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Abstract

T-lymphocyte migration is important for homing, cell trafficking, and immune surveillance. T-
lymphocytes express lymphocyte function-associated antigen-1 (LFA-1; a 32) and very late
antigen-4 (VLA-4; a4pB1), which bind to their cognate ligands, intercellular adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1). These adhesive interactions provide
T-lymphocytes with the ability to withstand hemodynamic shear forces to facilitate adhesion and
migration along the blood endothelium. Recently, it has been shown that T-lymphocytes will
crawl upstream against the direction of flow on surfaces functionalized with ICAM-1. Here, we
have investigated whether the identity of the receptor and the magnitude of its engagement affects
the direction of T-lymphocyte migration under flow. We used microcontact printed ICAM-1 and
VCAM-1 PDMS surfaces on which density and type of adhesion molecule can be tightly
controlled and non-specific adhesion adequately blocked. Using a laminar flow chamber, we
demonstrate that T-lymphocytes migrate either upstream or downstream dependent upon ligand
type, ligand concentration and shear rate. T-lymphocytes were found to migrate upstream on
ICAM-1 but downstream on VCAM-1 surfaces — a behavior unique to T-lymphocytes. By varying
concentrations of ICAM-1 and VCAM-1, directed migration under flow was observed to be
dependent upon the type and concentration of ligand. As shear rates increase, T-lymphocytes favor
upstream migration when any ICAM-1 is present, even in the presence of substantial amounts of
VCAM-1. Furthermore, a loss of cytoskeletal polarity was observed upon introduction of fluid
flow with reorganization that is dependent upon ligand presentation. These results indicate that T-
lymphocytes exhibit two different modes of motility — upstream or downstream — under fluid flow
that depends on ligand composition and the shear rate.

Introduction

For efficient homing, T-lymphocytes must withstand the hemodynamic forces caused by
fluid flow to effectively adhere and migrate along the endothelium.:2 T-lymphocytes
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express the integrins lymphocyte function-associated antigen-1 (LFA-1; a 32) and very late
antigen-4 (VLA-4; a4p1), which bind to the ligands intercellular adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1), respectively. These integrins
are known to be crucial for cell activation and to facilitate interactions with other leukocytes
in order to elicit effector functions.3-> LFA-1 and VVLA-4 are also required for firm adhesion
to the blood endothelium under shear flow to permit migration into lymph nodes or inflamed
tissues.5-8

Previous work has shown the rather fascinating phenomenon that murine T-lymphocytes
crawl efficiently against the direction of flow on immobilized ICAM-1 and ICAM-2
surfaces while undergoing recurrent downstream arrest on VCAM-1.2 Valignat et al.
demonstrated that both freshly isolated and effector human T-lymphocytes increase their
upstream migration against flow as shear rate increases on ICAM-1 surfaces.1% Furthermore,
T-lymphocytes undergo adhesion strengthening on ICAM-1 surfaces upon spontaneous
LFA-1-mediated adhesion under shear flow that is dependent upon calcium/calmodulin
signaling and the assembly of the actin cytoskeleton.11

Often, multiple integrins are engaged, and a question that has not been fully addressed is
how the engagement of multiple integrins controls T-lymphocyte motility under shear
flow.12-15 It is known that chemokine engagement leads to increased integrin activation
through heterologous modulation (inside-out signaling);16-18 on the other hand, homologous
modulation, when one integrin binds its specific ligand activating a signaling pathway that
then activates a different integrin, can also occur. For example, VCAM-1 engagement of
VLA-4 is known to regulate po-dependent adhesion under flow on ICAM-1 surfaces.>19.20
Previous studies have also shown a synergistic response in adhesion strengthening and
resistance to shear upon plating human T-lymphocytes on surfaces that have been co-
immobilized with ICAM-1 and VCAM-1.19 However, it is not well understood how the
simultaneous engagement of LFA-1 and VLA-4 with their cognate ligands controls the
directional migration of T-lymphocytes under fluid flow, which is especially interesting
given the dichotomous response of T-lymphocytes on each ligand alone.

