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Quantifying Aggregation of IgE-FceRI by Multivalent Antigen
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ABSTRACT Aggregation of cell surface receptors by multivalent ligand can trigger a variety of cellular responses. A
well-studied receptor that responds to aggregation is the high affinity receptor for IgE (FceRI), which is responsible for
initiating allergic reactions. To quantify antigen-induced aggregation of IgE-FceRIl complexes, we have developed a method
based on multiparameter flow cytometry to monitor both occupancy of surface IgE combining sites and association of antigen
with the cell surface. The number of bound IgE combining sites in excess of the number of bound antigens, the number of
bridges between receptors, provides a quantitative measure of IgE-FceRI aggregation. We demonstrate our method by using
it to study the equilibrium binding of a haptenated fluorescent protein, 2,4-dinitrophenol-coupled B-phycoerythrin (DNP,5-
PE), to fluorescein isothiocyanate-labeled anti-DNP IgE on the surface of rat basophilic leukemia cells. The results, which we
analyze with the aid of a mathematical model, indicate how IgE-FceRI aggregation depends on the total concentrations of
DNP,5-PE and surface IgE. As expected, we find that maximal aggregation occurs at an optimal antigen concentration. We
also find that aggregation varies qualitatively with the total concentration of surface IgE as predicted by an earlier theoretical
analysis.

INTRODUCTION

Aggregation of cell surface receptors is a common mechaaggregate structures that are formed on the cell surface.
nism involved in signal transduction across a cell membran&hese properties include the overall number of receptors in
(Metzger, 1992). This mechanism is used, for example, byaggregates on the cell surface, the size of aggregates (Few-
receptors that are intrinsic protein tyrosine kinases (Pazitrell and Metzger, 1980; MacGlashan et al., 1983), the
and Williams, 1992; Fry et al., 1993), such as the epidermagpacing of receptors in aggregates (Kane et al., 1986), and
growth factor receptor (Schreiber et al., 1982) and thehe time that individual receptors spend in aggregates (To-
platelet derived growth factor receptor (Heldin et al., 1989) rigoe et al., 1998). For example, it has been observed that
and by multichain immune recognition receptors (Keegangg dimers are less effective than larger IgE oligomers at
and Paul, 1992), such as the high affinity receptor for IgEstimulating cellular responses (Fewtrell and Metzger, 1980)
(FceRI) (Holowka and Baird, 1996) and the B-cell receptor and that cellular responses are inhibited when an optimal
(Kaye et al., 1983; Kaye and Janeway, 1984; Cambier andlegree of aggregation is exceeded (Becker et al., 1973;
Ransom, 1987). For many of these receptors, early steps ijenon et al., 1984; Seagrave and Oliver, 1990). Depen-
th_e initiaf[ion of a signal are similar: ml_JItivaIent interactions dency of cellular responses on properties of receptor aggre-
with a ligand lead to the aggregation of receptors antyaes also has been observed for related receptors, such as
enhanced phosphorylation of tyrosines, which can be reGye g_ce|l receptor (Dintzis et al., 1976, 1983) and T-cell
ognized by cytoplasmic regulatory molecules. TheRic oconior (Soan-Lancaster et al., 1994; Madrenas et al.,
receptor, for example, is triggered when IgEeRE com- 1995; Lyons et al., 1996; Neumeister Kersh et al., 1998).
Plexes are aggregated by multivalent antigen. Aggregation Be’cause properiies of iigand-induced receptor a,ggregates

of FceRI, which is constitutively associated with the protein . ; L
. : . influence the signals that these aggregates generate, signif-
tyrosine kinase Lyn (Eiseman and Bolen, 1992), then leads o .
. . . . cant effort has been devoted to quantitative analysis of
to a series of events, which include recruitment of additiona

Lyn kinases (El-Hillal et al., 1997; Wofsy et al., 1997). Interactions bgtween _muItlvaIept ligands and _ceII surf.ace
. . . receptors, particularly in work with ERI (Goldstein, 1988;
Signals generated by aggregation oéRE which can be

negative or positive, depend on various properties of th??OIdStem and Wofsy, 1994)' A goal of these studies hqs
een to measure or predict the number of receptors in
aggregates on the cell surface so that this quantity then can
Received for publication 9 December 1997 and in final form 11 Januarybe compared and correlated with cellular responses (Dembo
1999. et al., 1978, 1979; Dembo and Goldstein, 1980; MacGlas-
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ligand binding is multivalent because each bound ligandiIODEL
must engage at least one receptor site. Thus, we can qua.P
tify receptor aggregation if we can measure ligand andf
receptor site binding.

0 aid in analysis of experimental data, we develop a model
or equilibrium binding of 2,4-dinitrophenol-coupled B-

) : . : _in an IgE-FeRI complex represents one of two potential
ligands. This method has been used in experiments W'tBinding sites per receptor for the ligand, DNPE.
chemically cross-linked oligomers of IgE. For example, by

incubating rat basophilic leukemia (RBL) cells, which ex- ]
press FeRI, with *?3-labeled dimers of IgE and then by Reaction scheme

adding**!i-labeled IgE to assay the number of Fc receptorthe model is based on the reaction scheme shown in Fig. 1
sites left unbound by IgE dimers, one can determine the jn which ligands bind and aggregate receptor sites through
number of Fc receptor sites in dimer-induced aggregateg series of reversible reactions. The initial reaction involves
(Segal et al., 1977). This method works well with IgE the binding of solution-phase ligand to a receptor site, and
oligomers, because IgE-ERI complexes are long lived each subsequent reaction involves the addition of a receptor
(Kulczycki and Metzger, 1974, Sterk and Ishizaka, 1982) site to a ligand-receptor complex (FigB). In this scheme,

