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Rolling of leukocytes on peripheral node addressin in shear flow 1025

Rolling of lymphocytes and neutrophils on
peripheral node addressin and subsequent arrest
on ICAM-1 in shear flow

We studied leukocyte interactions in shear flow with peripheral lymph node
addressin (PNAd), a mixture of glycoproteins expressed on high endothelial
venules (HEV) that is required for lymphocyte homing and has been shown to
contain a ligand for L-selectin. T lymphocytes and neutrophils tether and roll on
plastic-immobilized PNAd and E-selectin at 1.8 dyn/cm? wall shear stress, but fail
to interact with immobilized ICAM-1, a ligand for LFA-1 and Mac-1, at the same
flow rate. Cells roll faster on PNAd than on P-selectin or E-selectin. L-selectin
mADb inhibit T lymphocyte and neutrophil tethering to PNAd, but do not inhibit T
lymphocyte tethering to purified E-selectin. If allowed to interact with ICAM-1
under static conditions, phorbol ester-treated T lymphocytes, but not resting T
lymphocytes, are able to form stationary adhesions that withstand the detach-
ment force generated by 36 dyn/cm? wall shear stress. In contrast, a wall shear
stress of 7.3 dyn/cm? detaches 50% of resting T lymphocytes bound to PNAd.
Incubating T lymphocytes on PNAd and ICAM-1 does not result in adhesion
strengthening, suggesting that adhesion through PNAd by L-selectin does not
stimulate lymphocyte LFA-1 avidity for ICAM-1. Chemoattractant stimulation
of neutrophils or phorbol ester stimulation of lymphoblasts rolling on co-
immobilized PNAd and ICAM-1 results in rapid arrest and firm sticking,
extending the model of sequential selectin-mediated rolling and subsequent
integrin-mediated firm arrest to lymphocytes and ligands expressed on HEV.

1 Introduction

Immune surveillance in host defense depends on the
trafficking of lymphocytes between the bloodstream, the
extravascular space where pathogens are encountered, and
lymphoid organs where humoral responses are mounted.
Lymphocyte subsets differ in their traffic routes and
organ-specific preference for emigration. Adhesion recep-
tors expressed on lymphocytes and their counter-receptors
expressed on vascular endothelium help determine the
specificity for emigration in different vascular beds [1-5].

T lymphocytes specifically emigrate, or home, to peripheral
lymph nodes, in part, by means of adhesive interactions
through L-selectin, an adhesion receptor expressed on
circulating lymphocytes and other leukocytes [6]. L-selec-
tin mediates adhesion by binding to a component of
peripheral node addressin (PNAd), a mixture of glyco-
proteins expressed on peripheral HEV that are immuno-
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precipitated by mAb MECA-79 [7]. MECA-79 recognizes a
carbohydrate epitope on PNAJ that is similar to that
recognized by L-selectin. Recognition depends on sialyla-
tion, sulfation, and possibly fucosylation [8-10]. Like mAb
to L-selectin, MECA-79 mAb blocks T lymphocyte adhe-
sion to peripheral lymph node HEV in the Stamper-
Woodruff assay of binding to tissue sections, and homing to
peripheral nodes in vivo [7]. Using recombinant L-selectin
coupled to Sepharose, an L-selectin ligand GlyCAM-1 was
isolated from peripheral lymph node tissue [11]. Gly-
CAM-1 is a mucin-like glycoprotein that contains the
MECA-79 epitope and is among the glycoproteins precipi-
tated by MECA-79 [8]. Additionally, the mucin-like mole-
cule CD34 has been identified as a L-selectin ligaad by the
same method [12]. However, neither CD34 or GlyCAM-1
have been shown to support or inhibit lymphocyte adhesion
to date.