We previously demonstrated that human primary T-lymphocytes are capable of spontaneous
and robust migration under static conditions on microcontact printed ICAM-1 and VCAM-1
PDMS surfaces, but it is not well understood how the application of shear modulates this
behavior.2! Here, we used the same surfaces, presenting ICAM-1 and VCAM-1 in a
controllable ratio, to measure how ligand presentation affects directional migration under
fluid flow. We quantified T-lymphocyte migration under shear flow using a parallel plate
laminar flow assay.10:11.22-24 \We show that under conditions of shear flow, T-lymphocytes
can crawl either upstream or downstream, and the motility is dependent upon ligand
concentration, type, and shear rate, over a range of physiological shear rates mimicking
conditions encountered in the postcapillary venules where leukocyte extravasation
predominantly takes place.2526 Furthermore, we show that presentation of both ICAM-1
and VCAM-1 at different densities orients T-lymphocyte migration either upstream or
downstream of fluid flow at low shear rates while at high shear rates preferential migration
is observed upstream provided there is any ICAM-1 present. These results suggest that 3,
integrins play a dominant role in dictating the direction of migration under fluid flow. Our
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current observations correspond well to the previous studies showing that VCAM-1
mediated motility exhibits lower migration speeds and, overall, less motility than on
ICAM-1 surfaces and provides new insight into T-lymphocyte behavior on surfaces
containing both ligands under shear flow.21

Microcontact printing of protein A/G and surface quantification

The relative composition of our surfaces were verified using fluorescently tagged human
IgG41 molecules that bind to microcontact printed protein A/G. Briefly, Alexa Fluor-555
tagged 1gG4 (19G1-555) was mixed with unlabeled human 1gG; in different ratios to
maintain a total protein solution concentration of 20 ug ml~1. Fig. 1A-F shows the
fluorescence intensities of surfaces with increasing concentrations of 1gG1-555. By
quantifying the pixel intensities for each condition, we found a linear correlation (R? =
0.991) between 1gG1-555 concentration and pixel intensity (Fig. 1G). These data allows us
to conclude that as ligand concentration is increased within solution (up to a concentration
of 20 pg mI~1 1gG;) the amount of ligand is proportionately increased on our surfaces. The
range of concentrations tested cover what was used in our study.

ICAM-1, but not VCAM-1, supports T-lymphocyte migration against the direction of flow as
a function of shear rate

T-lymphocytes express the integrin heterodimers VLA-4 and LFA-1, and flow cytometry
was employed to confirm the expression 1 and B, on cultured primary human T-
lymphocytes (Fig. 2). It was also verified that the cells do not express the MAC-1 integrin
heterodimer (apf2) which is capable of binding to ICAM-1 (Fig. 2A), allowing us to
conclude that the interactions observed on ICAM-1 are solely due to LFA-1 engagement in
our experiments.

The motility of cells at different shear rates was measured on surfaces prepared by
incubating either 5 pg mi~1 of ICAM-1 or VCAM-1 onto surfaces stamped with protein
AJG. After injection and a resting time of 15 minutes to allow for adhesion, cells were
exposed to shear rates of 100, 200, 400, or 800 s~1 for a time period of 30 minutes. As
illustrated by representative cell traces (Fig. 3A and F), T-lymphocytes migrated substantial
distances under static conditions on ICAM-1 or VCAM-1 surfaces, and upon application of
flow, directional responses were observed (Movies S1-S4 in the ESIT). Blue traces indicate
cells that traveled upstream in fluid flow while red traces indicate cells that traveled
downstream. At a low shear rate of 100 s71, cells on ICAM-1 surfaces showed a slight
preference for migrating upstream, and with increasing shear rates, cells on ICAM-1
surfaces showed an increasing preference to migrate upstream (Fig. 3B-E). In contrast, cells
on VCAM-1 surfaces preferred to migrate downstream with little to no migration upstream
at any shear rate (Fig. 3G-J). To quantify the directional motion, a migration index (MI) was
calculated for all cells; this is defined as the ratio of total x-displacement to total overall
distance traveled, with positive values indicating motion upstream and negative values
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indicating motion downstream. Under static conditions, the Mls for cells on ICAM-1 and
VCAM-1 were near 0, indicating random migration with no preference in direction. Upon
exposure to flow, cells on ICAM-1 migrated upstream with increasing Mls as a function of
increasing shear rate with values ranging from 0.21 to 0.38 (Fig. 3K). On VCAM-1
substrates, migration was downstream with Mls having no dependence on shear rate with
values between —0.69 and —-0.77 (Fig. 3K). Furthermore, T-lymphocytes exposed to surfaces
of protein A/G alone did not adhere allowing us to assume that the observed directional
migration on ICAM-1 and VCAM-1 surfaces is specifically due to the ligation of adhesion
receptors, and not due to non-specific interactions.

As shear rates increased, a decrease in migration speed was observed on both ligands (Fig.
3L). Migration speeds were higher on ICAM-1 surfaces than VCAM-1 under flow, which
corresponds to previous observations under static conditions.2! On ICAM-1 surfaces, a
significant decrease in speed was seen at larger shear rates (400 s~1 and 800 s™1) compared
to under static conditions. The peak speed was observed at 100 s71 (11.47  0.93 um min~1)
with the lowest speed observed at 800 s™1 (7.97 + 0.30 pm min~1). For VCAM-1 surfaces,
application of 100 s™1 of fluid flow doubled the migration speed (5.93 + 0.52 um min~1)
compared to what was observed under static conditions (3.44 + 0.33 um min™1).
Furthermore, when shear rates were increased further on VCAM-1 substrates, the migration
speeds decreased with increasing shear rate with the lowest speed being observed at 800 s™1
(4.08 +0.33 um min~1).

