migration of immune cells along the activated endothe-
lium is an important step of the leukocyte adhesion cascade
and the innate immune response (1). This step is critical as
cells probe the endothelial surface for the best place to trans-
migrate through the endothelium to the sites of inflamma-
tion (40). Neutrophils, which employ the leukocyte
adhesion cascade, are among the first cells to arrive to a
site of infection and resolve the inflammatory event (41).
Although the individual steps of the leukocyte adhesion
cascade have been studied extensively (1,2,42–44), we
have been intrigued by the recent discovery that several im-
mune cell subsets and tumor cells are able to crawl effi-
ciently against the direction of shear slow. Our laboratory
and others have demonstrated that both murine and human
1400 Biophysical Journal 117, 1393–1404, October 15, 2019
T lymphocytes (17,45), human HSPCs (23), and murine
marginal zone B cells (21,22) are able to efficiently crawl
against the direction of shear flow on ICAM-1 surfaces
and surfaces coated with mixtures of ICAM-1 and
VCAM-1 but maintain a preference for downstream migra-
tion on VCAM-1 surfaces (20,45). In all immune cells that
show upstream migration, migration against the direction of
shear flow was is dependent on LFA-1/ICAM-1 interactions
(16,17,19–21,23). A better understanding of the critical
mechanisms of migration can allow for the engineering
of neutrophils that are able to migrate more quickly though
the endothelium and, in turn, resolve inflammation
faster (46).

The initial study that described the upstream migration in
T cells demonstrated that neutrophils, despite expressing
LFA-1 and being able to bind ICAM-1, were unable to
migrate upstream (17). In our hands, both the immortalized
neutrophil-like HL-60 cell line and primary whole-blood
neutrophils were unable to migrate upstream on ICAM-1
surfaces (Fig. 1). But migration on ICAM-1 surfaces in neu-
trophils is more complicated than in lymphoid cells because



FIGURE 6 HL-60 cells and PMNs display upstream migration on HUVEC once Mac-1 is blocked: cell traces of (A) HL-60 cells and (B) neutrophils iso-

lated from whole blood on IL-1b-stimulated HUVECs under isotype (first column), anti-aL-integrin blocking (second column), anti-aM-integrin blocking

(third column), anti-a4-integrin blocking (fourth column), or with anti-aM-integrin and anti-a4-integrin blocking (fifth column) at 100 s�1 shear rate. The

traces depicted are the cumulative tracks of two independent experiments and have units of microns. Blue traces indicate cells that traveled downstream

(with flow), and red traces indicate cells that traveled upstream (against flow). The direction of flow is from left to right, and traces have units of microns.

(C) The direction of migration under shear flow as expressed by the MI or (D) percentage of migrating cells traveling upstream under isotype, anti-aL-integrin

blocking, anti-aM-integrin blocking, anti-a4-integrin blocking, or anti-aM- and anti-a4-integrin blocking at 100 s�1 shear rate on HUVECs is shown. Both

HL-60 cells and PMNs migrate downstream on HUVECs until the aM-integrin is blocked, when they then migrate upstream. Blocking the aL-integrin re-

moves all upstream migration, whereas blocking the a4-integrin with the aM-integrin enhances it. n ¼ 3–4 independent experiments of at least 45 cells

analyzed per experiment. *p < 0.05 with respect to isotype conditions.

Upstream Migration of Neutrophils
myeloid cells have an additional cell-surface receptor for
ICAM-1, Mac-1. Although a previous study demonstrated
that blocking Mac-1 on the neutrophil surface was not
enough to elicit LFA-1-dependent upstream migration on
ICAM-1 surfaces (17), we sought to assess whether there
were certain conditions under which neutrophils could
be induced to migrate against the direction of flow.
By lowering the concentration of ICAM-1 on the surface
fourfold, we significantly increased the overall motility
and area explored by the HL-60 cells and neutrophils. The
ability to tune motility by modulating adhesion is well-
known and has been demonstrated in other cell types and
cell-free systems (19,35,36,47). Also, we demonstrated
that at lower concentrations of ICAM-1, blocking Mac-1
on the surface of both HL-60 cells and primary neutrophils
induced upstream migration (Fig. 2). We suspect that
the inability to have seen upstream migration upon Mac-1
reported by Valignat and co-workers might have been due
to the high ICAM-1 concentration used in their study
(10 mg/mL), which limited both the overall motility of the
neutrophils and their ability to migrate upstream (17).

Our work expands upon the previous observations of up-
stream migration and demonstrates that neutrophils can, in
fact, migrate upstream under flow once Mac-1 is blocked.
Although both HL-60 cells and neutrophil are unable to crawl
upstream on any surface with isotype (negative control) anti-
bodies, both cell types can be induced to migrate upstream
on ICAM-1 surfaces once Mac-1 binding was blocked with
monoclonal antibodies. For both cell types, blocking LFA-1
removed upstream migration on ICAM-1 surfaces, demon-
strating the indispensable nature of LFA-1-ICAM-1 interac-
tions for migration against the direction of shear flow.
Furthermore, surfaces of mixed composition that contained
equal amounts of ICAM-1 andVCAM-1 (IþV)were enlight-
ening because HL-60 cells and neutrophils showed a net over-
all downstream migration on these surfaces, with only�15%
of cells migrating upstream.However, onceMac-1 is blocked,
both neutrophils and HL-60 cells reverse their direction of
Biophysical Journal 117, 1393–1404, October 15, 2019 1401