Intravital microscopic observations of individual blood
vessels indicate that L-selectin mediates a significant
portion of neutrophil rolling in post-capillary venules, an
adhesive interaction postulated to be critical to localize
neutrophils at sites of inflammation [13, 14]. Thus, L-
selectin is critical for extravasation of neutrophils as well as
being required for lymphocyte homing to peripheral lymph
nodes. L-selectin transfectants roll on purified MAdCAM-
1 in vitro [15] which is expressed on mucosal HEV but not
on peripheral lymph node HEYV, and roll irn vivo on
uncharacterized ligands expressed on postcapillary venules
in non-lymphoid tissue in the mesentery [16, 17]. Peripheral
node HEV have not been studied by intravital microscopy,
and whether PNAd mediates rolling in vivo or in vitro has
not previously been reported. It is unknown whether
L-selectin on T lymphocytes supports rolling adhesions on
PNAdG.
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Intravital microscopy of Peyer’s patch HEV has shown that
lymphocytes roll, then arrest on the HEV prior to emigra-
tion, and that treatment with pertussis toxin, which blocks
emigration, blocks arrest and prolongs rolling [18]. Homing
of radiolabeled lymphocytes to Peyer’s patch has been
reported to be unaffected by MECA-79 mAb to PNAd and
to be partially inhibited by mAb to L-selectin, MAdCAM-
1, 04f37, and LFA-1 [2, 5]. The role of these receptors in
lymphocyte rolling and arrest in situ as studied by intravital
microscopy has not been reported.

Selectin-mediated tethering and rolling effectively retard
the motion of leukocytes in blood flow, presumably so that
leukocytes may then interact with the vessel wall through 3,
or P; integrin-dependent mechanisms. In this model,
selectin-mediated adhesion provides one of several levels of
specificity to regulate leukocyte emigration, and in some
instances may be a prerequisite for adhesiveness through
integrins, which has been reported to be activated both by
chemoattractants and by ligation of selectins or their
ligands [2, 4, 5, 19]. To extend this model, we wished to
determine whether isolated PNAd, containing an HEV
ligand for L-selectin, would support L-selectin-dependent
tethering and rolling under physiological shear of T lym-
phocytes and neutrophils. We further wished to determine
whether, once rolling on PNAd, 2 integrins on T lympho-
cytes and neutrophils could mediate arrest by binding to
ICAM-1, a step required before transendothelial migration
is possible [20], and whether PNAAJ itself or additional
stimuli were required to activate 2 integrin adhesive-
ness.

2 Materials and methods
2.1 Monoclonal antibodies

DREG 56 and DREG 200 mAb to L-selectin [21] were used
at 10 ug/ml as purified IgG1 in adhesion assays, as was
BB11 to E-selectin [22].

2.2 Preparation of receptor coated surface

Recombinant soluble E-selectin, purified from superna-
tants of transfected CHO cells [22] was a generous gift of
Dr. Roy Lobb (Biogen, Inc., Cambridge, MA). Soluble
E-selectin (820 pg/ml) was diluted 1:1000 into binding
buffer (0.1 M NaHCOj, pH 9.2) and adsorbed to polysty-
rene slides cut from bacteriological petri dishes (Falcon
Labware, no. 1058). E-selectin substrate density of
334 £ 29 sites/um? was determined by a quantitative
radioimmunoassay [23]. To purify ICAM-1, human tonsil
(12 g) was homogenized in 200 ml Tris-0.01 M 0.14 M
NaCl-0.025% azide (TSA, pH 8.0) and Triton X-100 deter-
gent was added to a final volume of 1%. After 1 h, the
lysate was centrifuged (10 min, 400 X g, 4°C) and then
ultracentrifuged (30000 X g, 1 h, 4°C) and the supernatant
was applied to a column of Sepharose CL-4B conjugated
with R6.5 (3.5 ml of 2.4 mg/ml of bead volume). ICAM-1
was cluted following a wash with TSA, pH 8.0, 1% octyl
glucoside (OG, 30 column volumes) and eluted with TSA
(pH 11.0, 1% OG). The elutant was neutralized with 1 M
Tris-HCL, pH 7.0, 1% OG (15% v/v). Material was 85%
pure by cxamination of a silver stained SDS-PAGE gel.
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Peripheral addressin was purified from human tonsil lysates
with MECA-79 mAb-Sepharose as previously described
[9]. PNAd or ICAM-1 in 1% OG were diluted 1 :20 into
TSA (pH 8.0) at room temperature (22°C), and a 50 ul
drop was adsorbed to plastic slides for 2 h. ICAM-1 was
adsorbed at a density of 470 sites/um? as determined by
saturation binding [24]. It was not possible to ascertain the
site density of PNAd because the active ligand is a
carbohydrate that may represent only a subset of the
carbohydrate determinants recognized by MECA-79 mAb,
and the quantities of PNAd obtained were insufficient for
saturation binding studies. In some experiments, PNAd
and ICAM-1 were mixed together in equal volumes before
dilution into TSA (1: 10 of total protein solution to TSA,
1:20 for each protein respectively) to adsorb both mole-
cules onto plastic. After adsorption, nonspecific adhesion
of T lymphocytes and neutrophils was blocked by incubat-
ing the plate with Hanks’ balanced salt solution (HBSS;
Gibco Laboratories, Grand Island, NY), supplemented
with 1% human serum albumin (HSA) for 30 min at
37°C.