Downstream migration of T-lymphocytes is dependent upon VCAM-1 concentration

It has been previously demonstrated that the concentration of ICAM-1 and VCAM-1
controls cell speed and the random motility of primary human T-lymphocytes.2! This led us
to investigate whether this is also true under shear flow. Cells were exposed to shear rates of
100 s71 and 800 s~ on ICAM-1 surfaces coated with 0.5, 1.0, 5.0, and 10.0 ug ml~1 of
ICAM-1 Fc chimera. Representative cell traces shows that T-lymphocytes preferred to
migrate upstream on ICAM-1 for both shear rates (Fig. 4A-D and E-H). The migration
index was calculated for each condition to ascertain whether ligand concentration affects the
directionality of migration along with shear rate. At a shear rate of 100 s71, the Mls ranged
between 0.14 to 0.21, and upon application of 800 s~2, these values increased significantly
and ranged from 0.33 to 0.46 (Fig. 41) with no dependence on ligand concentration for both
shear conditions. For the lower concentrations of 0.5 and 1.0 ug ml~2 of ICAM-1, there were
no differences in the speed of T-lymphocytes between shear rates of 100 s~! and 800 s~1
(Fig. 4J). On surfaces prepared with concentrations of 5.0 and 10.0 pg mi~2 of ligand, speeds
significantly decreased when shear rate increased from 100 s™1 to 800 s~1.

The motility of T-lymphocytes was also measured on VCAM-1 surfaces prepared at 0.5, 1.0,
5.0, and 10.0 ug mi~1 of the VCAM-1 Fc chimera. The representative cell traces show that
at shear rates of 100 s™1 (Fig. 5A-D) and 800 s~ (Fig. 5E-H) cells crawl downstream for all
VCAM-1 concentrations. Unlike ICAM-1 surfaces, the Mls for cells on VCAM-1 surfaces
strongly depend upon ligand concentration. Under 100 s~1 of flow, the MIs became more
negative as VCAM-1 concentration increased, ranging from —0.33 (at 0.5 pg mi~1) to -0.83
(at 10 ug mI~1) (Fig. 51). At a shear rate of 800 s71, the effect of ligand density is more
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moderate with the two lower concentrations having similar Mls (-0.75 and -0.77) and the
two larger concentrations having significantly larger values (-0.88 and —0.91). On VCAM-1
surfaces exposed to a shear rate of 100 s™1, crawling speeds ranged between 5.93 to 6.43 pm
min~1 and were largely independent of ligand concentrations. However, at a shear rate of
800 s71, cells exhibited lower migration speeds at lower ligand concentrations that doubled
on surfaces made with higher ligand concentrations (3.12 versus 6.26 um min~1; Fig. 5J).

Directional migration of T-lymphocytes under fluid flow can be controlled through
combinations of ICAM-1 and VCAM-1 under shear flow

T-lymphocytes were plated on surfaces where the ratio of ICAM-1 and VCAM-1 was varied
by changing the ratios of ICAM-1 and VCAM-1 within solution while maintaining a
constant total protein concentration of 10 pg mi~2. For example, by mixing 3 ug ml~1 of
ICAM-1 and 7 pg mI~1 of VCAM-1, equaling to a total protein concentration of 10 pg ml=1,
a surface called I3 + V7 was created; this surface was 30% ICAM-1 and 70% VCAM-1. On
all surfaces, we measured the direction of migration either upstream or downstream as a
function of the ratios of ICAM-1 and VCAM-1 present on the surface (Fig. 6; Movie S5 in
the ESIT). As the ratio of ICAM-1 to VCAM-1 increased, cells experiencing a shear rate of
100 s~1 increased their orientation of migration against the direction of flow (increased their
migration upstream). Upon exposure to 400 s, a preference in upstream migration was
observed on most surfaces containing any amount of ICAM-1. Upstream migration was
increased further upon exposure to 800 s~ with the presence of any ICAM-1 on the surface
even when large amounts of VCAM-1 were present (Movie S6 in the ESIT). At this shear
rate, only surfaces made purely of VCAM-1 (V1) favored downstream migration.

