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Kinetics of Adhesion of IgE-Sensitized Rat Basophilic Leukemia Cells to
Surface-Immobilized Antigen in Couette Flow
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ABSTRACT Antigen-antibody systems provide the flexibility of varying the kinetics and affinity of molecular interaction and
studying the resulting effect on adhesion. In a parallel-plate flow chamber, we measured the extent and rate of adhesion of
rat basophilic leukemia cells preincubated with anti-dinitrophenyl IgE clones SPE-7 or H1 26.82 to dinitrophenyl-coated
polyacrylamide gel substrates in a linear shear field. Both of these IgEs bind dinitrophenyl, but H1 26.82 has a 10-fold greater
on rate and a 30-fold greater affinity. Adhesion was found to be binary; cells either arrested irreversibly or continued at their
unencumbered hydrodynamic velocity. Under identical conditions, more adhesion was seen with the higher affinity (higher on
rate) IgE clone. At some shear rates, adhesion was robust with H1 26.82, but negligible with SPE-7. Reduction in receptor
number or ligand density reduced the maximum level of adhesion seen at any shear rate, but did not decrease the shear rate
at which adhesion was first observed. The spatial pattern of adhesion for both IgE clones is well represented by the first-order
kinetic rate constant k.4, and we have determined how k_4 depends on ligand and receptor densities and shear rate. The rate
constant k4 found with H1 26.82 was approximately fivefold greater than with SPE-7. The dependence of k_4 on site density
and shear rate for SPE-7 is complex: k4 increases linearly with antigen site density at low to moderate shear rates, but is
insensitive to site density at high shear. k.4 increases with shear rate at low site density but decreases with shear at high site
density. With H1 26.82, the functional dependence of k4 with shear rate was similar. Although these data are consistent with
the hypothesis that we have sampled both transport and reaction-limited adhesion regimes, they point out deficiencies in
current theories describing cell attachment under flow.

INTRODUCTION

The high-affinity, high-specificity binding of cell-bound the adhesion molecules. Different functional properties of
macromolecular receptors to surface coreceptors, or ligandmolecules give rise to different dynamic states of adhesion,
is of considerable importance in the fields of medicine andsuch as rolling or firm adhesion (Chang, 1997; Hammer and
biotechnology. The receptor-mediated (specific) adhesiompte, 1992). Under hydrodynamic flow, different types of
of cells to surfaces is a vital physiological process. Celladhesion have been observed: firm adhesion, transient teth-
adhesion is a key event in many normal physiologicalering, and rolling at reduced velocity (Alon et al., 1995;
processes, including the inflammatory response (Athertomawrence and Springer, 1993; Tempelman and Hammer,
and Born, 1972) and lymphocyte homing (Springer, 1990).1994).

In particular, the adhesion of neutrophil to the endothelium |4 addition, the magnitude of adhesion (extent of adhe-
in vivo depends on receptor-ligand recognition (Dore et al.sjon or rate of rolling) is also dependent on the receptor and
1993; Ley et al., 1993; Springer, 1990). Normal lymphocytejigand surface site densities (Brunk and Hammer, 1997;
homing to secondary lymphoid tissues in the immune SYSTempelman and Hammer, 1994; Hammer and Apte, 1992).
tem also depends on the recognition of cell surface receptors Understanding how adhesion is controlled at the molec-

(Kansas, 1996). Cancer cells rely on this process during”ar level is important in developing technologies. The high

metastasis (Pauli et al., 1990). ifici . o .
ty of tor-| d bind d t [
The adhesion of cells to surfaces under conditions of rowSpeCl icity of receptor-igand bincing provices an extremely

represents a balance between phvsical and chemical forCsensitive means of cell manipulation, cell selection, and
P phy €2ll-based diagnostics. Provided we can characterize the

((jHeﬁ\r,ZTe%r ba;/ntdh:ggépltgiﬁga-rl;gZ;?i;:ﬁééﬂ%ﬂ?@;gge- roperties of the molecules that mediate adhesion and relate

. . X . “these to the magnitude and state of adhesion, we can intel-
namic forces on the cell. This chemical bonding force |s|. ently desian devices that emplov cell adhesion in medic
derived from the numbers and strength of adhesive Iinkage.@ y gesigh devices nploy ston Ih medic-

al and biotechnological applications. Thus exploitation of

between cell and surface, which result from the properties o i ; ”
prop specific cellular adhesion would be aided by a fundamental

understanding of how adhesion is controlled at the molec-
ular level.
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(RBL) cells as a model system for measuring adhesion In this paper, we focus largely on a new IgE clone,
(Tempelman and Hammer, 1994). With this system, we cai$PE-7, which has a lower binding affinity for DNP than H1
systematically vary receptor-ligand binding kinetics and26.82. We determine if SPE-7 mediates a dynamic state of
affinity (through selection of different antigen-IgE pairs), adhesion different from that of H1 26.82, and differences in
site densities, and fluid shear stresses. The chemistry ihe sensitivity of adhesion to shear rate or ligand density.
shown in Fig. 1. RBL cells are coated with murine mono-Furthermore, in this paper we define a rate constant for
clonal anti-2,4-dinitrophenyl (DNP) IgE, and the surface isadhesion and measure how it depends on receptor and
coated with 2,4-DNR=lysine. We have extended the work ligand affinities, rates, and densities, and shear rate. With
of Tempelman and Hammer (1994) by measuring adhesiothis parameter, we concisely represent the rate of cell-
for two different IgE clones, SPE-7 and H1 26.82, which substrate binding in adhesion assays, allowing us to readily
have different on rates and affinities. RBL cells bind with compare cell-binding rates for a variety of conditions.
high affinity to the Fc portion of murine IgE molecules via  In this work we measured the adhesion of RBL cells
the cell-surface Foreceptor K, = 10'*° M%) (Metzger et sensitized with SPE-7 and H1 26.82 IgE to DNP-coated
al., 1986). Using this system only with the H1 26.82 anti- substrates under wall shear rates in the range of 20-140 1/s.
DNP IgE clone, Tempelman and Hammer observed that celVe observed only binary binding (firm adhesion) with both
binding was binary, sensitive to shear, and strongly depensf these chemistries. We could manipulate the extent of cell
dent on the number of anti-DNP binding sites (Tempelmarattachment from complete to negative control by varying
and Hammer, 1994). By comparing the adhesion mediatedhear rate in this range. The extent of adhesion was also
by either antigen-antibody or antibody-receptor binding,found to depend strongly on receptor and ligand surface
they also observed that the forward binding rate appeardensities under most conditions. The adhesion rate constant
more important than thermodynamic affinity for cell attach- was calculated from the spatial pattern of cell attachment.
ment, with the extent of attachment increasing with forwardThis parameter was found to depend nearly linearly on
binding rate. In this paper we compare adhesion mediateteceptor and ligand site densities, but to exhibit a complex
by H1 26.82 to that mediated by a different antibody-dependence on the wall shear rate. We believe that this
antigen pair (SPE-7/DNP) of different kinetics and affinity, study represents the first attempt to relate the rate constant
with our primary focus on the SPE-7/DNP pair. for cell adhesion to wall shear rate, receptor, and ligand site
An additional question addressed in this paper is whydensities, and receptor-ligand binding kinetics.
different receptor-ligand pairs give rise to different dynamic
states of adhesion. Selectin adhesion molecules mediaj{gATERIALS AND METHODS
rolling. Our laboratory has shown that rolling can be re-
created using cell-free systems in which carbohydrateFlow cytometric equilibrium binding assays
coated spheres roll over selectin substrates (Brunk et algytometric binding assays were performed on a Becton-Dickinson FAC-
1997). Alon and co-workers have postulated that rollingscan flow cytometer interfaced with a Macintosh computer running Cell
results from the fast on rates, fast off rates, and uniqu@uest software. A suspension of RBL-2H3 cells in freshly filtered buffered
mechanical properties of selectin-carbohydrate bonds (Aloﬁ]a’\'/“ Sol'l:‘gg;‘ea?lr;'\" '\é?a(:ti'rf’;’(‘)Mnf'\(j'ﬁErg'\éS'\;'gv%Lls-Bemg"mbC;%ﬁg e
et ,al_", 1995). By using antigen-antibody paIrS'Wlth. IOW(_:‘rpresegnce of ’\/ariou(’s goncer;trations of DNP-lysine forc;t least 20 min at
affinities and faster off rates, such as we use in this pap&fom temperature. The number of Fab arms occupied by DNP groups was
(indeed, systems with kinetic rates close to the values citedetermined by measuring the decrease in fluorescein isothiocyanate (FITC)
for selectin-carbohydrate interactions), we can test whethégluorescence (FL1) that occurs when DNP binds to FITC-labeled anti-DNP