2.3 T lymphocytes and neutrophils

T lymphocytes and neutrophils were isolated from citrate
anti-coagulated whole blood by dextran sedimentation
followed by density separation over Ficoll-Hypaque [25].T
lymphocytes were further purified by sequential plastic and
nylon wool absorbance as previously described [26]. T
lymphocytes were stored in RPMI 1640 (Gibco, Long
Island, NY) containing 2% FCS (Hyclone, Logan, UT) at
room temperature following nylon wool purification. In
some experiments, T lymphocytes were treated with phor-
bol 12-myristate 13-acetate (PMA, 30 ng/ml, Calbiochem
Corp., La Jolla, CA) for 10 min before injection into the
flow chamber. Following isolation, neutrophils were stored
in Ca?* and Mg?>*-free HBSS containing 10 mM Hepes
pH 7.3, 0.5% HSA at room temperature for up to 4 h.
Before use in experiments, neutrophils were washed into
HBSS supplemented with 1 mM Mg?* and 1 mm Ca?*.
Neutrophils were stimulated with formyl-L-methionine-
L-leucine-L-phenylalanine (fMLP) (10~8 M, Calbiochem)
in selected experiments. For mAb inhibition assays, T
lymphocytes and neutrophils were incubated with purified
antibody for 10 min at room temperature in their respective
assay medium. The antibody was present at all times during
the flow experiments. Jurkat T lymphoma line was cultured
in RPMI 1640 with 10% FCS (Hyclone, Logan, UT) and
antibiotics in 5% CO; in air.

2.4 Flow assays

The polystyrene slide with adsorbed glycoproteins was
assembled in a parallel plate laminar flow chamber (260 um
gap) and mounted on the stage of an inverted phase-
contrast microscope (Diaphot-TMD, Nikon Inc., Garden
City, NY). Tethering during continuous flow was assayed as
described [23, 27]. T lymphocytes and Jurkat cells were at
0.5 x 10%ml and neutrophils at 1 x 10%ml for flow assays.
Multiple fields of view were videotaped, while scanning the
lower plate of the flow chamber with the microscope, and
the number of rolling or stationary leukocytes were
counted. The hydrodynamic velocity was calculated based
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cooperative effect under flow conditions of the two adhe-
sion pathways [24].

E-selectin also supports tethering of peripheral blood
lymphocytes in flow (Fig. 1). All tethered lymphocytes roll
(data not shown). Lymphocytes tether on E-selectin less
efficiently than on PNAd, consistent with E-selectin recog-
nition by a subset of circulating T lymphocytes [32, 33] that
is smaller than the subset that expresses L-selectin [34].
L-selectin mAb DREG-56 does not inhibit T lymphocyte
interactions with E-selectin (Fig. 1). In contrast, neutrophil
tethering in flow to E-selectin is inhibited by mAb to
L-selectin [27, 35]. Tethering and rolling on E-selectin is
specific, as shown by inhibition with BB11 mAb to
E-selectin and with EDTA (Fig. 1).

T lymphocytes roll on purified PNAd at 20 pm/sec at a wall
shear stress of 1.8 dyn/cm? (Fig. 2 and see Fig. 4 A). As the
shear stress increases, rolling velocity increases, reaching
60 um/s at 14.6 dyn/cm?. Rolling on PNAJ is jerky, and
appears to involve intermittent dissociation and facile
retethering to the PNAd substrate. In contrast, T lympho-
cytes roll steadily on E-selectin, with a velocity of 3 um/s at
1.8 dyn/cm?, as previously reported for neutrophils at the
corresponding site density [24]. Neutrophils roll on PNAd
at 40 um/s at a wall shear stress of 1.8 dyn/cm?, twice the
velocity of T lymphocytes (Fig. 4 A).