T-lymphocyte resistance to shear flow is mediated through LFA-1-ICAM-1 interactions

Antibodies were used to block either the 3, or 31 integrin subunits and cells were plated on
surfaces of 5 ug mi~1 ICAM-1, 5 pg mI~1 VCAM-1, and 2.5 pug mI~1 ICAM-1 + 2.5 ug mi~1
VCAM-1. Upon blocking against the 3, integrin subunit on surfaces comprised of ICAM-1
alone, no cell adhesion was observed under flow meaning that the Ml could not be
calculated (Fig. 7A). The same was observed on surfaces made from VCAM-1 surfaces
when the B4 integrin subunit was blocked. When T-lymphocytes were blocked against the 3,
integrin and exposed to a surface of combined ICAM-1 and VCAM-1 ligand, we observed
downstream migration of cells with fluid flow mimicking the behavior of cells on surfaces
of VCAM-1 alone. Conversely, upon blocking against the 8, integrin, the MI was positive,
indicating upstream migration — a result that was similar to what was observed on surfaces
containing ICAM-1 alone. These results show that the motility observed on ICAM-1 and
VCAM-1 surfaces under fluid flow are due to the specific interactions of the ligand-integrin
pairs.

Next, the adhesion strength of T-lymphocytes was qualitatively assessed on printed surfaces
of ICAM-1, VCAM-1, or ICAM-1 + VCAM-1 by exposing cells to increasing shear rates
which were increased every 5 minutes for a period of 40 minutes. Cells were initially
injected and allowed to adhere under static conditions for 15 minutes on surfaces of 5 g
ml~1 of ICAM-1, VCAM-1, or a combined surface of the two before exposure to shear.
Fluid flow was then increased incrementally from 100 s~1 to 2000 s~ and the number of
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cells that remained bound from those that originally settled on the surface was determined.
Upon initial application of fluid flow at a shear rate of 100 s, approximately 20-30% of
the cells were detached, presumably due to little or no adhesion to any of the three ligand
conditions (Fig. 7B). For cells on ICAM-1, increasing the shear rate further did not decrease
the number of remaining bound cells significantly (76 versus 73%). However, for cells on
VCAM-1 surfaces, the number of bound cells significantly decreased as a function
increasing shear rate from 68% to 41% bound. For surfaces on which both ICAM-1 and
VCAM-1 were combined, there was no significant decrease in number of cells bound with
increasing shear rates, similar to what was found on ICAM-1 surfaces.

Migration on ICAM-1 or VCAM-1 is robust and reversible but not on combined ligand

surfaces

Next, the directional responses of T-lymphocytes on ICAM-1, VCAM-1, and ICAM-1 +
VCAM-1 surfaces under high shear rates were reversible. Cells were allowed to migrate in
periodic square waves of shear rate, alternating between no flow and a shear rate of 800 s71,
in increments of 10 minutes for a total time of 90 minutes. This technique is similar to that
employed recently by Valignat et al.10 At shear rates of 800 s71, cells on ICAM-1 migrate
upstream (M1 ~ 0.4) while cells on VCAM-1 migrate downstream (Ml ~ —0.6) (Fig. 8A).
Furthermore, upon application of alternating periods of no flow and shear rates of 800 s™1,
the direction of migration is reversible with a return to a Ml to nearly zero (random
migration) demonstrating no memory of being exposed to shear flow. However, for cells on
the combined ligand surface (I5 + Vs), this behavior was not reversible; the M1 remained
positive during all periods of flow and even when the flow was removed. The exception was
the absence of flow in the initial 10 minutes (Fig. 8A), when the cell had not been previously
exposed to flow. During these periods of alternating shear flow, we found no change in cell
speed in the presence or absence of flow (Fig. 8B). However, the average cell speeds on
ICAM-1 alone during the time course of the experiment were always greater than those
observed on VCAM-1 alone. Furthermore, cell speeds on surfaces with the combination of
VCAM-1 and ICAM-1 remained between the speeds observed for ICAM-1 and VCAM-1
independently.