rolling is a result of fast receptor-ligand kinetics. IgE (Erickson et al., 1986). _ _
The equilibrium binding constant was determined as previously de-

scribed (Goldstein et al., 1989). The concentration of bound lidgne
KR;L/(1 + KL), whereL = L; — L* is the free ligand concentratiob;
----------------- is the total ligand concentration, afy is the total receptor site (Fab sites)

Viable ; ; * ;
RBL 2H3 cell concentration. Solving fok*, we obtain

< Fc, receptor L* = (1 + KLy + KRy — [(1 + KLt + KRy)?

Fec, - IgE Fc linkage —- I
A<— Murine monoclonal IgE - 4K2RTLT]1/§/ 2K

. L* is related to the relative fluorescenée because binding leads to
IgE Fap - DNP linkage —#- 1 . Immobilized DNP-e-lysine  quenching. Thus*/R; = (F,, — F)/(F,, — F.), whereF,, is the fluores-
cence value when all receptor sites are empty Bnds the fluorescence
WQQQWQWW value when all receptor sites are occupied. To deterriineve fit the
Polyacrylamide copolymer gel above equation to a titration curve, taking as free paramktéfs, andF, .
Fig. 2 illustrates this method for the SPE-7 IgE/DNsine pair.

FIGURE 1 A schematic diagram showing the chemistry used in RBL

cell adhesion experiments. RBL cells ¥510°/ml) are incubated with a 50 Spectrofluorimetric binding assays

nM mixture of anti-DNP IgE and the neutral antibody anti-DNS to fill

0-100% of 2X 10° cell-surface Fgreceptors per cell with anti-DNP  Kinetic binding experiments were performed on a SPEX fluoromax spec-
antibody. Binding is mediated by Fab-antigen binding as shown. trofluorimeter and followed the procedure described by Erickson et al.
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B B B B LA Antibody-sensitized cells

The RBL cell subline 2H3 (Barsumian et al., 1981) was a generous gift
from Dr. Barbara Baird (Cornell University, Ithaca, NY). These cells were
cultured and harvested as previously described for use between days 3 and
6 (Taurog et al., 1979). Harvested cells are spherical and vary in diameter
0.6 - 7] from 12 to 17um (mean~15 um), as indicated by brightfield microscopy.
Cells are highly microvilliated, with 3000 microvilli per cell (Oliver et al.,
0.4 F - 1988). Microvilli are 0.5um long, with a tip area of 0.0&m? (Bongrand
and Bell, 1984; Oliver et al., 1988). RBL cells possess on average &®
Fc, receptors per cell (Barsumian et al., 1981; Metzger et al., 1986).
Mouse monoclonal anti-DNP IgE from clone SPE-7 (Sigma, St. Louis,
MO) was used as the DNP-binding antibody in the majority of trials.
Mouse monoclonal anti-DNP from clone H1 26.82, a generous gift from
Dr. Barbara Baird, was also used as a DNP-binding antibody. Mouse
1 10 100 1000 10000 100000 monoclonal anti-dansyl IgE from clone 2774 (PharMingen, San Diego,
DNP-Lysine (nM) CA) was used as a neutral antibody that does not bind DNP. Celis (5
10°/ml) were incubated fol h at37°C in media containing 50 nM IgE.
FIGURE 2 Equilibrium binding of DNP-lysine to SPE-7 FITC-IgE Flow cytometry analysis i_r?dicates saturation binding of FITC—IgE _(clone
bound to receptors on RBL cells () as measured by quenching of SPE-7) under thgse cond|t|_ons (data not shown). The anti-DNP/anti-dansyl
FITC-IgE fluorescence. Plotted is the fraction of free receptors as d9F ratio was adjusted fo fill between 0 and 100% of the cell surface Fc
function of the DNP-lysine concentratio®). The solid line was obtained ~"€Cceptors with anti-DNP (Weetal, 1992). In this way, we can adjust the
from a nonlinear least-squares fit of the data (see Materials and Methoddft@ number of DNP-binding sites from 0 to 100% of the<z.1105 DNP
and yielded an equilibrium constakj, = 4.8 X 10° M1, binding sites per cell (IgE is bivalent). After incubation with IgE, cells
were centrifuged and resuspended in a modified Tyrode’s buffer (125 mM
NaCl, 5 mM KCI, 10 mM HEPES, 1 mM MgGJ 1.8 mM CaC}, 0.10%
) ) ) gelatin, and 5.6 mM glucose in deionized water at %-20%ml and held
(1986, 1987, 1991). The quenching data were fit to a bimolecular schemey; 37°C for use within several hours. Several control experiments were
L +R& L* performed without adding antibody or with anti-DNP IgE-coated cells
preincubated with saturating levels of 2,4-DNP-glycine (Sigma).

0.8 -

Free Fab/Total

RPN BT BT B ..R...l... L

which yields the following differential equation:
dL*/dt = Ky LR — kyL* Antigen-coated gels

whereL*/RT = (F, — F)/(F,, — F.), as described above. Cross-linker synthesis

Differential equations were solved numerically using the Common Los
Alamos Mathematics and Statistics Library (CLAMS) subroutine The N-succinimidyl ester of acrylamidohexanoic acid was synthesized in
DDRVB2. Parameter estimates were obtained using the CLAMS subrou@Ur laboratory as previously described (Pless et al.,, 1983). This bifunc-
tine DNLS1, which is based on a finite-difference Levenberg-Marquardttional molecule was used to covalently couple the DNP ligand to poly-

algorithm for solving nonlinear least-squares problems. Fig. 3 illustrate@crylamide gel substrates as described below. In brief, the synthesis of this
this method for the SPE-7 IgE/DN®lysine pair. molecule involves two steps. In the first step, acryoyl chloride is reacted

with 6-aminohexanoic acid under strongly basic conditions to form 6-ac-
rylaminohexanoic acid. This intermediate is then reacted ittydroxy-
succinimide and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide to form
the bifunctional linker,N-succinimidyl acrylamidohexanoic acid. This
product is purified via crystallization and stored-a20°C for later use in
making polyacrylamide gel substrates.

I o o o o o o o o e e

0.9 .

0.8 [ . Gel synthesis

Acrylamide, N,N'-methylene-bis-acrylamide\,N,N,N’-tetramethylethyl-
ene diamine (TEMED), and ammonium persulfate were from Bio-Rad
Laboratories (Hercules, CA). Acrylamide (40%) (40 g monomer/100 ml)
highly cross-linked (0.1 g cross-linker/g total monomer) gels were cast for
06 I ° °® .0 ° ® - 1 h, using 0.20-mm Teflon spacers in a vertical gel caster (SE 215; Hoeffer
... (L] Scientific, San Francisco, CA). The monomer solution contained 54 mM
L4 ® e ¢ HEPES buffered to pH 6.0. Initializers, 0.209 ml TEMED and 0.557 ml
T B e o = SYSVRIAFIN IS PSP SRR LV SO ammonium persulfate per 100 ml of monomer solution, were added. The
monomer solution contained from 0.1 to 5 mM of bifunctional linker for
copolymerization with acrylamide.