3.2 Comparison of the strength of T lymphocyte binding
to PNAd and ICAM-1

The resistance to detachment by fluid shear forces is one
measure of the strength of adhesion between a leukocyte
and a surface [36, 37]. T lymphocytes were allowed to settle
on PNAd or ICAM-1 under quiescent conditions, and after
a 6-min incubation, flow was initiated at 0.73 dyn/cm?, and
thenincreased in 2-2.5-fold increments, and the percentage
of lymphocytes that remained bound at each level of shear
stress was determined to measure resistance to detachment.
The static incubation and flow at a wall shear stress of 0.73
dyn/cm? allows initiation of LFA-1-dependent and L-
selectin-dependent adhesion, respectively. On PNAd, 83%
of the resting T lymphocytes tether and roll as flow was
started at 0.7 dyn/cm? (Fig. 3 A). As shear was increased in
increments of 2- or 2.5-fold to 36 dyn/cm? wall shear stress,
rolling velocity increased and the number of T lymphocytes
that remained bound decreased (Fig. 3 A). Almost 50%
were detached by a wall shear stress of 7.3 dyn/cm? and
more than 90% by 36 dyn/cm?. Resting T lymphocytes do
not bind to purified ICAM-1 after settling under quiescent
conditions onto purified ICAM-1, except for a small
subpopulation of approximately 10% that may have been
activated (Fig. 3A). PMA-treatment of T lymphocytes,
which increases avidity of LFA-1 for ICAM-1[26], resultsin
adhesion to the ICAM-1 coated substrate that resists
detachment at the highest shear generated in the flow cell.
No rolling is observed on ICAM-1 coated substrates, and
the PMA-treated T lymphocytes are highly spread. In
contrast to what was observed on purified ICAM-1, PMA
treatment weakens the ability of T lymphocytes to remain
adherent to PNAd (Fig. 3 A), and increases rolling veloci-
ties of those lymphocytes that remain adherent (47 + 16
um/s, (n = 23) for PMA-treated vs. 24 = 7 pm/s for resting
T lymphocytes (n = 15). The weakening of adhesion and
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Figure 2. Rolling velocity of T lymphocytes on PNAd. Lympho-
cytes were tethered to PNA at 0.73 dyn/cm? and the shear stress
was increased in 2-2.5-fold steps every 10 s to 14.6 dyn/cm?. The
average rolling velocity of tethered cells and SD is shown.
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Figure 3. Detachment by shear of T lymphocytes following static
incubation on PNAd, ICAM-1, or PNAd co-immobilized with
ICAM-1. Resting T lymphocytes were injected through a port of
the flow chamber and allowed to settle onto the substrate under
static conditions in the presence or absence of 50 ng/ml PMA.
After 6 min of contact, flow was initiated and increased in stages up
to 36 dyn/cm?. The number of adherent (and in some cases rolling)
T lymphocytes were counted and compared to the number that
initially settled onto the substrate to give the percentage remaining
bound. (A) Comparison of T lymphocytes interacting either with
ICAM-1 (470 sites/um?) or PNAJ (1:20 dilution in TSA). Data
represent the mean and SD or range of two or three independent
experiments. (B) T lymphocytes interacting with PNAd + ICAM-1
compared to interactions with PNAd alone. Data are from the
same experiments as described as in (A). Data represent the mean
and range of two independent experiments.
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velocity in shear flow of a hard sphere (7 pm in diameter)
near a planar surface with which it does not interact [28].
Leukocytes moving more slowly than the hydrodynamic
velocity are defined as adherent [17, 24]. Wall shear stress
was calculated assuming a viscosity of assay buffer equal to
the viscosity of water at room temperature (1.0 centipoise,
24°C). For detachment assays, resting or PMA-stimulated
T lymphocytes (1 X 10%ml) were injected into the chamber
through a port and allowed to settle as described [24]. Once
the population of T lymphocytes settled (2 min), flow was
started 6 min later and wall shear stress was increased in
increments to generate a detachment force. Comparison of
the number of T lymphocytes remaining bound with the
number initially interacting with the surface allows the
percentage remaining adherent to be calculated. In the
detachment assays, flow was increased every 20s in
2-2.5-fold increments from 0.73 dyn/cm? to 36 dyn/cm?.The
number of T lymphocytes remaining bound was counted by
scanning 10-20 fields of view at each flow rate. Scans
typically took 15 s.