Shear flow leads to rearrangement of the T-lymphocyte cytoskeleton

To further investigate the mechanisms of motility of T-lymphocytes, we exposed cells to
shear flow on surfaces of 5 ug ml~1 of ICAM-1, VCAM-1, or combinations of the two
followed by cell fixation, permeabilization, and fluorescent labeling of the actin and
microtubule cytoskeletons. It has been previously shown that T-lymphocytes polarize on
ICAM-1 and VCAM-1 surfaces alone in the absence of chemokine with an actin-rich
lamellipod and an uropod containing the microtubule organizing center (MTOC).2! In the
absence of flow for all three substrates, we observe distinct cytoskeletal polarity with actin
predominantly located in the lamellipod and microtubules originating from the (MTOC)
behind the nucleus (Fig. 9A(a—c), B(a—c), C(a—c)). Upon the introduction of shear flow, a
loss of cytoskeletal polarity is observed with increasing co-localization of actin and tubulin
on all three substrates; at both 100 s™1 and 800 s™1 shear rates, this rearrangement of
cytoskeletal proteins is observed (Fig. 9A(d-i), B(d-i), C(d-i)). Cells migrating on either
ICAM-1 or VCAM-1 alone under both shear rates display leading edges that contain
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brighter regions of actin which align in the direction of migration. On the other hand, cells
migrating on combined surfaces of ICAM-1 + VCAM-1 under 100 s~ of fluid flow display
multiple regions along the edge of the cell that are rich in actin due to their dependence on
ligand concentrations to control migration direction. Once the cells are exposed to 800 s~* of
fluid flow, the cells are observed to have increased actin at the leading edge in the direction
of fluid flow similar to what is seen on ICAM-1 alone.

Discussion

Intraluminal crawling under shear flow is required for T-lymphocyte extravasation and is
dependent upon engagement of integrins to support adhesion and migration.2” Recently,
Valignat et al. showed that primary human T-lymphocytes crawl against fluid flow in a
shear dependent manner on ICAM-1 surfaces.10 In this study, we extend upon this recent
work and report upon the effect of substrate chemistry on the directionality of primary
human T-lymphocyte migration under fluid flow. Through the use of a parallel flow
chamber, we quantified cell motility under fluid flow on substrates with different adhesive
ligands in the absence of chemokine. Upon introduction of shear flow to cells exposed to
either ICAM-1 or VCAM-1, we observed directional migration upstream or downstream of
fluid flow, respectively. These results are dependent not only upon shear rate but also ligand
concentration. Furthermore, to our knowledge, no one has investigated the effects of
simultaneous engagement of LFA-1 and VLA-4 on the direction of T-lymphocyte motility
under shear flow. Herein we report for the first time that T-lymphocytes favor LFA-1-
ICAM-1 interactions to support migration upstream of fluid flow on surfaces presenting the
adhesive ligands ICAM-1 and VCAM-1 together under high shear rates.

The integrins LFA-1 and VLA-4 are known to be mechano-responsive to force, leading to
increased activation and adhesion stabilization.2:11.22:24.28 \We expect that as shear rate is
increased the integrin—-ligand bonds strengthen to promote adhesion and migration. Overall,
increasing shear rates led to an increase in the orientation of migration upstream of fluid
flow on ICAM-1 surfaces but not VCAM-1 surfaces. These unique responses are likely
caused by the inherent differences between these two integrins and their roles
physiologically. The integrin LFA-1 binds to ICAM-1 and is required for firm adhesion and
extravasation under fluid flow after transient adhesion events and chemokine exposure.
Therefore, it appears that LFA-1-ICAM-1 interactions secure adhesion and promote
lamellipodial extension upstream. VLA-4, on the other hand, is capable of supporting both
tethering and rolling (in the absence of other adhesion ligands) through engagements with
VCAM-1 and is required for capture of T-lymphocytes from fluid flow. Furthermore, after
chemokine exposure, VLA-4 increases its affinity to promote firm adhesion and, along with
LFA-1, mediates migration along the blood endothelium supporting diapedesis through the
endothelium.427:29.30 Although VLA-4 participates in transient as well as firm adhesion
events, we hypothesize that this integrin facilitates weaker adhesions compared to LFA-1
and cannot stabilize upstream interactions. Under flow, VLA-4 most likely supports a
passive form of adhesion that can support downstream migration and prevent T-lymphocytes
from being swept away. This has been proposed in other cell types, such as neutrophils, and
is hypothesized to be due to lack of a mechanosensing mechanism through this receptor.10:31
Furthermore, unlike previous studies, we observed decreased speeds with increasing shear
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rate on both ICAM-1 and VCAM-1 surfaces. A possible explanation for the increased speed
of upstream migration is the increase in the modulation of integrin-ligand affinity that leads
to greater adhesive interactions.32:33 Interestingly, upon varying ligand concentration,
increased upstream migration on ICAM-1 surfaces was observed to be dependent upon shear
rate and not ligand density. On the other hand, cells migrating on increasing VCAM-1
concentrations showed increased downstream migration as ligand density increased but only
during exposure to 100 s~ of fluid flow.