Buffone et al.
migration to against the flow, with greater than 50% of cells
crawling upstream. This upstream migration can be further
enhanced (�75–80% of cells crawling upstream) by addi-
tively blocking VLA-4 in combination with Mac-1 to remove
the VLA-4/VCAM-1 interactions. Removing the VLA-4/
VCAM-1 interactions did not induce a strong phenotype on
the ICAM-1 and VCAM-1 surface because the behavior of
neutrophils and HL-60 cells was not significantly different
than cells blockedwith an isotype antibody (Fig. 5). These ex-
periments recapitulate the complex chemistry neutrophils will
see on the endothelium upon activation by TNF-a and IL-1b
during inflammation (48). Indeed, similar results were seen
on stimulated HUVEC monolayers because both HL-60 cells
and primary neutrophils were unable to crawl upstream when
treated with isotype-blocking antibodies but could crawl
upstream once Mac-1 was blocked. Blocking VLA-4 and
Mac-1 increased the ability and number of neutrophils crawl-
ing upstream on HUVECs, whereas blocking LFA-1
completely removed upstream migration. In sum, neutrophils
migrate against the direction of flowvia LFA-1/ICAM-1 inter-
actions andwith the direction of flow viaVLA-4/VCAM-1 in-
teractions in all contexts. As for Mac-1/ICAM-1 interactions,
in our studies, they caused the HL-60 cells and neutrophils to
migrate with the direction of flow because the removal of
Mac-1 binding function is a prerequisite for upstream migra-
tion. Previous studies have demonstrated that murine neutro-
phils are able to migrate perpendicularly to the direction of
shear flow, in a Mac-1- and VAV-1-dependent manner on mu-
rine plasma and mouse cremaster venules (49). Although we
do not see a prominent mode of perpendicular migration in
our studies, species, surface-specific differences, and differ-
ences in the activation state of the neutrophils in migration
may account for this disparity.We suspect neutrophils can uti-
lize these versatile modes of motility to gain entry into tissues
under a variety of conditions.

As to what the exact mechanism for upstreammigration is
and whether it is a passive or active process is still an open
question. A previous study strongly suggested that the up-
stream migration of T cells on ICAM-1 is due to a passive
steering mechanism of the uropod during shear flow (16).
The ‘‘wind vane’’ hypothesis was borne from the lack of
changes in upstream migration seen when intracellular cal-
cium signaling and phosphotidyl-3-kinase were inhibited.
The same group has further quantified this ‘‘wind vane’’ hy-
pothesis by demonstrating that the direction of migration of
the cells is principally a mechanism driven by where the cell
contacts the endothelial surface. It was hypothesized that
during LFA-1/ICAM-1 interactions, the cell contacts the
surface at the leading edge and the uropod sticks up into
the free stream, the wind vane is engaged, and the cell mi-
grates upstream (50). On the other hand, with VLA-4/
VCAM-1 interactions, the uropod is principally in contact
with the surface, so the wind vane cannot engage and the
cell swims downstream (50). It remains to be seen whether
these modes of motility hold true in neutrophils, especially
1402 Biophysical Journal 117, 1393–1404, October 15, 2019
if blocking Mac-1 on ICAM-1 surfaces switches the point of
contact with the surface from the uropod to the leading edge,
activating the wind vane. This, as well as further investiga-
tion to understand the factors that control upstream migra-
tion from within the cell, would warrant further study
outside the scope of this work.

The biological function of upstream migration is still un-
known, but we have some clues as to its function from other
types of cells displaying this mode of motility. Marginal zone
B cells will crawl upstream on ICAM-1, against the blood
flow that goes from the follicle to the red pulp in the spleen,
when leaving the marginal zone to enter the follicle for
further maturation (21,22). Furthermore, human breast can-
cer cells are able to migrate against direction of interstitial
shear flow in a three-dimensional collagen gel to escape
into the leaky vasculature and metastasize further (51,52).
On the other hand, CD4þ T cells (20) and HSPCs (23) utilize
upstream migration while migrating on the endothelium pre-
transmigration, albeit for different reasons. The CD4þ
T cells are trying to reach the lymph node to contact den-
dritic cells (53), and the HSPCs are trying to home to the
bone marrow and reestablish hematopoiesis post-transplan-
tation (54). Migration against the direction of shear flow
may be a natural mechanism by which cells home back to
their site of activation after rolling and arrest to better trans-
migrate through the endothelium (55). Further demon-
strating this point, a recent study in our lab has shown that
T cells are able to migrate upstream after completing the
tethering and rolling portions of the leukocyte adhesion
cascade, and furthermore, cells migrating upstream after
attachment transmigrate significantly faster than those crawl-
ing downstream (19). Thus, upstream migration may be a
universal mechanism of migration in which cells can back-
track to areas of the endothelium that are more amenable
to transmigration.

Although small levels of upstream migration have previ-
ously been reported in mouse neutrophils migrating on acti-
vated murine cremaster venules (56), this work extends the
fascinating phenomenon of upstream migration into human
myeloid cells and neutrophils and critically suggests Mac-1
prevents neutrophils from migrating upstream. Because we
demonstrate here upstream migration under biologically
relevant shear flows, with the primary neutrophils, and
in vitro on activated HUVEC monolayers, further study is
warranted to determine whether 1) the upstream migration
occurs in vivo naturally and 2) whether we can leverage
Mac-1 blocking of neutrophils to get them to crawl up-
stream in vivo. If we understand the molecular origins of up-
stream motility, it might be possible promote it for clinical
benefit such as for a more rapid resolution of inflammation.
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