Free Fab/Total

0 5 10 15 20 25 30 35
Time (s)

FIGURE 3 Determination of the rate constant for the binding of DNP- o5 \/g/ent coupling of dinitrophenyl ligand

lysine to SPE-7 FITC-IgE in solution. Shown are typical quenching data

and best fit of the equation that follows from a simple bimolecular schemeAfter casting, gels are removed from vertical caster and rinsed in ice-cold
(see Materials and Method¥), is fixed at 4.8x 10° M2, [Fab},, = 5.0 deionized water for 15 min. Linker molecules in half of the gel are then
nM, and [DNP-lys],; = 160 nM. The best fitgolid line) obtained isk,, = inactivated by immersion of the gel edgewise into &lGnl ethanolamine
935X 1P M ts L in a buffer of 50 mM HEPES, 10% ethanol, in deionized water (pH 8.0) for
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10 min. Derivatization of the gel witiN-e-2,4-DNP-lysine hydrochloride top and lower pieces are held together with stainless bolts to form a
(Sigma) is as previously described (Tempelman and Hammer, 1994; Tenmeak-free seal. Buffer flow to the chamber is provided by a syringe pump
pelman, 1993). Briefly, gels are placed in a saturated solutidt-e®,4- (model 906; Harvard Apparatus, South Natick, MA) with a 500-ml syringe
DNP-lysine hydrochloride for 2 h. Gels are then treated to cap unreacte@Scientific Glass Engineering, Austin, TX). Volumetric flow rates are
linker active sites by a 30-min incubation in ethanolamine solution. Gelsmeasured during each experiment.
are then rinsed in ice-cold water and stored in water at 4°C for use within The flow chamber design allows for unobstructed microscopic viewing
2 weeks. of the entire gel. The chamber assembly is mounted on a LUDL motorized
x-y translation stage (LUDL Electronics Products, Hawthorne, NY) in-
stalled on a Nikon Diaphot 200 inverted-stage microscope with phase-
DNP surface density contrast optics (Nikon, Melville, NY). Cells are observed at a final mag-

| lamid | ; densi dviab hvdrol nification of 125 while adherent cells are located, and at 31ghile cell
Polyacrylamide gel DNP surface density was measured via base hydrolysi3 o s tracked. The experiments are videotaped (Cohu CCD model

of the amide linkage as previously described (Tempelman, 1993; Tempeljrng’ Cohu, San Diego, CA; Sony VTR model SVO-9500 MD/2, Sony

me;n and Hamrger, 1994). HydrOIyS'ShWES perform(zdbon ge_l C||rcles _1'1 ¢ orporation, New York, NY) for automated motion analysis. Data analysis
n |am_eter and, on average, 1@“ thic (measure y 0pt_|ca_ section- 44 control of the videotape recorder and motorized stage is performed
ing). Circles We_re ta_ker.w from different reg!ons of the d_erlvatlzed gel to using LabVIEW and IMAQ Vision software (National Instruments, Austin,
assess DNP un_lformlty m‘the gel. Volumetric DNP densn_y was convertede) with serial communication to a Pentium-based workstation. Images
to surface dens!ty, assuming all DNP molecules present in the top_l nm 0ire imported to the workstation via an on-board capture card (model
gel are accessible to cell su.rface IgE molecules. Tablg 2 prowdgs th?’CI-IMAQ 1408; National Instruments). Gels are automatically scanned
calculated DNP surface density for gel linker concentrations used in th'?orthe number and location of adherent cells by software we developed for

stu_;:ly. Tf:e su:‘aceg;:/lensn_y _Of DNPin individual gels was found to bethis application. Similar software tracks moving cells and reports their
uniform (less than 3% variation). velocity and trajectory statistics.

Flow chamber and equipment Experimental method

The flow chamber i rallel-plate chamber with rat ffer inlet an . S . .
e flow chamber is a parallel-plate chambe separate buffer inlet & q’he partially derivatized gel substrate is inserted into the flow chamber and

outlet and cell injection ports and accommodations to hold thin polyacryl- ) . )
amide gel substrates. A schematic of the flow chamber is shown in Fig. 4t.he chamber is assembled. The flow channel gap height is measured by

The flow chamber is constructed of an optically clear acrylic top sectionOptlcal sectioning, and the flow width is measured by translating the

. . . . . . _motorized stage across the channel. Before the flow is initiated, cells
with an aluminum base in which a sealed glass plate is mounted for holdin o - )
. . . . {between 1000 and 2000) are injected onto the nonderivatized portion of
the gel substrate. The fluid flow channel above the gel is of dimension

7.0 X 2.0 X 0.040 cm (LX W X H). These dimensions provide for an the gel (Fig. 4). Cells are allowed to settle to the gel surface, and their

: . ) . Jocation is scanned to record the number and location of injected cells.
approximately linear shear field on the length scale of the cell. The heigh o \ . S . )
. ) . - low of modified Tyrode’s buffer is then initiated, and cell trajectories over
of the flow channel is defined by the thickness of the Silastic gasket (Dow ) ) .
Corning, Midland, MI) and is measured optically for each assembly Theseveral fields are videotaped for subsequent analysis. Cells enter and
' ' ’ adhere to the region of the chamber coated with antigen. After nonadherent
cells have cleared the chamber, the volumetric flow rate is measured.
Buffer flow is then stopped. Because DNP is yellow, the location of the
CELL INLET DNP interface can be clearly observed for high-DNP density gels. The
interface in low-density (0.Lumol/ml linker) gels is inferred from the cell
binding pattern. The entire gel substrate is then scanned automatically by

2 a computer algorithm, and the positions of all adherent cells are recorded.
GEL —» Y |

BUFFER FLOW —» Injecting a mixture of air and buffer into the chamber at high velocity then
clears adherent cells. A duplicate trial is then performed.

NON-DERIVATIZED DNP-DERIVATIZED
Shear rate determination

The buffer wall shear rate is calculated for all trials from the measured
volumetric flow rate and daily measured chamber dimensigns, 3Q/

2Wd, wherey is the wall shear rate i, Q is the volumetric flow rate

in ml s™%, Wis the flow width in cm, andl is one-half the flow height in

cm. Calibration studies with both 10.12- and 14 @mM-diameter hard
spheres (Coulter Corp., Hialeah, FL) indicated good agreement with the-
oretical predictions (Goldman et al., 1967a,b) for a bead-substrate separa-
tion distance of 5-20 nm (data not shown).