Under homeostatic conditions, endothelial cells express basal levels of ICAM-1 and
VCAM-1, and upon activation by inflammatory stimuli, expression of these molecules is
upregulated to facilitate increased cell arrest and migration.34 Furthermore, it is known that
physiologically relevant levels of shear stress due to pathologies can alter the expression of
these adhesion molecules with decreasing shear stresses leading to decreased expression of
ICAM-1 and increased expression of VCAM-1 while increasing shear stresses lead to
increased expression of ICAM-1 and decreased expression of VCAM-1.35-37 Surfaces were
created that present both ICAM-1 and VCAM-1 together at various densities to elucidate
how simultaneous ligation of LFA-1 and VLA-4 controls migration under fluid flow at
different shear stresses. Upon presentation of both adhesion molecules, we expected to
observe motility that was intermediate between the behaviors of each ligand alone. Because
VCAM-1 engagement can regulate [3,-dependent adhesion on ICAM-1 surfaces, crosstalk
between the two signaling pathways downstream of receptor engagement presents an
additional layer of complexity in the regulation of T-lymphocyte motility.51920.38 At 3
shear rate of 100 s™1, we observed directional responses that were dependent upon the
concentrations of both ligands with preferred upstream migration on surfaces with higher
concentrations of ICAM-1 and preferred downstream migration on surfaces with higher
concentrations of VCAM-1. This behavior is consistent with the hypothesis that the
phenotype of migration is consistent with the concentration of ligand. The magnitude of the
migration index for each condition on combined surfaces is less than what is observed for
each ligand individually, again consistent with an intermediate response.

On the other hand, upon application of high shear rates, such as 400 s™1 and 800 s™1 of fluid
flow, we observe a shift in preferential migration upstream of flow that is dependent upon
the presence of ICAM-1 on the surface. This effect was the most dramatic for the 800 s~1
condition with upstream migration occurring on all surfaces (except VCAM-1 alone)
independent of the concentration of VCAM-1 present on the surface. It is known that
adhesion strengthening occurs upon plating human T-lymphocytes on co-immobilized
ICAM-1 and VCAM-1 surfaces.1® Together, these observations lead us to believe that under
conditions of high shear, T-lymphocytes utilize LFA-1-ICAM-1 engagements over VLA-4-
VCAM-1 engagements to resist detachment due to shear stress. These interactions stabilize
adhesions supporting upstream migration when presented with both adhesion ligands. This
shear resistance is hypothesized to occur as a result of outside-in integrin signaling triggered
upon application of shear stress across the body of the cell that is translated into applied
tension across the ligated integrin bonds thus increasing integrin activation. Furthermore,
flow cytometry revealed that there are larger quantities of the 8, integrin than 3, present on
the cell surface; by having more LFA-1 available to bind, smaller quantities of ICAM-1 may
be capable of supporting upstream motion on the combined surfaces even in the presence of
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much larger quantities of VCAM-1. Also, if there is a larger number of activated LFA-1
versus VLA-4, this could explain why we observe more upstream motion on combined
surfaces of the two ligands especially at high shear rates. Motility observed on surfaces of
ICAM-1, VCAM-1, and ICAM-1 + VCAM-1 was shown to be due to specific ligand—
integrin interactions as verified through functional integrin blocking. Through a shear flow
cell detachment assay we demonstrated that cells on surfaces of ICAM-1 or combined
ICAM-1 and VCAM-1 have greater resistance to shear stress than on surfaces of VCAM-1
alone. This further supports our claim that LFA-1-ICAM-1-mediated interactions are
necessary for robust upstream migration and dominate under high shear on surfaces that
present both adhesive ligands. Furthermore, utilization of the LFA-1 over VLA-4 under high
shear rates may prove more advantageous to support migration since it is known that
ICAM-1 expression is upregulated while VCAM-1 expression is downregulated on
endothelial cells.3”

T-lymphocyte upstream migration on ICAM-1 surfaces has been previously shown to be
robust and reversible with cells migrating upstream upon application of flow and returning
to random motion once it is removed.10 Here, the robustness of the response on surfaces of
mixed chemistry was measured. We showed that motility is reversible on surfaces of
VCAM-1 with downstream migration seen under fluid flow and random migration upon
removal. On surfaces with ICAM-1 and VCAM-1 together, the directionality of motility is
not reversible with T-lymphocytes maintaining upstream motion during periods of no flow.
This suggests upstream motion is driven by signaling, not physical effects such as forces
from shear stresses. This implies that memory occurs upon the removal of flow and this
memory of signaling requires simultaneous ligation of both LFA-1 and VLA-4 since it is not
observed upon ligation of each integrin receptor individually.