On the time scale of an experiment, the equilibrium betweerigand-receptor complexes form without intramolecular re-
oligomeric IgE and FeRI is undisturbed by monomeric arrangement reactions, i.e., without either ring or network
IgE. However, the method is difficult to apply when recep- formation reactions (Perelson, 1984; Macken and Perelson,
tor sites have low affinity for sites on the multivalent ligand, 1985). If these reactions were significant, then the scheme
as in a typical physiological situation, because introductiorin Fig. 1 A would have to be modified.

of monovalent ligand can now rapidly influence binding of ~As indicated, the model is developed in terms of ligand
the multivalent ligand to receptors. states. Thus, variables in the model include the concentra-

Here, we develop a method that can be used to measub®n of ligand in solution, which is denoted kg the surface
simultaneously the amount of multivalent ligand bound todensity of ligand that is bound toreceptor sites, which is
receptors and the occupancy of receptor sites without théenoted as;, and the surface density of free receptor sites,
complication of introducing a monovalent ligand. The which is d_enoted _a§ Relate_d v_anables include the total
method combines approaches previously used to measufgncentration of ligand, which is denoted g and the
the amount of ligand bound to receptors (Seagrave et al'.total surface density of receptor sites, which is denoted as
1987) and the occupancy of receptor sites (Erickson et al;™
1986). To demonstrate the method, we study the equilib-
rium binding of haptenated phycoerythrin to anti-haptenEquilibria
IgE, which 'S labeled with fluorescein “isothiocyanate To characterize the equilibria for the reactions in FigA,1
(FITC). By using two-color flow cytometry to measure .

. we write
fluorescence of phycoerythrin and FITC, we are able to
estimate the amount of antigen on the surface of RBL cells (i + 1)Lj,;, = (nh—i)KSL fori=0,...,n—1 (1)
and the occupancy of surface IgE combining sites. These
measurements also allow us to estimate the number of
FceRI pairs in antigen-induced clusters, i.e., the extent of
receptor cross-linking.

Estimates of cross-linking are refined with the aid of a
mathematical model, which we fit to data. The data are
consistent with a model that accounts for cooperative ef-
fects, which arise, at least in part, for steric reasons. The
model, which reduces to an equivalent site model (Perelson,
1981, 1984; Macken and Perelson, 1985; Lauffenburger and
Linderman, 1993; Sulzer and Perelson, 1996) in the absence
of cooperative effects, allows us not only to refine our
estimates of cross-linking but also to determine equilibrium IgE-FceRI Crosslinked receptors
binding parameters. Furthermore, the development of this
model, together with the ability to test its predictions against!/GURE 1 Reaction schemeAYLigands bind receptor sites through a
series of reversible reactionk, L,, L,, and S indicate, respectively, a

eXpe”mental measurements of both Ilgand blndlng and reITgand in solution, a ligand bound to one receptor site, a ligand bound to

ceptor S_ite bindi.ng, proyide new inSigh.tS into r_nethOdS fOrywo receptor sites, and a free receptor si@). A sequence of possible
quantifying multivalent ligand-receptor interactions. reactions is illustrated.

A
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in which n is the chemical valence of the ligand (i.e., the vation of ligand can be expressed as
number of DNP groups per PE molecule) and elicls an
equilibrium constant. The equilibrium constafg charac-
terizes the affinity of a receptor site for a ligand site (i.e., a Lr=L+CXL (3)

DNP group) when the ligand is in solution, and the cross- i=1

linking equilibrium constank; (i = 1) characterizes the iy \yhich L. is the total concentration of ligand a@lis a
affinity of a receptor site for a ligand site when the ligand is 5 ctor that converts surface densities to concentrations. This
bound toi receptor sites (Dembo and Goldstein, 1978ty .tor is the cell concentration, expressed in the same units
Perelson, 1981). IK, throughK,_, are identical, EQ. 1 45 _ it each surface density; is expressed in units of

reduces to an equivalent site model (Perelson, 1981, 1984404 molecules per cell. Conservation of receptor sites can
Macken and Perelson, 1985; Lauffenburger and Lindermarn, o expressed as

1993; Sulzer and Perelson, 1996).

n

Sr=S+ XL 4)

Cooperativity i=1

Sites on the ligand DNR-PE are chemically identical: each in which S; is the total surface density of receptor sites,
is a DNP group. Thus, the equilibrium constants in Eqg. 1 aravhich is twice the total surface density of receptors.
related, althougtK; throughK,_,; need not be identical.