NON-DERIVATIZED  DNP-DERIVATIZED
b. Cell counting and spatial coordinates

FIGURE 4 Side 4) and top b) views of parallel-plate flow chamber. For each trial, the gel substrate is systematically scanned before and after
Nominal flow channel dimensions areX 2 X 0.04 cm (LX W X H). buffer flow is initiated to record the number and position of all cells. This
IgE-sensitized cells are injected via cell inlet and allowed to settle throughscan is performed on a predefined grid as follows: 1) The stage moves the
stationary buffer on a nonderivatized (DNP-free) portion of the gel sub-objective into the first field of view (FOV). 2) The computer imports the
strate. Buffer flow is initiated, and cells are convected over and in contacturrent image and identifies all cells in the FOV based on preset criteria.
with the DNP-derivatized portion of the gel substrate. Cell translational3) The center of area of each particle is updated to the current stage
velocity is measured during perfusion via video microscopy. The populadocation. 4) The stage translates to the next FOV in the grid. In this manner,
tion extent of adhesion and the cell spatial pattern are measured postfloa nonoverlapping cell density map of the gel substrate is constructed. The
via automated scanning video microscopy. scan time for the entire gel is20 min. Replicate scanning of several trial
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cell adhesion patterns indicate®% error in the total number of adherent this method is that all cells are in contact with the substrate at all times, thus

cells and a spatial resolution of less than one cell diameter. eliminating macroscopic transport effects of cells being delivered normal
to the substrate surface. Calibration studies performed witpr@Qaoly-
styrene microspheres indicates a sphere-gel contact distance of 5-20 nm

Cell velocity (data not shown). For each trial, the spatial binding pattern of cells adherent

. . o in the DNP-derivatized region of gel is fit to a first-order kinetic attachment
The translational velocity of nonadherent cells over the derivatized ge(‘nodel'

substrate is measured for each trial. The translation of cells in the lowest

focal plane is videotaped. Cell velocity is measured from these video dN,

sequences by tracking the cells in a particular field of view ov80 video —— = KagN, = Koo Nt — Ny(1))
frames. The velocity between frames is calculated by measuring the trans- dt

lation of the centroid from frame to frame (1/30th-s intervals). As in gel

scanning, the centroid of each object is located via computer algorithms. dNb kad

The trajectory-average velocity for each cell is calculated. From this a = <7 (Nbf - Nb(X))
average for 4-20 cells, the trial population-average velocity is calculated.

which can be integrated to yield

Analysis N,(X) Kag
Percentage downstream adhesion In(l B \ ) - _@X )

For each trial, the number of cells binding to the substrate in the DNPhareN is the number of unbound cells at tingeN, is the cumulative

« N « . u
region is measured. From this, the percentage downstream adhesion (ymber of cells bound up to axial coordinatéintegrated across substrate
adhesion) is calculated: width), Ny is the total number of cells bound on the derivatized substrate

: - after the experimenty) is the population average cell velocity for the trial
percentage of adhesicn 100*Tb/(T' T’) (1) over the derivatized region of gel, akg, is the adhesion rate constant. A

whereT, is the total number of cells bound past the DNP interfagis the ~ PIot of —IN(1 — Ny(x)/Ny) versusx has slope,{(V). The adhesion rate
total number of cells injected at the cell inlet, afids the number of cells ~ €onstant concisely conveys the spatial binding pattern and provides a
remaining at the cell inlet after the trial. The terfp accounts for the — Means of comparing the rates of cell-substrate binding as a function of
nonspecific adhesion of injected cells to the nonderivatized gel under statigXPerimental conditions.

incubation before buffer flow. This term is generally less than 1095, of Calculation ofk,4 proceeds as follows (Figs. 5, 6, 7): 1) The experi-
mental cell density map (Fig. 5) is integrated along the transverse coordi-

nate for each axial coordinatg(Fig. 6). 2) The integrated data are plotted
Adhesion rate constant as—In(1 — Ny(X)/N;) versus the axial coordinate, as illustrated in Fig. 7.

3) Alinear least-squares regression is performed on the initial linear region
One can deduce the intrinsic rate constant for cell binding from the spatia{before significant cell depletion). The slope of this regression is multiplied
pattern of adhesion using simple chemical kinetics. Note an advantage dfy (V) to obtaink,q

Cell Inlet DNP Interface

ﬁﬁi PPe=ty 70000
40000 Soane

N 0
o 20000 3000

micrometers

Axial COQrdll'latEv

FIGURE 5 Spatial pattern of RBL cell adhesion in flow assay. Cells are injected into stationary buffer at the cell injection port and alloweddo settle t
the DNP-free portion of the substrate. Buffer flow sweeps the cells in the axial direction to the DNP interface and continues until all nonathexént cel
the chamber at an axial coordinate of 7 cm. Conditions shown: SPE-7/DNP systeim, 323sx 10* anti-DNP sites per cell, 970 DNRM?.
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2507 Non-Deriv atized Gel DNP-Deriv atized Gel
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FIGURE 6 Cell binding as a function of axial position is obtained by integrating the cell density profile shown in Fig. 5 over the width of the chamber.
The exponential decrease in cell frequency is fit to Eq. 2 for calculatidqpfas indicated in Materials and Methods.

RESULTS DNP-glycine all show low levels of nonspecific adhesion.
Control . i Furthermore, as seen in Fig. 5, a very low level of nonspe-
ontrof experiments cific adhesion occurs in the region of the gel that is not

Negative control experiments were performed to determinglerivatized with DNP.

the level of nonspecific RBL cell adhesion to DNP-derivat-

ized polyacrylamide gel substrates (DNP density of 190 . -
DNP/um?). Fig. 8 shows the results of these experimentsc.bym"mlcs of cell binding
Binding over a range of wall shear rates was examined tdn all attachment trials in this study with either IgE clone,
determine whether any shear-dependent nonspecific adhenly binary adhesion was observed between anti-DNP IgE-
sion was present in the system (possibly arising from thesensitized RBL cells and DNP-derivatized gel substrates.
porosity of the gel). The data in series A represent theCells either bound suddenly and irreversibly to the surface
positive control in which cells were saturated with anti-DNP

IgE. Untreated cells, cells treated with anti-dansyl IgE, and

cells saturated with anti-DNP IgE and then blocked with 100 -
0100% anti-DNP IgE SPE-7 (A)
90 | A | ENo Antibody (B)
8 5 80 M 100% anti-DNS IgE (C)
; . g 20 | E100% anti-DNP SPE-7 + DNP Gly (D)
<
8 -. £ 60
s : 50 ]

ZB 5 s S ®
< , / g 40
Z4 z
< 5 8 30 -
= g 20 4

1 0 1 : |_L 4

0 | . ‘ <50 1/s 50-80 1/s >80 1/s

0 10000 20000 30000 40000 Wall Shear Rate
Axial Coordinate (Scaled to DNP interface), pm FIGURE 8 RBL cell adhesion in flow chamber assays: comparison of

specific and nonspecific adhesion to DNfysine derivatized gels. Cell
FIGURE 7 An illustration of the calculation &€, using data from the treatments: &) Cell saturation with anti-DNP.B) Untreated cells. §)
flow experiment shown in Figs. 5 and 6. Linear regression of data at smalSaturation with anti-dansyl IgE.D) Cells coated with anti-DNP IgE,
axial coordinates (up to 0.5 cm) was used to calcukgidor the adhesion  followed by blockage with free DNFR-glycine. The percent adhesion of a
trial (see Materials and Methods). The figure illustrates a typical linear fitpopulation of cells with the indicated surface treatment is shown for three
of the datak,q is proportional to the slope of the linear regression line as ranges of wall shear rate. Nonspecific adhesion was less than 15% for all
described by Eq. 2. trials.



