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CD23 Trimers Are Preassociated on the Cell Surface Even in
the Absence of Its Ligand, IgE

Michelle A. Kilmon, 2* Anne E. Shelburne,* Yee Chan-Li,* Kevin L. Holmes," and
Daniel H. Conrad®*

Allergic disease is mediated by high levels of allergen-specific IgE. IgE binding to CD23, the low affinity receptor for IgE, results

in a negative feedback signal leading to a decrease in IgE production. Previous studies have shown that CD23 associates as an
oligomer and that cooperative binding of at least two lectin domains is required for high affinity IgE binding to CD23. We have
previously shown that cooperative binding is required for regulation of IgE production. This study describes the production of
several mAbs that bind the stalk region of murine CD23. One of the Abs, 19G5, inhibited the IgE/CD23 interaction at 37°C, but
not at 4°C. Analysis of the binding properties of these Abs revealed that CD23 dissociates at high temperatures, such as 37°C;
however, the N terminus is constitutively associated, indicating partial, rather than complete, dissociation. A novel finding was that
the stalk region, previously thought to mediate trimer association, was not required for oligomerization. These data reveal

important information about the structure of CD23 that may be useful in modulating IgE production.

nology, 2004, 172: 1065-1073.

D23 isthe low affinity receptor for IgE. It is most known

for its role as a negative regulator of IgE production.

Mice deficient in CD23 tend to have higher levels of 1gE
after Ag stimulation, whereas animals overexpressing CD23 pro-
duce significantly lower amounts of IgE in response to the same
treatments (1-5). Mice transgenic for soluble recombinant extra-
cellular CD23 (sCD23)* exhibited no phenotype suggesting that
membrane-bound CD23 is responsible for regulating IgE levels
(4). CD23 dso plays arole in enhancing Ag processing and pre-
sentation to T cells. Ag is targeted to CD23 in the form of IgE/Ag
complexes, thereby increasing Ag uptake, which leads to enhanced
processing and presentation of that Ag (6, 7).

Unlike all other FcRs, which are all members of the Ig super-
family, CD23 has a C-terminal lectin domain, making it a member
of the C-type lectin family. This domain is the site of interaction
with the Ce3 domain of IgE, and as in other members of this family,
the binding of IgE to CD23 is cacium dependent (8—10). The lectin
domain is followed by a stalk region (discussed in more below), a
transmembrane region, and a very short cytoplasmic domain.

CD23 isinitialy expressed as a membrane-bound molecule, but
is then cleaved by an unknown protease, releasing the majority of
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the protein. CD23 is cleaved at severa Stes within the stalk region,
resulting in fragments of different sizes, all of which contain the lectin
domain. All soluble fragments in mice and humans, except the 12-
kDa fragment, can bind IgE, but with only a low affinity (11, 13).
Beavil et a. (14) noticed a periodic seven-amino acid repeat
throughout the length of the stalk region of CD23. Almost every
seventh position contains a leucine or other hydrophobic amino
acid, suggesting that CD23 could form an «-helical coiled coil
(14). Molecular modeling of CD23 as well as cross-linking data
suggested that CD23 would form a trimer instead of a dimer,
which is normally seen with proteins containing leucine zippers
(14, 15). The use of reversible cross-linkers showed that only the
49-kDaform of CD23 was present in the oligomers (15). Scatchard
analysis showed that IgE binds CD23 with a dua affinity; both a
high affinity (K, = 4-10 X 10" M~ %) and a low affinity (K, =
4-10 X 10° M%) binding component were seen (15). To explain
these data, Gould et al. (16) suggested a model in which CD23
forms trimers, and oligomerization of CD23 mediates high affinity
binding to IgE. Oligomerization of CD23 would alow the lectin do-
mains to come within close proximity of each other and to cooperate
in binding one IgE molecule, resulting in high avidity binding.
Severa studies have shown that Abs that bind to CD23 can
modulate IgE production. Sherr et a. (17) were the first to dem-
onstrate that anti-CD23 has the ability to inhibit IgE production,
and a number of additional studies have confirmed this finding
both in vivo and in vitro (18—20). One of the most recent studies
demonstrated that the e germline transcript isinhibited, suggesting
that the mechanism involves inhibition of isotype switching (21).
In contrast, Abs that bind the stalk promote an increase in IgE
levelsin vivo and in vitro (19, 22). One of these Abs, a polyclonal
anti-stalk, inhibited high affinity IgE binding to murine CD23
while having no effect on low affinity binding, suggesting that Abs
that bind to the stalk prevent the cooperative association of the
lectin domains required for high affinity IgE binding (22). To ex-
amine this phenomenon in more detail, we produced several anti-
stalk mAbs against the mouse stalk. We found that CD23 is pre-
associated on the cell surface in the absence of ligand. We
observed that under physiological conditions, CD23 is partialy
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dissociated; only the upper portion of the molecule, including the
lectin domain, dissociates. We aso determined that the stalk re-
gion, which has been previously thought to mediate oligomeriza-
tion of CD23, is not required for CD23 to associate as trimers.
Only the transmembrane and cytoplasmic regions are required for
association to occur. This suggests that the role of the stalk is to
direct the correct orientation of the lectin heads needed for high
affinity IgE binding to occur while either the transmembrane or the
cytoplasmic region controls trimerization of the receptor.