Differences among these equilibrium constants indicate L

functional nonequivalence of ligand sites (i.e., cooperativ-Cross-linking

ity), which can arise for a variety of physical reasons|jgand-induced aggregation of receptors is quantified by
(Perelson, 1984). Sites on DMWPE are likely to be func-  the number of cross-links on the cell surface. A cross-link is
tionally nonequivalent, at least in part, for steric reasonsqefined as follows (Perelson, 1981). In the absence of
The crystal structure of B-phycoerythrin (Ficner et al.,jntramolecular rearrangement reactions, as in the scheme of
1992; Ficner and Huber, 1993) indicates that this moleculgsjg. 1 A a ligand bound ait sites is attached toreceptors.
is cylindrical with a height of 6 nm and a diameter of 11 nm. Thys, a ligand bound at two sites, as depicted in Fig, 1
Thus, the exposed surface area of NPE is~200 square  forms a single cross-link, i.e., a cluster of two receptors. If
nm, which is insufficient to allow binding of more than a e generalize this concept of a cross-link, then a ligand
few DNP sites because the area covered by a bound anfipund ati sites forms — 1 cross-links, i.e.j — 1 clusters
body Fab arm is at least 30 square nm (Poljak et al., 19735f receptor pairs. Consequently, in the absence of intramo-
Padlan, 1994). lecular rearrangement reactions, the number of cross-links is
To account for functional nonequivalence of sites ongjyen byS" (i — 1)L;, which is equivalent to the number

DNP,5-PE, we introduce a cooperativity functiaf(i) to  of bound receptor site€[_,iL;) in excess of the number of
relate the cross-linking equilibrium constarts through  pound ligandsY™_,L).

K,_1 (Cantor and Schimmel, 1980):
Ki=e 0K, fori=1,...,n—1 (2) MATERIALS AND METHODS

in which &(1) = 0. The functional form ofb(i) is chosento Reagents
indicate how cooperative effects are expected to influenc@ouse monoclonal anti-DNP IgE was isolated from hybridoma H1 26.82
binding as a function of ligand site occupancyi) = 0  (Liu et al., 1980) by affinity purification (Holowka and Metzger, 1982).
for all i, sites are functionally equivalent ar, through  Final steps in the purification process included ion exchange chromatog-
K are identical. However. for steric reasons. we Canraphy to remove bound DNP-glycine, then gel filtration to separate mo-

n—1 h | f. h I’_ i ilibri ’ nomeric IgE from small amounts of IgE aggregates. Fluorescently labeled
expectthe value o t € cross-linking equil ”_um constgnt IgE (FITC-IgE) was prepared by attaching fluorescein-5-isothiocyanate
to approach zero asapproaches the effective valence of (volecular Probes, Eugene, OR) to IgE (Erickson et al., 1986). The
DNP,5-PE, which we expect to be much less than thefluorescent antigen DNR-PE, which is composed of 2,4-dinitrophenol
chemical valencea. This suggests that we should specify (DNP) and B-phycoerythrin (PE), was c_ustom synthesized by Mo_lecular
d)(|) as an increasing function of The simplest such form Probes. The molar ratio of DNP to PE is 25:1. The molecular weight of

N . o DNP,s-PE is~250,000.
for ¢(i), with the required property thas(1) = 0, isa(i —
1), in whicha is a positive constant.
Cells

. RBL-2H3 cells (Barsumian et al., 1981) were grown adherent in 75 cm
Conservation flasks. Cell cultures, which were used typically 5 days after passage, were

Because experiments are performed under conditions th aintained at 37°C and 5% GOCulture media consisted of MEM 1X
u Xperi P u i ith Earle’s salts without glutamine (Gibco BRL), 20% fetal bovine serum

ihhibit recycling of F@RL we treat the total ngmbers of (HyClone, Logan, UT), 1% v/u-glutamine, 1% v/v penicillin, and 1% viv
ligands and receptor sites as conserved quantities. Consesfreptomycin (Gibco BRL). To harvest cells, we rinsed and then incubated
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the cells for 5 minutes at 37°C with trypsin-EDTA (Gibco BRL). Cells in which AFL2 is PE fluorescence due to specific binding of DMPE to
harvested for experiments were washed and resuspended in buffered salirface IgE and\FL2,. is AFL2 when DNBgPE binding is saturated,
solution (pH 7.7), which was freshly passed through a Qu22flter. i.e., when each IgE combining site is bound to one molecule of RPE
Buffered salt solution (BSS) consisted of 135 mM NaCl, 5 mM KCL, 1 (A = 1).
mM MgCl,, 1.8 mM CaCl}, 5.6 mM glucose, 0.1% gelatin, and 20 mM Based on our earlier definition of a cross-link, the number of cross-links
Hepes. Cell suspensions in buffered salt solution were supplemented wither IgE combining site, which we denote gsis related too and A as
10 mM sodium azide and 10 mM 2-deoryglucose (Sigma, St. Louis, follows:
MO) to inhibit receptor recycling and cellular degranulation during binding
experiments. To sensitize cells to DNP, we incubated cells overnight while " n N
cells were still in culture with excess (10g) anti-DNP FITC-IgE. Sensi Z(' _ 1)|-i/Sr _ E iL/S, — E L/S. = o — A (7)
i=1

tized cells were exposed to FITC-IgE for at least 12 h prior to harvesting X =
i i=1 i=1

Flow cytometric binding assays In the absence of intramolecular rearrangement reactjpmsdicates
the normalized number of clustered IgEeR¢ pairs. In the presence of