2.5 Integrin-mediated arrest of rolling neutrophils and
the T lymphocyte line Jurkat

Resting neutrophils were perfused through the flow cham-
ber on which the lower face of the chamber had ICAM-1
and PNAd co-immobilized. After 2 min of flow at 1.8
dyn/cm2, fMLP (10~8 M), a potent chemoattractant for
neutrophils, was added to the neutrophil suspension.
Aurrival of the fMLP in the field of view was estimated by
the arrival of erythrocytes (10°/ml) added to the fMLP
solution. The motion of rolling neutrophils was tracked as a
population, i.e. the velocities of all neutrophils in the field
of view were averaged together at any given time. The same
procedure was followed for Jurkat, except that PMA
(50 ng/ml) was added to the perfusate instead of IMLP. All
experiments were performed at room temperature.

3 Results

3.1 Comparison of T lymphocyte and neutrophil
tethering to purified adhesion receptors PNAd,
E-selectin, and ICAM-1

Tethering, rolling, and resistance to detachment are three
distinct measures of leukocyte interactions with ligands on
a vessel wall in shear flow. Tethering is the initial adhesive
interaction between a cell and the wall of the vessel in
hydrodynamic flow. A tethered cell may continue to move
through rolling interactions. A cell is defined as tethered
when its velocity drops below that of the hydrodynamic
velocity, i.e. the velocity of a cell in hydrodynamic shear
flow that is near to but not adhesively interacting with the
wall. The hydrodynamic velocity can be calculated from the
Goldman equation [28], or measured in control experi-
ments. In hydrodynamic flow at a wall shear stress of 1.8
dyn/cm?, some T lymphocytes that enter the field of view
tether to PNAd (112 + 16 cells/mm? of PNAd surface area
over 3 min), whereas the other cells continue to move at the
hydrodynamic velocity (Fig. 1). All tethered lymphocytes
roll, rotating forward in response to hydrodynamic drag
forces after they tether to the wall. Tethering is apparent as
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Figure 1. Tethering of leukocytes to purified adhesion receptors in
hydrodynamic flow. Peripheral blood T lymphocytes or neutrophils
were perfused through the flow chamber at a constant wall shear
stress of 1.8 dyn/cm?, and the number that tethered after 3 min was
counted. ICAM-1, E-selectin, or PNAd were adsorbed to the lower
wall of the flow chamber at a density of 470 sites/um?2, 330 sites/um?,
or at unknown site density, respectively. Leukocytes were treated
with L-selectin mAb DREG-56 or DREG-200, PMA (50 ng/ml),
or EDTA (5 mM) for 10 min at room temperature as indicated.
Control binding to the PNAJ substrate for resting T lymphocytes
was 112 + 16/mm?, and for resting neutrophils, 185 + 31/mm?.
Data represent means of two to three independent experiments
normalized to control binding. Error bars show range or SD of
independent experiments.

a rapid decrease (from one video frame to the next) from
the hydrodynamic velocity of untethered cells of 430 um/s,
to a rolling velocity of 20 um/s. In the presence of EDTA,
which inhibits Ca?*-dependent interactions by selectins,
tethering to PNA is completely inhibited (Fig. 1), and all
cells move at the hydrodynamic velocity. Jurkat, a T
lymphoma line that expresses L-selectin, also tethers to and
rolls on purified PNAd (see Fig. 4). mAb to L-selectin,
DREG 56 and DREG 200, potently inhibit T lymphocyte
tethering to PNAJ in shear flow (Fig. 1). L-selectin has
been shown to mediate T lymphocyte adhesion to PNAd
under non-flow conditions based on mAb blockage of
binding to isolated PNAd [9]. This is, thus, the first
demonstration of T lymphocyte tethering and rolling on
isolated PNAd under physiological flow conditions.

Phorbol ester treatment of T lymphocytes triggers L-
selectin shedding [29, 30]. Following treatment of resting T
lymphocytes with PMA, 70% of the L-selectin is shed as
determined by flow cytometry (data not shown). PMA
treatment almost completely inhibits T lymphocyte tether-
ing to PNAd (Fig. 1).