Swift et al. Kinetics of Cell Adhesion under Flow 2603

or continued at an unencumbered free-stream cell velocityDNP density, and shear rate appear in the figure captions.
Occasionally, during attachment, a cell would arrest, transWe see that cell density is a maximum at an axial location
late one to two cell diameters, and then bind firmly. Nojust past the DNP interface and decreases with increasing
significant cell detachment from the surface was observedistance from the interface. The extent of the decrease in
in any trial. cell density with distance varies with the experimental pa-
Representative cell density maps for two attachment trialsameters (wall shear rate, receptor number, and ligand site
with SPE-7 are shown in Fig. 9. Conditions of IgE density, density). The surface coverage of cells on the DNP gel in

DNP Interface

Cell Inlet

30000
10000 20000 Axial Coordinate, micrometers

(@

(b)

FIGURE 9 Examples of cell density maps from attachment experiments with the indicated wall shear rate, receptor number, DNP site density, percentage
downstream adhesion, akg, Flow is from left to right, with the cell injection port and DNP interface at the indicated axial coordinates. Conditions shown
support approximately the same extent of adhesion, but the rate constant for adhesion is significantly dife3&¥g-7/DNP system: 61 1/s, 1:3 10*

anti-DNP sites per cell, 1900 DNi#?, 76% adhesiork,, = 0.025 s*. (b) SPE-7/DNP system: 35 1/s, 1x310° anti-DNP sites per cell, 1900 DN@/?,

72% adhesionk,q = 0.031 s*.
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the region immediately past the interface generally was lesBlorizontal error bars represent the standard error of the
than 10-15% of the total area; there was ample surface aresear rate between replicates.

for binding for all cells crossing the interface. Indeed, the For both clones, and all receptor numbers and site den-
number of cells fed to the chamber in each triall600) sities, the percentage of adhesion to the DNP surface de-
was chosen to minimize cell-cell interactions at the interfacecreases with increasing wall shear rate within the error of
while providing for statistically significant numbers of ad- the measurements. At low wall shear rate, adhesion is nearly
herent cells (Fig. 14). This issue is addressed more thorcomplete when cell and substrate densities are higangd
oughly in the Discussion. It is also important to note thatD); decreases in receptor number or ligand density decrease
although the extent of adhesion is less than one, cell bindinthe extent of adhesion at low shear ra®s2(dC). At high

falls off significantly before the buffer outlet. receptor number or ligand site densities, at a wall shear rate
of 115 s %, percentage of adhesion decreases to the level of
the negative controlA andD).

Fig. 10 also illustrates that receptor number and ligand
Experiments were performed with the SPE-7/DNP receptorsite density influence the extent of adhesion. At 13,000
ligand pair for different wall shear rates, SPE-7 site densi-anti-DNP sites per cell, a decrease in DNP site density from
ties, and gel DNP surface density. A single series of attachl900 um™? to 280 um™? decreases the extent of adhesion
ment experiments were performed with the H1 26.82 antiby approximately threefold. A further decrease in DNP
DNP clone for a single anti-DNP and DNP site density, atdensity to 91um™? results in a twofold reduction in adhe-

a full range of shear rates to allow for comparison to SPE-&ion at intermediate shear rates. Receptor number also in
binding data. The extent of adhesion was measured for eadluences the level of adhesion. A 10-fold decrease in recep-
experiment. tor number decreases adhesion by 1.5-fold at intermediate

Fig. 10 shows the effect of shear rate on the percentage ¢hear. Thus decreases in site density or increases in shear
adhesion for the SPE-7 clone for four combinations of cellrate lead to decreases in the extent of adhesion.
receptor number and surface ligand densit%) (3000
anti-DNP/cell, 1900 DNP moleculgsih?; (B) 13,000 anti-
DNP/cell, 280 DNP moleculegm?; (C) 13,000 anti-DNP/
cell, 91 DNP moleculegim? and ©) 1300 anti-DNP/cell, The spatial pattern of adhesion of SPE-7 or H1 26.82-coated
1900 DNP moleculeg/m?. For comparison, data for the H1 RBL cells to DNP-derivatized gels was measured for the
26.82/DNP pair at 13,000 anti-DNP/cell, 1900 DNP mole-conditions shown in Fig. 10. Fig. 11 shows tkg, values
culespim? are also shownH). Each point represents from calculated from spatial patterns as described in Materials
one (no error bars) to five experiments at approximately theand Methods. Error bars represent the standard erriy,in
same wall shear rate. Vertical error bars represent the stagalculated for replicate trials. The shear rate dependence of
dard error in percentage adhesion between replicate trial&,,for the H1 26.82/DNP pair was not measured previously

Extent of cell adhesion

Effect of shear on the rate of adhesion

—— @ SPE-7, 13000 /cell, 1900 DNP/umA2 (A)
100
90
80
70
60
50 :
40 L rao
3 L 3
\ ‘\\\\
20 erd P
10 = \ %
0 T s
0 20 40 60 80 100 120 140 160 180 200

~—&— SPE-7, 13000 /cell, 280 DNP/um”2 (B)

—a&A— SPE-7, 13000 /cell, 91 DNP/um*2 (C)

—— SPE-7, 1300 /cell, 1900 DNP/um”2 (D)

----©----H1 26.82, 13000 /cell, 1900 DNP/um*2 (E)

;§<—|

Percent Downstream Adhesion

Wall Shear Rate, s

FIGURE 10 Shear rate dependence of the percentage RBL cell attachment in flow assays. Cells were sensitized with the indicated number of DNP
binding sites. Polyacrylamide gels were derivatized with the indicated number of DNP molecules per unit area. Standard error bars indiégténvariabil
measured percentage adhesion and wall shear rate between trials. Percentage adhesion decreases (within standard error) with increafinglhear rate
conditions shown.
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CISPE-7, 13000 /cell, 1900 DNP/umA2 (&)
[ISPE-7, 13000 /cell, 280 DNP/um™2 (B)
2.00E-01
BSPE-7, 1 2
© s0E.01 SPE-7, 13000 /cell, 91 DNP/umA2 (C)
- A
 60E-01 EISPE-7, 1300 /cell, 1900 DNP/umA2 (D)
| 4001 _ || mH126.82, 13000 /cell, 1900 NP2 (E)
1.20E-01
“ 1.00E-01
R,
8.00E-02
A
6.00E-02 T
400802 - 155 =
2.00E-02 - —
0.00E+00 ed : : =
20-40 40-60 80-115

Wall Shear Rate, s™

FIGURE 11 Overall adhesion rate constant as a function of wall shear rate in RBL cell attachment experiments. Cells were sensitized with the indicated
number of DNP binding sites. Polyacrylamide gels were derivatized with the indicated number of DNP molecules per unit area. Error bars indicate the
standard error ik, The adhesion rate constant is a complex function of shear rate, increasing, decreasing, or remaining constant with increasing shear
rate, depending on antibody number and DNP density.

by Tempelman and Hammer (1994) but has been examinegffect of receptor number on adhesion
for a limited set of DNP and H1 26.82 densities in this work. rate constant
The letters A-E refer to conditions identical to those in Fig.
10. For the SPE-7 clone, thg, may increase or decrease
with wall shear rate, depending on IgE or DNP density. At
13,000 receptors/cell and 1900 DN##* (series A),K.q
decreases with shear rate from 20 to 118. At a lower
DNP density, 280um™? (series B),k,q4 increases with
increasing shear. The positive correlation betwkepand
shear rate is maintained for 1300 IgE sites per cell and 190
DNP/um? (series D). Series C does not clearly support
either a decreasing or increasing relationship betwegn
and wall shear rate.

Comparing series A, B, and C, we see that there is a

Fig. 12 examines the dependencekgf on the number of
anti-DNP binding sites per cell for SPE-7. Data in each
series were collected at the indicated DNP site density and
shear rate. All data were collected at a wall shear rate of
~50 s %, except for that at 91 DNRM?, which was col-
lected at 27 s*. This was done to have a statistically
ignificant number of bound cells per trial for calculation of
« In this figure, within the standard error of the measure-

—e— 1900 DNP/um”2, 52 1/s
—u—91 DNP/um*2, 27 1/s

strong dependence &f,on site DNP density. The nature of —a 970 DNP/Um2. 52 1/s

. . o ; 5.00E-02 :
this relationship is also bimodal; at low shear rates —e— 280 DNP/um2, 49 1/s
decreases with decreasing DNP site density, but at high 4 5000 .

shear ratesk,q4 decreases or, within the error of the mea- /
surements, remains constant with increasing site density. . 3.00E-02
This bimodal relationship is also seen in the relationship of % /;//*/!
k.qto receptor number. At high DNP densiti&g, decreases ¥ 2.00E-02 }/ T
with decreasing receptor number at low shear, but increases I/IV/iH
or remains essentially constant with decreasing receptor 100802 +—p—r— -
number at high shear, within the error or the measurements.
The result of these trends is that maxima in the rate constant
for adhesion can occur at either high or low shear rate,
depending on the density. Fig. 11 also illustrates khgfor Number of DNP binding sites per cell
the H1 26.82 is as much as sixfold greater than that for URE 12 Overall adhesion rat ot Cnction of th .