In each binding experiment, we incubated a suspension of sensitized celtbese reactionsy is still related to cross-linking; however, in this cage,

at a density of 2.5¢ 10°, 1CP, or 4 X 10° cells/ml, with DNR4-PE at room is no longer directly proportional to the number of cross-links.
temperature. The concentration of DNHPE varied from 0.0001 to 100

ng/ml. After cells were incubated with DNBPE for at least 90 min, we

used a Becton Dickinson FACScan flow cytometer, which was controlled

with Cell Quest software, to collect histograms of FITC and PE fluores-Estimating parameters by fitting the model to data

cence. We determined that 90 min was sufficient for binding to reach

equilibrium at the relevant cell and ligand concentrations, because neithefhree sets of data were used to determine best-fit valud&fdt,, Sy, and
FITC nor PE fluorescence varied significantly as we varied the incubatior Wherea is a parameter in the specified cooperativity functis(). We

time from 1 to 2 hours. Flow cytometric data were recorded as the meaifonsidered various one-parameter functional forms ¢, including
FITC fluorescence (520 nm) of the cell suspension, FL1, and as the meafi) = a(i — 1). Each data set consisted of measurements of FITC
PE fluorescence (550 nm) of the cell suspension, FL2. To correct fofluorescence (FL1) and PE fluorescende(2) for a series of ligand
nonspecific binding of DNR-PE to cells, we performed a control exper- c_o_ncentratlons. These measurements were taken at one of three cell den-
iment in which cells lacked surface IgE. The difference between FL2 andities: 2.5x 10°, 10°, or 4 x 10° cells/ml. Because data sets were collected
the mean PE fluorescence for the control samftfel,2, indicates the PE with different instrument settings, it was necessary to determine best-fit
fluorescence due only to specific binding. To relate PE fluorescence to thécaling factors (FLin, FL1yq, andAFL2,,,,) for each set of FL1 and
surface density of DNR-PE, measurements d&FL2 were calibrated by =~ AFL2 measurements.

using microspheres embedded with a known amount of B-phycoerythrin Best-fit parameter values were determined by using the FORTRAN
(Flow Cytometry Standards Corporation, San Juan, PR). subroutine DNLS1 from the SLATEC Common Mathematical Library

(http://www.netlib.org/slatec), which implements a modified Levenberg-
Marquardt algorithm for solving nonlinear least-squares problems.

Data analysis

Relating m rements of fluor nce to bindin . .
elating measurements of fluorescence to binding Solving the model equations

The fraction of surface IgE combining sites that are bound to RNFE,

which we denote asr, is related to variables in the model and, as

established in earlier work (Erickson et al., 1986), to quenching of FITC-
IgE fluorescence:

Equilibrium states are calculated by solving the model equations, which is
aided by combining Egs. 1-4. By using Eqg. 1 to express éads a
function of SandL,, by using Eq. 2 to relatk, throughK,,_,, and by using

Eqg. 3 to expres§, as a function ofS, we can rewrite Eq. 4 to obtain

n
n o

c=1-9S=DiL/S 5 L gs 4 Koly 2 qir(i) o

i=1 ®) Sr 1+ KCS O (i) ®)

= (FL1yax — FLL)/(FLL oy — FL10) i which
in which FL1 is FITC fluorescence, Fl.1,is FL1 when all surface IgE
combining sites are freer(= 0), and FL1,,, is FL1 when all surface IgE n i-1 ) )
combining sites are boundr(= 1). In Eq. 5, the number of bound IgE (i) = <i )ex - > () |(KS)HIS) 9
combining sitesS; — Sis normalized by the total number of IgE combining j=0

sitesS;. Below, we also usé&; to normalize quantities that characterize
DNP,5-PE binding and cross-linking, because neither the number of boun ) .

25 9 g . q—lere, we adopt the convention th&{0) = 0. Cooperative effects are
DNP,s-PE molecules nor the number of cross-links can be greater than the - . ) .

- ) included entirely in the exponential term of Eq. 9. If this term reduces to
total number of IgE combining sites. - .
. . . 1, Egs. 8 and 9 reduce to an equivalent site model.
The ratio of cell-bound DNR-PE to surface IgE combining sites, When values for the parameters. C. L K. and K.) and a

which we denote as\, is related to variables in the model and, as P G Lo Sn Ko, )

established in earlier work (Seagrave et al., 1987), to measurements of F;Encgonal form f_or the copperatl_\/lty functiog(i) .are specnjed, Eq. 8isa
fluorescence: nonlinear equation involving a single unknown: the fraction of free recep-

tor sitesS'S;. To determine the fraction of free receptor sites at equilib-
rium, we solve this equation by using the method of bisection (Press et al.,
" 1992). OnceS'S; is known, other states at equilibrium can be determined
X = > LISy = AFL2/AFL2,,, (6) by using the relationd. Ly = L[l + K,CS=",m(i)] and L/S; =
i=1 (KoL) (Lo/Ly) (i), which are derived from Egs. 1-3.
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RESULTS to reach an obvious plateau even at ligand concentrations
W i ter i ¢ v o studv th . greater than 1Qwg/ml. This effect cannot be explained by
€ use multiparameter flow cytometry to study the equ"nonspecific binding of ligand to cells, which was assayed in

Iibriunt1 bin?;]ng lc_)f a dmulljtivaltlaprg Iiganr:j tct) a ;:e(ljl sm;]rface control experiments, becaudd#L2 represents the PE fluo-
receptor. e ligand, DNB-PE, s haptenated phyco- rescence due only to specific binding. We expect ttfit2

erythrin (PE): each molecule of PE is coupled to an average niinues to rise after FL1 reaches a plateau for the follow-

of 25 DNP molecules. The receptor for this ligand is FITC-. ' : o
. . ing reason. When FL1 first reaches a plateau, ligand binding
labeled anti-DNP IgE that is bound to & on the surface is multivalent. Then, as the ligand concentration increases,

of RBL cells._ BQIOW' we first present qualitative fee_ltures c’fthe multiplicity of ligand binding decreases, which allows
DNP,5-PE binding to surface IgE, and we then illustrate more ligand to bind to the cell surface. As a restlEL2
how measurements of PE and FITC fluorescence can bﬁwcreases. This explanation is consistent with the binding

used to quantify antigen-induced aggregation of IgEERfc Parameters that we later determine.
complexes. The methods developed here allow us to deter-

mine how equilibrium cross-linking varies quantitatively

with the total concentrations of ligand and receptor. Ligand binding approaches saturation