Resting and PMA-treated T lymphocytes are unable to
tether to ICAM-1 at 1.8 dyn/cm? wall shear stress (Fig. 1),
consistent with previous observations that 32 integrins such
as LFA-1 are relatively ineffective at mediating neutrophil
adhesion under conditions of venous shear stress [13, 24,
31]. A mixture of PNAd and ICAM-1 is similar to PNAd
alone as a substrate for T lymphocyte tethering in flow (89
cells/mm? on a mixture of PNAd and ICAM-1 compared to
74 cells/mm? on PNAGJ alone), consistent with previous
observations of resting neutrophil tethering to lipid bilayers
containing P-selectin and ICAM-1, in which there was no
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Figure 5. Velocities of individual leukocytes rolling on PNAd
co-immobilized with ICAM-1 at 1.8 dyn/cm? wall shear stress. (A)
Individual neutrophils. Rolling velocity as a function of time after
arrival of 108M fMLP is shown for four neutrophils. (B)
Individual Jurkat cells. Rolling velocity as a function of time
beginning 90420 s after arrival of PMA is shown for six Jurkat
cells. The time segments shown were selected to begin a few
seconds before slowing of rolling was first detected, except for cells
4 and 5 that never slowed. Measurements were made by tracking
the center of the rolling neutrophil or Jurkat cell over 0.5-s
intervals. The cells that arrested (velocity = 0) continued to be
arrested, and the subsequent velocity = 0 points are not plot-
ted.

delayed. To show some examples of behavior around the
time of arrest, Fig. 5B shows the velocity of individual
Jurkat cells, beginning at an interval of 90-420 s after the
arrival of PMA in the field of view. More brief arrests or
transient stops were observed with Jurkat cells than with
neutrophils, as illustrated by Jurkat cells 1 and 2, which
slowed down, then resumed rolling at nearly their initial
velocity, before finally coming to a complete arrest. In the
case of Jurkat cell 6, there was a brief arrest, then adhesion
failed and the cell detached completely. Jurkat cells 4 and 5
never slowed down or arrested, and were eventually lost
from the field of view.

4 Discussion

We show that isolated PNAd, an HEV ligand for L-selectin,
supports lymphocyte and neutrophil tethering and rolling at
venous levels of shear stress. We also show that an
endothelial cell selectin, E-selectin, supports T lymphocyte
tethering in flow and rolling. Interactions of lymphocytes
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with PNAA [9] and E-selectin [32, 33, 38] had previously
been shown in static or shaking assays with a complex and
undefined mixture of shear stresses; in one recent report,
E-selectin-transfected L cells have been shown to support
tethering and rolling of T lymphocytes [39]. Our studies
show that T lymphocytes can tether in flow and roll through
at least two selectin-dependent mechanisms, supporting
the concept that selectins are specialized to mediate the
initial adhesion of leukocytes to the vessel wall [2, 5].
Furthermore, we have examined how interactions of L-
selectin with PNAd relate to those of integrins with
ICAM-1, with regard to signaling influences of one inter-
action on the other, and within a 3-step model of leukocyte
rolling, activation, and arrest.

Rolling interactions on PNAd are extremely rapid and
loose compared to those studied previously for neutrophils
on P-selectin [24] and E-selectin [23], as well as those
studied here for lymphocytes on E-selectin. Lymphocytes
and neutrophils rolling on PNAd appear momentarily to
dissociate and reassociate with great facility, with the rolling
velocity varying considerably if measured on a time scale of
0.1s or less, but much more uniform if measured over
0.5-2 s time scales as reported here. Despite the appear-
ance of dissociation and reassociation, rolling cells are
tethered to PNAd =95% of the time they are rolling, as
shown by velocities that are 20-60-fold slower than for
nonadherent cells at 1.8-14.6 dyn/cm?, respectively. Rolling
of L-selectin transfectants on appropriately glycosylated
MAdCAM-1 is also quite fast, at 141 + 68 um/s [15]. The
rolling velocity of neutrophils on PNAd of 40 um/s at
1.8 dyn/cm? is higher than the highest velocity seen pre-
viously at the same wall shear stress for both P-selectin (10
um/s) and E-selectin (2 pm/s). This is true even though
rolling velocity is dependent on ligand density, and a wide
range of ligand densities were tested in previous studies on
neutrophils.