H H HY verall adnesion rate constant as a runction o e numbper
ﬁIiIEZ-gg;l?:gﬁg:(?lti(r)::(;z(l){ns|r-:—:rzjgeesar\/\rliaesdhe£aerngtelrg$ fgﬁnti-DNP IgE (SPE-7) binding site§ per cell. Gel DNP site'densities and

ad " T experimental wall shear rates are indicated for each series. Error bars

shear rate, but decreases with shear rate as it is furthgfgicate the standard error ik, k.4 increases linearly with antibody
increased. number for all conditions shown (within the standard error).

0.00E+00 T T -
0.0E+00 5.0E+03 1.0E+04 1.5E+04
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ments, we observe a linearly increasing relationship beboth the chemical affinities and kinetic off rates are known
tweenk,4and the number of DNP binding sites per cell. Theor are measurable (SPE-7/DNR; = 4.8 X 10° M~ * and
behavior does not appear at or near saturation. These curvk$ = 0.19 s * (first measured here); H1 26.82: 14 10°
do not extrapolate to zero at the low-density limit, possiblyM ~* and 0.086 s* (Erickson et al., 1986)), and because the
indicating a steep rise ik 4 at low receptor number. SPE-7 clone has a lower on rate and affinity than H1 26.82
for the same antigen, DNP. As illustrated in Table 1, these
. . . . molecular pairs represent a 30-fold difference in affinity and
Effect of antigen site density on adhesion a 13-fold difference in on rate. With the SPE-7/DNP pair,
rate constant we have systematically varied the wall shear rate, number of
Fig. 13 examines the dependencégfon DNP site density cell-bound anti-DNP binding sites, and gel DNP site den-
for adhesion with the SPE-7 clone. Data in each series argity. In all trials, we have observed only binary adhesion of
at the indicated fixed receptor number per cell and sheaihe cells to the substrates. The results indicate that the extent
rate.k,q increases with increasing DNP site density for all of cell adhesion decreases with increased wall shear rate,
data series. The data at 8500, 5200, and 1300 receptors pe&ith decreased cell-surface anti-DNP binding site number,
cell are nearly overlapping over much of the range. Here, agnd with decreased gel substrate DNP site density. This
in Fig. 12, the rate constant for adhesion increases witipaper also illustrates a method for determining the rate
density nearly linearly over the entire range of DNP density constant for adhesiotk,y, from the spatial pattern of bind-
The dependence of kon DNP density has not yet reached ing. This kinetic constant exhibits a complex dependence on
a plateau, and there appears to be a steep increkgenith shear rate, receptor number, and ligand density that has not
site density for less than 250 DNRH?. previously been described. Unlike the extent of adhesion
data, the adhesion rate constant is a single, robust, intrinsic
parameter that quantifies the probability per unit time that a
DISCUSSION cell will bind and thus contains useful information that can
This paper provides results describing the attachment dpe occluded by the extent of adhesion, which depends on
anti-DNP IgE-sensitized RBL 2H3 cells to DNP-derivatized assay geometry.
polyacrylamide gel substrates in a linear shear field. Two This paper is the first to report adhesion rate constants for
clones were used, SPE-7 and H1 26.82. Adhesion mediatdfe adhesion of cells to surfaces under hydrodynamic flow,
by the H1 26.82 clone to DNP was measured previously fokising well-defined receptors and ligands. We have found
a limited number of conditions by Tempelman and Hammetthat the binding of anti-DNP IgE-sensitized RBL cells to
(1994), but only the extent of adhesion was calculated ifPNP-derivatized polyacrylamide gel substrates in a linear
their study. We have better defined the shear-rate deperghear field is well represented by the first-order chemical
dence of adhesion with this IgE clone and measured the raf@te equation (Eq. 2, Fig. 7). The representation is valid to
constant of adhesiotk,,, for the first time with this clone. the point where cell depletion becomes significant. We have

These two model receptor-ligand pairs were chosen becaugamined the dependence of this rate constant on fluid wall
shear rate, cell receptor number, and antigen site density.

Furthermore, comparison of data from the SPE-7 and H1
26.82 clones gives information dqg, about the importance

—e— 13000 /cell, 52 1/s of bond formation rate and affinity.
5.00E-02 | —®—8500/cell, 47 1/s

—a—5200 /cell, 52 1/s

—e— 1300 /cell, 53 1/s Ratio of receptor and ligand densities
4.00E-02 .

Based on the reported microvilli length, 500 nm, and esti-
3.00E.02 x mated IgE length, 150 nm (Tempelman, 1993), we assume
T T only anti-DNP IgE molecules present on the tips of mi-
crovilli are available for binding to the planar adhesive
substrate. Fcreceptors are known to be uniformly distrib-
uted over the entire RBL cell surface (Oliver et al., 1988).
1.00E-02 The total number of receptors accessible at the microvilli
tips was previously calculated and found to be 8.50° Fc,
0.00E+00 J . ( , . receptors/cell (Tempelman and Hammer, 1994), so only a
0 400 800 1200 1600 2000 fraction of the total number of cell-bound IgE molecules are
accessible to the surface. Therefore, the total number of IgE
DNP Density, sites/um” sites available to bind DNP ranges from &310° to 1.3 ¥

10%cell in this work. The ratio of ligand and receptor
FIGURE 13 Overall adhesion rate constant as a function of gel DNP site 9 P

density. Cell anti-DNP IgE (SPE-7) binding site density and experimentaldenSlty is given in Table 2 for our experimental conditions.

wall shear rate are indicated for each series. Error bars indicate the standa¥yNe€n the ligand density is reduced so that it is on the same
error ink,q order as the receptor density, adhesion is eliminated.
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TABLE 1 IgE/antigen chemical affinities and solution reaction rates

Antigen IgE Affinity, Ku On rate k; Off rate, k,

(source) (source) MY M tsh (s Reference
DNP-¢-lysine (Sigma) SPE-7 (Sigma) 4:810° 9.4 1C° 20x 10t This paper
DNP-¢-lysine (Sigma) H1 26.82 (Dr. B. Baird, 1.4x 10° 1.2x 107 8.6 102 Erickson et al. (1986)

Cornell University)

Binary binding behavior Chang and Hammer have proposed a generalized phase
. . N diagram that predicts the dynamic state of cell-substrate
The only dynamic s_,ta'Fe of ad_hesmn seen in this wprk Wa3 dhesion based on the kinetic rate of receptor-ligand bond
firm :_jlrrest. Dyn_am|c interactions previously described asoreakage K) and on the bond’s response to strain, repre-
transient adhesm_n (Chen et al., 1997; H.ammer and Aptesented by the Bell paramete(Bell, 1978: Chang, 1997). In
199.2) or cell rolling (Brunk et al., 199_6’ Lz_awrence and light of the phase diagram predictions, we believe that
Spr_mger, 1993) were not observed \_N'th either of thes Ithoughk, is an appropriate value to permit rolling,for
a_ntl-_D_NP IgE clones on DNP. We did not observe_ anySpE-7/DNP interactions is outside of the range required to
significant release of cells from the substrate after initial upport dynamic bond formation and breakage rates under
attachment. This type of adhesion is similar to that reporte tress, regardless of the off rate (Alon et al., 1995; Chang,

with H1 26.82 on DNP by Tempelman and Hammer (Tem'1997). However, recent studies have shown that leukocytes

pelman, 1993; Tempelman and Hammer, 1994). In the'rcan exhibit transient adhesion and unstable rolling interac-

StUdyE tgef eX;[ﬁ nt of athe;'gn Wl'th thel clqge H1| 26'?2 Wa%ions on IgM antibodies directed against carbohydrate anti-
reported for the same “polyacrylamide gel system aaens similar to the ligands for selectin molecules (Chen et

employ_ed here, bu_t for & limited number of She_af ratesal” 1997), so it may be that there are differences among
They did not qgannfy the_ rate constant of adhesion. Theyantigen—antibody pairs in their response to stress. Accurate
obs_erved only fl_rm adhes_|on W'th_ the H1 26.82 clone for_ameasurement of the Bell parameter for anti-DNP IgE/DNP
variety of conditions of site density and shear rate, CONSIStieractions is required to predict the possibility of dynamic

tent with the current results. Despite the approximately. ; : ; ; o
. . interactions with this system and to determine the validity of
twofold higher solution off rate of SPE-7 than H1 26.82 to the phase diagram.