At ligand concentrations greater than g@/ml, measure-
Qualitative features of antigen binding to ments of PE fluorescence are unreliable due to light scatter.
surface IgE Thus, we are unable to measure PE fluorescence at satura-

) ) ] _tion (i.e., we are unable to measWwEL2,,,,) as is required
In our experiments, DNj3-PE at various concentrations IS o gjrectly relate measurements of PE fluorescence to the
added to suspensions of RBL cells that have been sensitizeg ant of ligand binding (Eq. 6). Nevertheless, by using
with FITC-IgE. Then, after equilibriu_m is reached, _PE andmicrospheres embedded with a known amount of PE to
FITC fluorescence are measured simultaneously in a flow.,jinrate measurements 8EL2, we are able to estimate the
cytometer. Fluorescence measurements for a series of €Xsient of ligand binding. The calibration results indicate that
periments are shown in Fig. 2. As the concentration ofy,o highest recorded value AFL2 in Fig. 2 (1380) corre-
DNP2s-PE increases, FITC fluorescence (FL1) decreasegygngs to~9 x 10° PE molecules per cell and at least the
and PE fluorescencé\fL2) increases. A decrease in FITC game number of receptor sites per cell (each bound ligand
fluorescence indicates an increase in the occupancy of I9ngages at least one receptor site). Thus, ligand binding
combining sites (Erickson et al., 1986), and an increase iR ynraaches saturation in the experiments of Fig. 2 because
PE fluorescence indicates an increase in association g cells only express 300,000 to 600,00&REreceptors
DNPs-PE with the cell surface (Seagrave et al., 1987). o cell (Erickson et al., 1987). Based on this expected
number of FeRI receptors per cell, we can estimate that the
Receptor blnd,ng saturates before [Igand blndlng h|ghest recorded Value GﬁFLZ iS Wlthll’] at |eaSt 75% Of
o ) ) AFL2,,, because the minimum number of receptor sites per
As can be seen in Fig. 2, rece_ptor sites satura'Fe (i.e., FLdell indicated by bead calibration (8 10P) is 75% of the
reaches a lower plateau) at a ligand concentration @1 ayimyum number of surface IgE combining sites per RBL
ng/ml, whereas ligand binding, as measured\y 2, fails o1 (1.2 x 10f). As we will see later, model-based analysis
indicates that ligand binding actually approaches 90% sat-
uration in the experiments of Fig. 2.

500 1500
— o r P . . .
o ‘9@@ g [ o Quantifying antigen-induced aggregation of
L::_ 400—] (0) i é—: surface IgE sites
8 R EPD f‘1°°° o We quantify receptor aggregation by determining the num-
5 = & ber of bound receptor sites in excess of the number of bound
o 300— = | B =] . . . ) . .
a S | i 2 ligands. To determine this quantity, which we interpret as
S 6 g 500 B the number of cross-links, we must measure or estimate the
8 200 — %%mm - 5 scaling factors in Egs. 57 (Fl4., FLL 0 @aNdAFL2,..)
= i (& and then use these equations to relate measurements of
- - = fluorescence (FL1 andFL?2) to quantities that characterize
100— —0 ligand and receptor bindingr( A, and ).

10* 10° 102 10" 10° 10' 102
[DNP25'PE] ng/ml Fluorescence measurements directly indicate a lower

bound on cross-linking

FIGURE 2 Flow cytometric measurements of PE and FITC fluorescence .

that monitor equilibrium binding of DNR-PE to FITC-IgE on the surface 1€ highest recorded value dfFL2 represents a lower

of RBL cells. The cell density is focells/ml. bound onAFL2,,,. By using this lower bound, we can
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place an upper bound on the extent of ligand binding and a
lower bound on the extent of cross-linking, as can be seen
by inspecting Egs. 6 and 7. In Eq. 6, the number of bound

ligands per receptor site is defined asAFL2/AFL2,,,,. 087 o)
Thus, an underestimate AFL2,,,,, leads to an overestimate ] o
of A. In Eq. 7, the number of cross-links per receptor gite 0.6

is defined asr — A. Thus, an overestimate afleads to an ]

underestimate of. 0.4 S

In Fig. 3, we show how the fluorescence measurements of
Fig. 2 are related to biologically meaningful quantities. In
Fig. 3 A, we plot receptor site occupanay, which is
calculated by using Eg. 5, as a function of ligand concen-
tration. The scaling factors Fl], and FL1, ., which ap-
pear in Eq. 5, are readily determined from the fluorescence
data (Fig. 2). In Fig. 3B, we plot the extent of ligand
binding A, which is calculated by using Eq. 6, as a function
of ligand concentration. The values dfwere calculated by
using the highest recorded value &SFL2 for AFL2, ., in
Eq. 6. Because we have determined only that this value is
within 75% of AFL2,,,., (on the basis of our bead calibration
results), values ok are uncertain to the extent indicated by
the error bars. However, as illustrated, the fluorescence data
directly indicate an upper bound on ligand binding. In Fig.
3 C, we plot the extent of cross-linking, which is calcu-
lated by using Eq. 7, as a function of ligand concentration.
As illustrated, an upper bound ontranslates to a lower
bound ony. Note that the increasing portion of the cross- 07 ¢
linking curve is insensitive to the estimated uncertainty in é

i Q %
0.6 o %

AFL2 0

TR %{

Fraction of receptor sites bound ¢
L

Bound ligands per receptor site A
o
<D
Ll I
[ |
=

Model-based analysis of fluorescence data yields refined
estimates of receptor site occupancy, ligand binding, and
cross-linking