Emigration of lymphocytes from the bloodstream into
peripheral lymph nodes can be almost completely inhibited
by mAD to L-selectin, PNAd, or LFA-1; or pertussis toxin
[2, 3, 5]. Two ligands for LFA-1, ICAM-1 and ICAM-2, are
both strongly expressed on HEV [40]. It has been hypo-
thesized that at least three sequential steps, including
interaction of L-selectin with PNAd, the pertussis toxin-
sensitive step, and interaction of LFA-1 with ICAM-1 and
-2 contribute to selectivity in lymphocyte emigration in
peripheral lymph nodes. Lymphocytes, but not neutro-
phils, emigrate into peripheral lymph nodes. Both cell types
bind to HEV in the Woodruff-Stamper assay [41], to
isolated PNAd as shown here, and when activated, to
ICAM-1. We observed that rolling of T lymphocytes or
neutrophils through interaction of L-selectin with PNAd
does not stimulate P2 integrin-dependent binding to
ICAM-1 of either cell type. Rather, we find that an
additional signal is required to up-regulate P2 integrin
adhesiveness. Our data support a model in which at least
three steps are required for lymphocyte homing or neutro-
phil localization in inflammation when the first step
involves L-selectin, and support the concept that a signal
distinct from L-selectin ligation, such as a chemoattractant
that binds to a pertussis toxin-sensitive G protein-coupled
receptor, may be responsible for selective up-regulation of
integrin adhesiveness on lymphocytes that emigrate into
peripheral lymph nodes [2, 5].
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the reduced number of T lymphocytes able to tether on
PNAd following PMA-treatment is consistent with the loss
of L-selectin following treatment with phorbol esters
[29].

3.3 Lack of triggering by PNAd of adhesion to ICAM-1

To test for triggering by PNAd of adhesion to ICAM-1,
binding of resting T lymphocytes to a mixture of PNAd and
ICAM-1 was compared to binding to PNAd or ICAM-1
alone (Fig. 3A, B). Resting T lymphocytes form rolling
adhesions on PNAd co-immobilized with ICAM-1 that are
similar in strength to those formed on PNAd alone: about
50% of T lymphocytes detach at 7.3 dyn/cm? (Fig. 3B).The
percentage of T lymphocytes remaining bound on PNAd
co-immobilized with ICAM-1 at 36 dyn/cm? wall shear
stress is similar to that for T lymphocytes bound to ICAM-1
alone (Fig. 3 A), and these cells do not roll, suggesting that
there is a subpopulation of activated T lymphocytes. The
majority (87%) of the T lymphocytes adherent on PNAd
and ICAM-1 rolled and can be detached by the application
of flow (Fig. 3 B). The similar susceptibility of unstimulated
T lymphocytes to detachment from PNAd co-immobilized
with ICAM-1 compared to PNAd and ICAM-1 immobi-
lized separately suggests that L-selectin ligation to PNAd
does not enhance LFA-1 avidity for ICAM-1.

The rolling velocity of T lymphocytes on PNAd was
compared to that on PNAd plus ICAM-1 to further test for
synergy or triggering. The rolling velocity of T lymphocytes
on PNAGd is not significantly different whether or not
ICAM-1 is co-immobilized (Fig. 4 A).

3.4 Effect of activation of neutrophils or T lymphoma
cells rolling on PNAd co-immobilized with ICAM-1

We examined whether leukocyte rolling, activation, and
arrest could be demonstrated with PNAd, ICAM-1, and an
activating stimulus. We utilized the Jurkat T lymphoblast
cell line in these experiments rather than peripheral blood
T lymphocytes. Both cell types show rolling and PMA-
stimulated arrest on substrates containing PNAd and
ICAM-1; however, a higher percentage of Jurkat T lym-
phoblasts remain adherent to the substrate and arrested.
Neutrophils were examined in parallel, using the formyl
peptide chemoattractant fMLP as the activating stimulus.
Tethering and rolling of Jurkat T lymphoblasts and neutro-
phils on PNAd plus ICAM-1 was initiated at 1.8 dyn/cm?
and subsequently, activating agents were added to the
chamber perfusate. Rolling velocity and arrest of rolling
cells were recorded as a function of time after arrival of the
activating agent in the field of view (t = 0 in Fig. 4 A).
Neutrophil B2 integrin activation was achieved with 1078 M
fMLP. The addition of fMLP rapidly triggers arrest of the
rolling neutrophils, as indicated by the drop in the average
rolling velocity (Fig. 4 A).Within a period of approximately
40 s of the arrival of fMLP, 69% of the rolling neutrophils
arrest and begin to spread (Fig. 4B). No significant
decrease in neutrophil rolling velocity occurs in the absence
of fMLP.