DNP, we did not observe any transient binding or detach-

ment. This failure to support rolling comes despite an off

rate of 0.19 s, close to the 1 s' off rate between P- .

selectin and its ligand, PSGL-1 (Alon et al., 1995). The factExtent of adhesion

that P-selectin gives rolling and IgE/hapten interactions giverhe extent of anti-DNP IgE RBL cell adhesion to DNP-

firm adhesion likely reflects a fundamental difference inderivatized gel substrates shows a strong dependence on

antibody-antigen interactions compared to selectin interacwall shear rate for both the SPE-7 and H1 26.82 clones (Fig.

tions (Brunk et al., 1996; Dore et al., 1993; Ley et al., 1993)10). The extent of adhesion decreases with shear rate from

or the possibility that an off rate of 0.19'§is insufficient  nearly complete adhesion to levels indistinguishable from

to support rolling. negative control. Fig. 10 also shows the dependence of
extent of adhesion on receptor number and ligand site
density; extent decreases for decreases in both parameters.

TABLE 2 Ratio of DNP (ligand) to IgE (receptor) densities These trends were seen previously with the H1 26.82-coated
Linker concentration Gel DNP surface % anti-DNP  Ligand density/ ~ RBL cells on DNP surfaces (Tempelman and Hammer,
(wmol linker/ml)  density (#{um?) IgE Receptor density  1994). With SPE-7, a 10-fold reduction in receptor number
0.1 90 10 40 decreases the extent of adhesion only slightly, whereas
40 9 Tempelman and Hammer observed a nearly fivefold reduc-
65 6 tion with a fivefold reduction in H1 26.82 receptor number.
10 280 10100 1f0 As an additional control, we have investigated whether
' 40 o8 cell-cell interactions affect the extent and rate of cell bind-
65 18 ing. In most of the experiments shown here1500 cells
100 11 were injected into the chamber, and this led to at most a
2.5 970 10 400 15% cell coverage of the gel in the area immediately near
gg 122 the interface. This number is much smaller than is typically
100 40 used in a cell adhesion experiment and is designed to be
5.0 1900 10 780 sufficiently small to minimize cell-cell interactions while
40 200 keeping the errors of measurement modest. To assess
122 132 whether this extent of coverage leads to cell-cell collisions

and thus affects our measurement of adhesion rate con-
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stants, we have examined the percentage of adhesidgand 10%cell, and DNP density was 1900 DNBh?, conditions
obtained for a range of numbers of cells injected. Fig. 14that led to maximum binding for the SPE-7 IgE. In Fig. 14,
illustrates this data for two shear rate valueg:50 s *and  a andb, within the error of the measurements, the percent-
(b) 80 s *. The antibody number in all cases was X3 age of adhesion ank,, appear to be independent of the

100 0.0350
----o---- Percent Adhesion
90 —
—=a— Adhesion Rate Constant
80
_ 1— -+ 0.0300
70 L
: 1 ]
Y
] -
% J. \:“*\. "-o)
& 50 T 0.0250
5 40 I T
o
30
-+ 0.0200
20
10
0 ‘ ‘ ‘ . ‘ . . ‘ . 0.0150
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Number of cells injected
a.
100 0.0350
----¢---- Percent Adhesion
90 —
80 —a— Adhesion Rate Constant
-+ 0.0300
70 - —
5
E 60 >
g 50 1 I e I 0.0250 %
g 40
30 = A . 1
1 -4 -+ 0.0200
20
10 -
0 ‘ ‘ ‘ ‘ . 0.0150
0 1000 2000 3000 4000 5000 6000
Number of cells injected
b.

FIGURE 14 Effect of varying the feed cell number on measured percentage adhesiqg aihé DNP site density was 1900 DNB?, and the antibody
number was 1.3 10%cell in all trials. a indicates that both the percentage adhesionkagdre independent of cell number below 2000 cells for a wall
shear rate of 508" b indicates that percentage adhesion &ggare independent of cell number below 2000 at a wall shear rate of 9Esror bars
indicate the standard error of the measurements (@ > 5). Adhesion does not appear to be sensitive to the number of injected cells at the numbers
employed in these flow experiments {500 per trial).
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number of cells injected into the chamber. This indicatesdecreases with increasing shear, kyf may increase, re-
that at these cell numbers, the binding is not significantlymain approximately constant, or decrease. These examples
affected by cell-cell interactions. Any reduction in cell illustrate the importance of using the adhesion rate constant,
number beyond the smallest number used here (750) wouldither than the extent of adhesion, to characterize attach-
result in greater errors (a larger noise-to-signal ratio). Al-ment in flow assays.

though an area coverage of 15% might appear to be suffi-

ciently high to induce cell-cell interactions, the coverage

occurs only in a small region of the gel, which explains why .

the adhesion is independent of cell density. Thus we believé\dheSIon rate constant

we are measuring the intrinsic rate constant of cell-substratAs shown in Fig. 11, the dependence of the adhesion rate
binding independently of cell density effects. constant on wall shear rate for SPE-7 depends on the values

We observed that the range over which the extent obf receptor and ligand site densities. The complex relation-
adhesion is shear-sensitive is significantly different for theship between binding rate and shear rate is further demon-
two clones. Adhesion is significant with clone H1 26.82 to strated by data for the H1 26.82 clone. These data indicate
beyond 140 s, whereas with clone SPE-7 adhesion dropsa bimodal dependence &f, on shear rate and site density
off to negative control levels near 100° Comparing the and illustrate that this rate constant is generally more sen-
kinetic rates for these clones, H1 26.82 has a 13-fold highesitive to experimental conditions than the extent of adhe-
solution on rate than SPE-7. Thus it appears that a largesion; hence it is a more sensitive metric of adhesion.
value of on rate can lead to a significant increase in the Chang has modeled the rate of binding of cell-bound
shear rates that can support adhesion. Furthermore, at ceeceptors to surface-immobilized ligands under flow
tain intermediate shear rates, the higher on rate for H{Chang, 1997; Chang and Hammer, manuscript submitted
26.82/DNP yields a significantly higher extent of binding for publication). In their model system, cells are treated as
than the slower reacting SPE-7/DNP pair. Thus, dependingeceptor-coated hard spheres translating over a ligand-
on the shear rate, there can be a significant affect of on rateoated substrate in a shear field. The two-dimensional con-
on binding. vection-diffusion equation is solved to obtain the receptor-