It has been speculated that shear stress may trigger signals or changes within the cytoskeletal
machinery in T-lymphocytes. T-lymphocyte polarity and motility is highly dependent upon
the arrangement of the actin and microtubule cytoskeletons through signaling pathways
involving the Rho family GTPases.3%-41 It has been previously shown that T-lymphocytes
polarize on ICAM-1 and VCAM-1 surfaces alone in the absence of chemokine with an
actin-rich lamellipod and microtubule dense uropod.2! Upon fluorescent labeling after
exposing cells to shear flow, there was increased co-localization of these cytoskeletal
proteins, and the absence of a clearly defined lamellipod. Even with this co-localization,
dense regions of actin along the migrating leading edge are still observed matching to the
preferred direction of migration under fluid flow. On the other hand, cells on the combined
surface under low shear contain multiple dense regions of actin along the edge
demonstrating their dependence on ligand concentration. We hypothesize that this increased
co-localization of actin and tubulin occurs in order to withstand extracellular forces required
to resist deformation caused by the shear stress. The cellular cytoskeleton is known to be
involved with several signaling pathways thus possibly providing the signals required for
adaptation to a new mechanical environment.#2 This has been well established in other cells
types, such as endothelial cells, which are capable of rearranging their cytoskeletons in
response to fluid shear forces.4344 This provides new insight into the role of integrins in
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mediating T-lymphocyte motility and understanding the critical role ligand composition can
play in controlling the physiological response of T-lymphocytes to shear flow.
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Insight, innovation, integration

T-lymphocytes must attach and migrate along the blood endothelium to elicit their
effector functions. Here, we demonstrate how ligand composition and varying shear rates
modulate the orientation of human primary T-lymphocytes. Surfaces were created that
allowed for dual presentation of two different adhesive ligands at fixed ratios. We
demonstrate that the directionality of T-lymphocyte migration under shear flow is
dependent upon the presentation of the ligand. Our work elucidates how T-lymphocytes
respond to physiologic shear flow and the importance of integrin—ligand interactions to
support motility.

Integr Biol (Camb). Author manuscript; available in PMC 2016 February 09.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Dominguez et al.

Page 13

125

3
100 9
3

Pixel Intensity

25 49

Fig. 1.

I~
@
"

3
1=
i

IgG,-555 (ug/ml)

20

Increasing solution concentrations of Fc-containing ligand correlates to increasing surface
ligand concentrations. Fluorescent images of surfaces prepared with increasing
concentrations of Alexa Fluor-555 tagged human 1gG; (19G1-555) mixed with unlabeled
human 1gG; to maintain a total protein concentration of 20 ug ml~1. Solution concentrations
of 19G1-555 depicted are as follows: (A) 0 ug mI~1, (B) 1 ug mI~1, (C) 5 pg mI~2, (D) 7.5 ug
ml~1, (E) 10 ug mI~1, and (F) 15 pg mI~2. (G) The pixel intensities were calculated for each
concentration and plotted. Data reveals a linear correlation between soluble 1gG1-555
concentration and fluorescent signal present on the surface (R? = 0.991). Scale bar = 50 um.
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Fig. 2.
Expression of VLA-4 (a4p1) and LFA-1 (a; B2) on primary human T-lymphocytes. (A)

Expression of integrins a_ (red colored line), ap (blue colored line), and the integrin ay4
(green colored line). (B) Expression of integrins B (red colored line) and B, (blue colored
line). All negative controls are depicted in gray.
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Fig. 3.

T—?ymphocytes crawl against the direction of flow on immobilized ICAM-1 but not on
VCAM-1 to an extent that depends on shear rate. (A-E) Cell traces of T-lymphocytes under
shear flow (right to left) on ICAM-1 (5.0 ug mI~1) and (F-J) VCAM-1 (5.0 ug mI~1) coated
PDMS surfaces under varying shear rates. The traces depicted under flow are for one
representative experiment in each group. Blue traces indicate cells that traveled upstream of
flow while red traces indicate cells that traveled downstream. Black arrow indicates
direction of shear flow for all conditions. Traces are in pm. (K) The direction of T-
lymphocytes under shear flow as expressed as the migration index (MI). A positive Ml
indicates migration against the flow (upstream) while a negative M1 indicates migration in
the direction of flow (downstream). T-lymphocytes on ICAM-1 migrate upstream to an
increasing extent with increasing shear rate while cells on VCAM-1 migrate downstream.
The MI was calculated from T-lymphocyte tracks from three independent experiments. *p <
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0.05. (L) T-lymphocytes on ICAM-1 migrate faster than cells on VCAM-1 and is decreased
at higher shear rates. Migration speeds were calculated from three independent experiments
each. *p < 0.05.
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Fig. 4.
T-lymphocytes crawl upstream on different concentrations of immobilized ICAM-1. (A-D).