Crosslinks per receptor site y,

To aid in the analysis of fluorescence data, we developed a 0.2

model for ligand-receptor binding (Egs. 1-4). We simulta- ] %@

neously fit this model to three data sets, one of which is that 0.0 %Q@

shown in Fig. 2. Each data set was collected at a different B L AL B BRRAL B N
cell density. The following best-fit parameter values, which 0.0001 0.001 0.01 0.1 1 10 100
apply for all three data sets, were determinég:= 4.4 X [DNP 5 PE] pg/ml

18 M™%, K;S; = 13, andS; = 9.6 X 10° sites/cell. The

fitting procedure also allowed us to speciy= 0.43 forthe  FIGURE 3 Equilibrium binding characterized by measurements of PE
cooperativity functiong(i) = a(i — 1). We considered a and FITC fluorescence. Fluorescence measurements directly indijate (
variety of one-parameter functional forms fai(i), but the fraction of receptor sites boumd (B) an upper bound on the number

. . . .. . of bound ligands per receptor siteand C) a lower bound on the number
functions consistent with the data indicated essentially the; . c jinks per receptor sitg. The points were derived from the

same values for the.‘ .cross-linking equilibrium constaf{s  fuorescence data in Fig. 2 by using Eqs. 5-7 and the scaling factors:
throughK,,_;. In addition to these parameter values, we alscrL1,,,, = 184, the lowest recorded value of FL1, Rl = 450, the

determined for each data set best-fit values for the scalinfighest recorded value of FL1, addrL2,,,, = 1380, the highest recorded
factors FL1,, FL1,., and AFL2 For example, we value of AFL2. The error bars iB andC indicate the uncertainty ik and
n? ax max ’

. _ . x if the highest recorded value afFL2 (1380) is within 75% of the actual
determined thaAFLZmaX = 1500 for the data set of Fig. 2, AFL2,,.. as suggested by bead calibration. The small solid points at the

which indicates that ligand binding in these experimentSend of error bars are based AFL2,., = 1380/0.75. The cell density is
reached~90% saturation (1380/1500). 10° cells/ml.

The extent to which the model fits the data is illustrated
in Fig. 4. Both the fraction of bound receptor sites and the
number of bound ligands per receptor site are plotted as best-fit scaling factors. These plots meet two expectations.
function of ligand concentration. The points are derivedFirst, the fraction of bound receptor sitess greater than or
from the fluorescence data of Fig. 2, Egs. 5 and 6, and thequal to the number of bound ligands per receptor site



Hlavacek et al. Quantifying FceRl Aggregation 2427

1.0 1.0
] = ]
> . ] i
T 08 B 08
) s 2 .
= 7 =% ]
2 0.6 S 0.6
B ] g ]
£ ] = .
Ne] 1 ]
— 0.4— o ]
= 0.4 ] ° 0.4 ]
£ ] = ]
L>L<l 0.2 ] g 0.2 ]
] o i

0.0 0.0 ===y 1h

T ||||m] URRLIL R T ||HITI'|_|'|'I'I'I'I11 Ll IRURRLLL B R BRI UL I T
0.0001 0.001 0.0t 0.1 1 10 100 0.0001 0.001 0.01 0.1 1 10 100

[DNP-PE] pg/mi [DNP 5-PE] ug/ml

FIGURE 4 Comparison of best-fit theoretical binding curves with scaledFIGURE 5 Best-fit estimates of cross-linking as a function of ligand
data. The fraction of bound receptor sitegcircles) and number of bound  concentration for three cell densities. The number of cross-links per recep-
ligands per receptor site (square} are plotted as a function of ligand tor site y is plotted as a function of ligand concentration for %510°
concentration. The points were derived from the fluorescence data in Figeells/ml griangles, 1C° cells/ml ircles), and 4x 1CP cells/ml (square}.
2 by using Egs. 5 and 6, FL], = 184, FL1,,, = 450, andAFL2,, = The points were derived from fluorescence data and best-fit scaling factors.
1500. The broken and solid lines indicate the theoretical binding curvesFor example, the points indicated by circles were derived from the fluo-
which are based on the model equations (Egs. 1-4), Egs. 5 and @5, rescence data in Fig. 2 by using Egs. 5-7, Bl ¥ 184, FL1,,, = 450,
S; = 9.6 X 10° sites/cell K, = 4.4 X 10° M™%, K,S; = 13, andd(i) = and AFL2,,, = 1500. The lines indicate the theoretical binding curves,
0.43 { — 1). The cell density is 10cells/ml. which are based on the model equations (Egs. 1-4), Bg=725,S; =

9.6 X 10° sites/cell,K, = 4.4 X 10° M™%, K,S; = 13, andé(i) = 0.43

(i — 1).