PMA infusion triggers the arrest of Jurkat T lymphoblasts
rolling on PNAd co-immobilized with ICAM-1. Average
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Figure 4. Increase of f, integrin avidity for ICAM-1 arrests
neutrophils and Jurkat T lymphoblasts rolling on PNAd co-
immobilized with ICAM-1, and lack of effect of ICAM-1 on rolling
velocity of T lymphocytes on PNAd. (A) Cells (10%ml) were
perfused over a substrate containing PNAd alone or PNAd +
ICAM-1 at a wall shear stress of 1.8 dyn/cm?, and after 3 min,
rolling velocities were measured in several fields of view. T
lymphocyte rolling velocities were compared on PNAd alone and
on PNAd + ICAM-1. In experiments with neutrophils or Jurkat
cells, 1078 M fMLP or 50 ng/ml PMA, respectively, was added to
the perfusate and rolling velocities of these cells were measured at
various times after the arrival of the activating substances in the
field of view. Error bars represent the SEM of rolling velocities of
individual leukocytes in a field of view (110-300 neutrophils, 64
Jurkat cells, 91 peripheral blood T lymphocytes). (B) The number
of stationary neutrophils and Jurkat cells on a mixture of PNAd +
ICAM-1 in a flow chamber at a wall shear stress of 1.8 dyn/cm? is
shown before and after activation of B2 avidity for ICAM-1 by
arrival of the indicated stimulus in the field of view within the flow
apparatus.

rolling velocities drop from approximately 35 um/s to less
than 2 um/s within 400 s of the addition of PMA. Arrest of
PMA-stimulated T lymphoblasts is slower than that of
neutrophils following fMLP exposure. PMA dramatically
increases the number of firmly adherent Jurkat cells
(Fig. 4B).

The transition from a rolling adhesion to stationary adhe-
sion is typically very rapid for neutrophils (Fig. 5 A). The
rolling velocities of four individual neutrophils tracked
after exposure to fMLP at t = 0 are shown in Fig. SA.
Neutrophils 1 and 2 arrested abruptly. Neutrophil 3 almost
stopped, then rolled slowly for 2 s before coming to a
complete stop. Neutrophil 4 never slowed and eventually
detached.

The transition of individual Jurkat cells from rolling to firm
arrest is almost as rapid as for neutrophils, although more
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The ability of stimulated neutrophils and lymphocytes to
arrest and to develop firm adhesion when rolling on
selectins illustrates the crucial role that selectins play in
slowing leukocytes enough to allow 32 integrins to interact
with ligands such as ICAM-1. At the wall shear stress used
in the flow assay, neutrophils and Jurkat cells were unable
to tether to ICAM-1. However, immobilization of PNAd
with ICAM-1 permitted tethering and rolling, which then
permitted the B2 integrin-mediated arrest of the rolling
lymphocytes and neutrophils. Neutrophils or Jurkat cells
that had tethered and were rolling on PNAd co-immobi-
lized with ICAM-1, were triggered to arrest when stimu-
lated with fMLP or PMA-1 to activate Mac-1 and LFA-1
[24, 42] or LFA-1 [26] adhesiveness for ICAM-1, respec-
tively. Tracking of individual rolling leukocytes indicated
that the transition from selectin-mediated rolling to inte-
grin-mediated arrest, or firm adhesion, is rapid, with a
time-scale of seconds. Once the integrin is in a high-avidity
state, arrest is possible if rolling is maintained. Some cells
detached from the substrate before arrest occurred, possi-
bly due to shedding of L-selectin. Our finding that PNAd
and ICAM-1 are recognized in series, rather than in
parallel, means that leukocyte specificity for adhesive
ligands that are recognized in the rolling and firm adhesion
steps can generate combinatorial diversity in leukocyte
receptivity to area code signals displayed on endothelium.
Our findings suggest that this model, based on studies with
neutrophils, can be extended to lymphocytes.
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