Cell traces of T-lymphocytes crawling at a shear rate of 100 s™1 on varying concentrations
of ICAM-1 PDMS surfaces. (E-H) Cell traces of T-lymphocytes under 800 s~ of shear
flow on varying concentrations of ICAM-1 PDMS surfaces. Black arrow indicates direction
of shear flow for all conditions. The traces depicted under flow are for one representative
experiment under the stated conditions. (I) The direction of T-lymphocyte migration under
shear flow expressed as the migration index (MI). T-lymphocytes on ICAM-1 surfaces
migrate upstream and directionality depends on shear rate. The MI was calculated from T-
lymphocyte tracks from three independent experiments. *p <0.05. (J) T-lymphocytes on
varying concentrations of ICAM-1 migrate with the same speed at each shear rate tested.
Migrations speeds were calculated from three independent experiments each. *p < 0.05.
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Fig. 5.

Tr?e migration index of T-lymphocytes crawling in the direction of flow increases with
concentration of immobilized VCAM-1. (A-D) Cell traces of T-lymphocytes at a shear rate
of 100 s71 on different concentrations of ICAM-1 on PDMS surfaces. (E-H) Cell traces of
T-lymphocytes at a shear rate of 800 s™1 on varying concentrations of ICAM-1 PDMS
surfaces. The traces depicted under flow are for one representative experiment in each
group. Black arrow indicates direction of shear flow for all conditions. (1) The direction of
T-lymphocytes under shear flow expressed as the migration index (Ml). T-lymphocytes on
VCAM-1 migrate downstream and the migration index is dependent upon ligand
concentration. The MI was calculated from T-lymphocyte tracks from three independent
experiments. *p <0.05. (J) T-lymphocytes on varying concentrations of VCAM-1 migrate
with the same speed at a shear rate of 100 s~1 but increases speed on higher concentrations
of VCAM-1 at a shear rate of 800 s~1. Migration speeds were calculated from three
independent experiments each. *p < 0.05.
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T-lymphocytes elicit different responses on surfaces made with both immobilized ICAM-1 +
VCAM-1 that are dependent upon shear rate. (Abbreviations: | - ICAM-1; V — VCAM-1; 10
—10pgmi~1; 7 -7 pgmi~1; 5 -5 pg mi~L; 3 -3 pg mi~L; 1 - 1 ug mI=1) The direction of T-
lymphocytes under shear flow expressed as the migration index (MI) under 100 s™1 (red
bars), 400 s1 (green bars) and 800 s~1 (blue bars). The total protein concentration was fixed
at 10 pg mi~1 and the ratios of ICAM-1 to VCAM-1 were varied. Directional migration is
dictated by ligand concentration at a shear rate of 100 s~1, with a substantial amount of
ICAM-1 necessary for upstream migration. However, the presence of any ICAM-1 supports
upstream migration at a shear rate of 400 s~1 (intermediate effect) and 800 s™1. The MI was
calculated from T-lymphocyte tracks from three independent experiments.
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Fig. 7.

T—?ymphocytes resist shear detachment through the B, integrin. (A) T-lymphocytes
pretreated with blocking antibodies against the 8, (red bar) or B, (green bar) integrin
subunits and were exposed to ICAM-1, VCAM-1, or ICAM-1 + VCAM-1 surfaces under
100 s71 of fluid flow and the MI was determined. Data are mean + SE (B) T-lymphocytes
were exposed to increasing shear rates and the percent of cells remaining bound after 5
minutes of exposure was calculated. Shear rate was increased every 5 minutes starting at 100
s~1 and ending at 2000 s™1.
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Fig. 8.

T-gllymphocytes exhibit reversible directional responses to periodic shear flow on ICAM-1
and VCAM-1 but not on combined surfaces. (A) and (B) T-lymphocytes were exposed to
periodic square waves of duration of 10 min and between shear rates of 0 s™1 and 800 s™1
(shaded region) on 5 ug mI~1 ICAM-1, 5 pg mI~1 VCAM-1, and 2.5 ug mI~1 each of both
ICAM-1 and VCAM-1. The average MI and average speed over the 10 minute time interval
were measured.
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Fig. 9.
T-lymphocytes undergo cytoskeletal rearrangement upon application of shear flow during

migration. (A) Fluorescent images of migrating T-lymphocytes on 5 ug mi~1 ICAM-1 under
static (a—c), 100 s™1 (d—f), and 800 s™1 (g—i) shear rates. (B) Fluorescent images of migrating
T-lymphocytes on 2.5 pg mI~1 ICAM-1 and 2.5 pug mI~1 VCAM-1 under static (a—c), 100
s71 (d—f), and 800 s~ (g-i) shear rates. (C) Fluorescent images of migrating T-lymphocytes
on 5 pg mI~1 VCAM-1 under static (a—c), 100 s~1 (d—f), and 800 s™1 (g—i) shear rates. The
direction of flow is from right to left. Scale bar =5 um.
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