This result is expected because each bound ligand must

engage at least one receptor site. Thusnust be greater seen by comparing Fig. 8 with the corresponding plot in
thanA when ligand binding is multivalent, aneimust equal  Fig. 4. The two curves for ligand binding also are similar.
A when ligand binding is monovalent. Second,and A The binding curve in Fig. 4 falls within the range indicated
converge at high ligand concentrations, which indicates thaih Fig. 3 B for ligand binding. In fact, this curve closely
ligand binding is predominantly monovalent at these conmatches the upper bound on ligand binding indicated in Fig.
centrations. The quality of the fit illustrated in Fig. 4 is 3 B. This suggests that our estimated upper bound on ligand
typical of the fits for the other two data sets. binding and the resulting lower bound on cross-linking are

The best-fit parameter values are consistent with indetight and that the error bars shown in Fig. 3 overestimate the
pendent data. The number of IgE combining sites per celluncertainty in measurement of these quantities. The analy-
9.6 X 10°, is consistent with our bead calibration results, sis-refined cross-linking curve that corresponds to Fig. 3
which indicate 9x 10° sites per cell, and with the number is shown in Fig. 5.
of FceRI receptors (300,000 to 600,000 per cell) that are
expressed on RBL cells (Erickson et al., 1987). The esti- o )
mated affinity of anti-DNP IgE for DNP on haptenated PE,Dep endence of cr Os.s'lmk'ng on ligand and
4.4x 1B M™%, is comparable with the affinity of anti-DNP "©¢%P tor concentration
IgE for DNP on haptenated bovine serum albumin, 8.5 In Fig. 5, we plot the extent of cross-linkingas a function
10° M~ ! (Xu et al., 1998). As expected, for steric reasons,of ligand concentration for three cell densities. The points
the cooperativity functiorp(i) = 0.43¢ — 1) is an increas- are derived from fluorescence measurements by using Egs.
ing function of ligand site occupangyAlso, as is consistent 5-7 and best-fit scaling factors. Each curve indicates how
with the structures of Fab and PE, theoretical values for theross-linking varies as a function of ligand concentration at
ratio a/A, which indicates the number of bound receptora particular cell density or equivalently a particular receptor
sites per bound ligand molecule, are much less than ther receptor site concentration. Each of these cross-linking
chemical valence of DNR-PE. For exampleg/A ~ 4 at0.1  curves is bell shaped, as expected. Cross-linking increases
ng/mlin Fig. 4 is where the cross-linking curve peaks (Fig.with ligand concentration up to an optimal ligand concen-
5). Cross-linking is indicated by the vertical distance be-tration and then decreases as monovalent binding, because
tween the two curves in Fig. 4 becauge- o — A (Eq. 7).  of excess ligand, begins to predominate.