Fig. 10 illustrates a clear dependence of extent of adheligand encounter rate, based on the relative velocity of the
sion on both receptor number and antigen site densityreactive species. A Peclet number is used to define the
According to the ratios of antigen to IgE density given in relative importance of receptor convection versus diffusion
Table 2, antigen molecules should be in excess. In thign the cell-substrate contact area. The Peclet number, Pe, is
regime, we would expect only a weak dependence of adhedefined by Pe= (radius of F¢ receptor)(cell slip velocity)/
sion on DNP density, but a strong dependence on receptdFc, receptor diffusivity). Thus the Peclet number is pro-
number, so the observed sensitivity of adhesion to DNRportional to the cell slip velocity, which scales with the
density is somewhat surprising. The extent of adhesion doeshear rate (Goldman et al., 1967a,b). The probability that an
not appear to be limited by the transport of receptors teencounter will lead to bond formation depends on the in-
ligand molecules because, as seen in Figs. 5 and 9, nearly afinsic on rate and on the receptor-ligand contact duration.
cells that bind do so shortly after reaching the DNP inter-The adhesion rate constant is the product of the encounter
face; there are only low levels of adhesion near the chambegate and the reaction probability. The encounter rate in-
exit. An alternative explanation for the strong ligand densitycreases with relative velocity (Pe), whereas the contact
dependence may come from overestimating ligand densityduration decreases. Thiag, represents a conflict between
In these calculations, DNP molecules in the top 1 nm of thehe frequency of encounter versus the duration. This theory
porous gel are assumed to be accessible to passing anti-DNedicts thatk,, increases linearly with the product of re-
binding sites. The actual density of accessible DNP moleeeptor and ligand site densities and increases in a complex
cules in the gel may be significantly less than the estimatemanner with Peclet number and intrinsic on rate. In a
in Table 2 and thus affect our interpretation of these datatransport-limited regimel. is a strongly increasing func-

It is important to note that the percentage of cells adhertion of cell velocity. As the relative velocity increases,
ing in the flow assay is not a unique measure of adhesivebinding becomes reaction-limited, akg, reaches a plateau
ness. Fig. 9 illustrates the spatial pattern of adhesion for twaetermined by the intrinsic on rate. In no instance in their
trials in which approximately the same percentage of adhemodel doe,, decrease with increasing relative velocity.
sion was observed. However, the pattern and the rate of To compare our data with this model, the Peclet number
adhesion are significantly different in these trials. Thisfor each experimental trial was calculated based on the
fundamental difference in adhesiveness is indicated by thestimated RBL slip velocity at each shear rate (Goldman et
~25% larger adhesion rate constant for the trial in Fig. 9 al., 1967a,b) and on values of receptor radius (idén) and
It is also interesting to note that the rate constant for attachreceptor diffusivity (2x 10 *° cm?/s) (Tempelman and
ment does not necessarily decrease with shear, but catammer, 1994). The Peclet number in all trials was greater
actually increase, as was pointed out in recent simulationthan 1, indicating that binding is dominated by convective
(Chang, 1997; Chang and Hammer, manuscript submittethotion of the cell, not diffusion in the contact region. Based
for publication). In Figs. 10 and 11, the extent alwayson estimates of the intrinsic on rate for SPE-7 and H1 26.82
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(10° st and 160 s %; Bell, 1978), this theory predicts not synchronized in the cell cycle and should therefore
transport limitation for most experiments performed in thispossess a distribution of anti-DNP binding sites when sen-
study, with others being neutral or slightly reaction limited. sitized with IgE. Receptor numbers given in this paper
The bimodal dependence kf, on Pe (shear rate) in Fig. represent the mean value. We did not measure the density of
11 appears consistent with a transition from the transportgE receptors on these cells, but Ryan (1989) reported they
limit (low shear rate) to reaction limit (high shear rate). In were log-normally distributed. The distribution around this
the transport-limited regime, cells would translate until amean is not known for the cells used in these trials. It is
collision occurred and a bond was formed. Increasing celtlear that cell heterogeneity will have an impact on the
velocity (Pe) would increase the frequency of encounter anddhesion extent and rate of a cell population.
thus the transport-limited binding rate. This enhancement of A remarkable feature of the data in Fig. 10 is the broad
binding with shear rate is similar to the shear thresholdrange of shear rates over which percentage of adhesion
requirement for adhesion seen with L-selectin-mediatediecreases from complete to nearly no adhesion. We view
binding (Finger et al., 1996). It appears that a high rate opercentage of adhesion in these experiments as the fraction
collision promotes adhesion in this regime with these sysof cells in the population that possess a sufficient number of
tems. In a reaction-limited regime, the duration of an averreceptors to bind the surface for the shear rate of interest. It
age receptor-antigen contact is less than the time requireid clear from the data in Figs. 9 and 10 that at moderate to
for the molecular rearrangements to occur for the formatiorhigh shear rates, only a fraction of cells bind. We postulate
of a bond. Increasing cell velocity in the reaction-limited that heterogeneity in individual cell receptor number leads
regime would decrease the contact duration, decreasing the incomplete adhesion at all but the highest shear rates,
binding rate. Thus one consistent explanation for the inwhere we reach the reaction limit. As shear increases in Fig.
crease and then decreasekig with shear rate is a cross- 10, fewer cells have sufficient receptors to bind and the
over from the transport to a reaction-limited regime. extent of adhesion diminishes. From the spatial pattern in
The dependence &4 on site density also appears to be Fig. 9, the majority of cells that bind at elevated shear do so
bimodal. At low to intermediate shear rate, increases far from the end of the chamber; cells with sufficient re-
approximately linearly with site density (Figs. 11, 12, andceptor number do have adequate time to form bonds. With
13), in agreement with the theory. At high shear ratethis, cell heterogeneity appears to be an important factor in
however k,qappears to remain constant with increasing sitedetermining percentage of adhesion.
density. The increase at low shear appears intuitively cor- As with the extent of adhesion, we believe tkgtvalues
rect; increasing the frequency of encounter for fixed contacteflect, to some extent, heterogeneity. As illustrated in Fig.
duration should increase the rate of binding. The behavior a1, k., is determined by examining the bound cell density in
high shear is not the same as that at low shear. Referringhe asymptotic region nearest the beginning of the antigen-
back to our discussion of transport effects, it is possible thabinding domain. Far from this domain, binding falls off, and
high shear provides for a sufficiently fast encounter that canhis may represent slower binding mediated by cells with
overcome any deficiencies in ligand density. lower receptor density. In Fig. 12, we have seen #gis
Data for the H1 26.82 clone in Fig. 11 also show ansensitive to receptor number. The measugdwill reflect
increase irk,q with shear rate at low shear, followed by a the binding rate of cells with the mean number as well as
decrease at high shear. This may indicate that we havihose with a greater number or less than the mean number.
moved from transport to reaction-limited regimes by vary-For a symmetrical distribution of receptor number and
ing only the shear rate. The maxima in these data woulgchearly complete adhesion, the measukggshould be only
indicate a point of balance between transport and reactiorweakly influenced by receptor number heterogeneity. How-
limited effects. The magnitude éf4for H1 26.82 is much  ever, when we calculatk, for trials with incomplete ad-
greater than that for SPE-7 attachment at the same condiesion, we likely obtain a value corresponding to a mean
tions (Fig. 11, serie€ versusA). We believe that this receptor number greater than that of the population injected
difference is due solely to a difference in on rate. It is widelyinto the chamber.
believed that attachment is governed by on rate (Tempel- Future studies of the rate and extent of adhesion should
man and Hammer, 1994; Hammer and Apte, 1992). Thénvestigate the role of cell heterogeneity by purifying cells
model of Chang and Hammer supports this hypothesis. Thef a particular receptor number and measurkyg and
H1 26.82/DNPe-lys solution on rate is~13-fold greater percentage of adhesion in similar flow assays. By compar-
than that of SPE-7. As shown in Fig. 11, this differenceison to the adhesive behavior of the entire population, we
leads to as much as a 5.5-fold differencekjg and signif-  may more clearly understand the role of receptor number
icant differences in extent of adhesion. heterogeneity in attachment phenomena.
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