The binding curves in Fig. 4, which are derived from our The results shown in Fig. 5 indicate that cross-linking is
model-based analysis, can be compared with those in Fig. 3fluenced by the cell density. Three features are discern-
which are derived directly from the fluorescence data. Theble. First, the location of the increasing portion of the
two curves for receptor site binding are identical as can b&ross-linking curve depends on the cell density. This portion
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of the curve, which corresponds to the regime where recepaumber of bound ligands. These quantities reveal informa-
tor sites are not saturated, shifts to the right as the cellion about the state of receptor aggregation. For example, if
density increases. Thus, at a fixed ligand concentrationthe number of bound ligands equals the number of bound
cross-linking decreases as the cell density increases if reeceptor sites, then each ligand is bound to a single receptor
ceptor site binding is below saturation. Second, the peak dofite and no receptors are aggregated. In the absence of
the cross-linking curve is independent of cell density, i.e.jintramolecular rearrangement reactions, the number of
each curve has the same maximum height. Third, the locébound receptor sites in excess of the number of bound
tion of the decreasing portion of the cross-linking curve,ligands can be interpreted as the number of cross-links, i.e.,
which corresponds to the regime where receptor sites arte number of clustered receptor pairs (Perelson, 1981). We
saturated, tends not to depend on the cell density. As can lmssume that this interpretation is valid here, i.e., we say that
seen, the three curves coincide at ligand concentrations cross-link is formed each time two receptor sites are
greater than Jug/ml. These qualitative features of cross- joined. However, our use of this assumption does not rep-
linking curves were predicted in an earlier theoretical analtesent a limitation of the method because cross-linking can
ysis (Sulzer and Perelson, 1996). be determined more directly if bispecific chimeric IgE is
available. In experiments with this reagent, receptor aggre-
gation is equivalent to receptor site aggregation, which is
DISCUSSION indicated by the numbgr of bound receptor sites in excess of
the number of bound ligands.
In many antigen, hormone, and cytokine receptor systems, One approach that has been used to quantigRFag-
signal transduction is initiated by aggregation of cell surfacegregation involves oligomers of IgE (Segal et al., 1977).
receptors (Metzger, 1992). However, even in the well-studThe number of bound oligomers is determined by radiola-
ied FeRI system, the features of ligand-receptor bindingbeling. Monomeric IgE labeled with a different isotope is
that are critical for signaling have yet to be fully character-then used to determine the number of freeMcreceptors.
ized, especially for cases in which the ligand has more thaBecause dissociation of IgE from &Rl is slow (Kulczycki
two binding sites. Here, we have developed and applied and Metzger, 1974; Sterk and Ishizaka, 1982), it is possible
flow cytometric method to monitor receptor site occupancyto add oligomeric IgE, reach equilibrium, and then add
(Figs. 3A and 4), ligand binding (Figs. B and 4), and excess monomeric IgE to fill empty Fc sites without dis-
cross-linking (Figs. 3 and 5). This study, like the recent turbing oligomer binding on the time scale of the experi-
work of Xu et al. (1998), represents an attempt to quantifyment. Although oligomers of IgE are useful tools for study-
the interactions of a multivalent antigen with IgE€Rt. ing receptor aggregation and subsequent cellular responses
The method that we have developed to quantifgfHc  in this system, they have a number of limitations (Goldstein,
aggregation is significant for several reasons. First, thel988). Aggregates can be no larger than the number of
antigen is a haptenated protein (DNRPE) that resembles a chemically cross-linked IgE molecules, so IgE oligomers
physiological allergen. Like an allergen, it elicits strong are unable to produce signals that depend on large receptor
cellular responses (Seagrave et al., 1987). This is in contraaggregates. Binding of IgE to ERI is slow, so it may be
to bivalent haptens (Siraganian et al., 1975; Kane et aldlifficult to separate the kinetics of oligomer binding from
1986; Posner et al., 1995a). Also like an allergen, DNFE  the kinetics of the cellular response. Also, IgE oligomers
cross-links FeRI via antigen-antibody reactions. This is in produce long-lived cross-links, and thus their effects may be
contrast to oligomers of IgE; the kinetics of IgE binding to atypical because signaling events that require the continual
FceRI differ significantly from typical antigen-antibody ki- formation of new cross-links will not be observed.
netics (Kulczycki and Metzger, 1974; Sterk and Ishizaka, Recently, Woodard et al. (1995) used a multivalent anti-
1982). Second, the method allows us to characterize reagen to aggregate B-cell receptors and then used a differen-
tions on the cell surface without disturbing these reactionstially labeled monovalent antigen to count free receptor
This is in contrast to another flow cytometric method thatsites. Two-color flow cytometry was used together with
recently has been developed to study multivalent ligand+ITC-DNP-+-papain, as a monovalent antigen, and TRITC-
receptor binding (Woodard et al., 1995). In this method,DNP-pol or TRITC-DNP-dextran, as a multivalent antigen,
which we discuss later, a labeled monovalent ligand is usetb determine the amount of monovalent antigen and the
to determine the number of receptor sites that are bound bgmount of multivalent antigen bound to DNP-specific B
a differentially labeled multivalent ligand. Third, our cells. Data obtained with this indirect method are difficult to
method can be applied not only in equilibrium binding interpret because the reactions are reversible (the typical
studies, as we have demonstrated here, but also in kinetitissociation rate constant for a bond between DNP and an
studies (Posner et al., 1998). Kinetic binding studies may bantibody combining site is between 0.1 and 0.001)s
important for understanding the temporal properties ofThus, on the time scale of these experiments, the binding of
FceRI aggregates that influence signaling (MacGlashan emultivalent antigen is disturbed when the monovalent anti-
al., 1985; Torigoe et al., 1998). gen is added to the system. In comparison, our method of
We quantify receptor aggregation by determining twomeasurement does not require an additional monovalent
quantities: the number of bound receptor sites and the@robe. Thus, it avoids the complications that arise when
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different ligands compete for the same receptor. Howevemumber of receptor sites occupied and the number of ligands
our approach requires that we label the receptors, which ibound per receptor site are measured simultaneously. With
impossible if the receptor is unavailable in a secreted fornthis technique, we have confirmed that the equilibrium
or cannot be reattached to the cell surface. The secondross-linking curve is bell shaped (Figs.Gand 5). The
condition is not fulfilled for many receptors, and conse-results shown in Fig. 5 also confirm qualitative predictions
quently, an indirect method such as that used by Woodard eoncerning the influence of cell density on the cross-linking
al. (1995) is then required to measure aggregation. curve (Sulzer and Perelson, 1996). As predicted, we observe
Another approach used to studydRt aggregation in- that an increase in cell density shifts the increasing portion
volves symmetric bivalent ligands, which represent the simof the cross-linking curve toward higher ligand concentra-
plest type of ligand capable of aggregating receptors. Mathtions, that the maximum height of the cross-linking curve is
ematical models have been developed for bivalent ligandsdependent of cell density, and that the decreasing portion
interacting with bivalent cell surface receptors (Dembo andf the cross-linking curve also is independent of cell den-
Goldstein, 1978; Perelson and DelLisi, 1980; Perelsonsity. Thus, the equivalent site model studied by Sulzer and
1980; Wofsy and Goldstein, 1987; Posner et al., 1995b)Perelson (1996) apparently can be used to predict the qual-
However, a major limitation of these ligands is their inabil- itative features of cross-linking curves for real ligands.
ity to activate strong cellular responses. A variety of evi-However, to obtain quantitative estimates of binding param-
dence suggests that these ligands are poor activators efers and more accurate quantification of ligand-receptor
cellular responses because they aggregate receptors pesggregation, it was important here to consider a more com-
dominantly in the form of stable cyclic dimers (Kane et al., plicated model that included negative cooperativity due to
1986; Schweitzer-Stenner et al., 1987; Erickson et al., 1991steric effects. In conclusion, we have developed new theo-
Posner et al., 1991; Posner et al., 1995a). Cyclic dimers, iretical and experimental tools for studying multivalent li-
which two ligand molecules connect two IgEdRd com-  gand-receptor binding.
plexes to form a closed ring, prevent chain elongation and
limit the size of ligand-induced aggregates. With ligands of
larger valence, such as DMPPE, ring formation does not We thank B. Goldstein for helpful discussions.
necessarily prevent growth of receptor aggregates. Thushis work was performed under the auspices of the U.S. Department of
multivalent ligands are capable of cross-linking many IgEEnergy and was supported by Grants RR06555 and Al28433 to ASP and
molecules and typically initiate strong cellular responsespy Grant AI35997 to RGP from the National Institutes of Health.
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