Materials and M ethods
Reagents and animals

Baculovirus supernatant containing recombinant murine 1L-4 was a gift
from Dr. W. Paul (National Institutes of Health, Bethesda, MD). Recom-
binant murine IL-5 was purchased from R&D Systems (Minneapolis, MN).
Recombinant CD40 ligand trimer (CD40LT) (23) and M15 (mouse 1gG1
anti-CDA40 ligand trimer) were obtained from Immunex (Seattle, WA) (23).
FITC-anti-CD23 (B3B4), which is an anti-lectin mAb (12), was obtained
from BD PharMingen (San Diego, CA). Rat IgE (IR162) (24) and mono-
clona mouse IgE (mIgE-DNP) (25) from H1-DNP-e-26 were purified from
ascites as described previously (26). 2H10 (27), an anti-CD23 lectin mAb,
and COH2, arat 1gG2a used as an isotype control Ab, were also purified
from ascites. Mouse IgE, rat IgE, and 19G5 were labeled with [***I]Nal
(NEN Life Science, Boston, MA) using the chloramine T method as pre-
viously described (28). Abs were biotinylated with a 100-fold molar excess
of EZ-link Sulfo-NHS-biotin (Pierce, Rockford, IL) in PBS/10 mM
HEPES. BALB/c mice and LouM rats were purchased from the National
Cancer Institute (Fredrick, MD). All animals used in experiments were
between 6 and 10 wk of age and were kept in an accredited animal facility.

Production of anti-stalk mAbs

LouM rats were injected with 200 ug of mouse stalk protein emulsified in
CFA (22). The rats were boosted twice with 200 g of stalk protein emul-
sified in IFA. Serum Ab titers were tested by ELISA. Spleen cells from the
immunized rats were fused to IR983F myeloma cells (29) as described
previously, except that a ratio of two spleen cells per myeloma cell was
used (12). A fusion of the rat spleen cells and the mouse myeloma, P3X63-
AGB8.653, was performed by the Hybridoma Core Facility (Virginia Com-
monwealth University) using the protocol described by Kohler and Mil-
stein (30). Colonies that emerged from these fusions were tested for
reactivity to mouse stalk by ELISA. ELISA plates were coated with 5
ng/ml recombinant stalk protein, and the samples were detected using goat
anti-rat 1g-AP (Southern Biotechnology Associates, Birmingham, AL).
Positive colonies were single-cell-cloned by limiting dilution. Five clones
were identified that remained positive for mouse stalk; 2E4, 19G5, and 4B8
were produced from the rat-rat fusions, and 1F3 and 2B9 were produced
from the rat-mouse fusion. The isotype of each of the Abs was determined
using a kit from BD Biosciences (Palo Alto, CA). Ascites was prepared in
LouM rats (rat-rat fused cells) or nude mice (rat-mouse fused cells), and the
Abs were purified by ammonium sulfate precipitation and a combination of
ion exchange and gel filtration as previously described (12) or by protein
G dffinity chromatography according to the manufacturer’s instructions
(Amersham Pharmacia Biotech, Piscataway, NJ).

The region of CD23 to which the anti-stalk Abs bound was determined
by ELISA. ELISA plates were coated with 5 ug/ml of the full-length Iz
ECCD23 (extracellular CD23 containing an N-termina modified leucine
zipper motif) or mutants lacking part of the stalk (27). After 1-h incubation
at 37°C, the plates were blocked with PBS containing 2 mM CaCl,, 10 mM
HEPES (pH 7.4), 150 mM NaCl, 1% FBS, and 0.02% Tween 20. Thiswas
followed by addition of biotinylated mAbs starting at 20 wg/ml and diluted
1/2 across the plate. Binding of the mAbs was detected using a goat anti-
biotin-HRP (Vector Laboratories, Burlingame, CA), followed by TMB
substrate (DAKO, Carpinteria, CA). The plates were read at a wavelength
of 450 nm after stopping the reaction using 0.18 M sulfuric acid.

Cell culture and B cell preparation

293T, a human kidney endothelial cell line (gift from D. McVicar (Na-
tional Cancer institute, Frederick, MD)), was used for transient transfection
of cyan fluorescent protein (CFP) and yellow fluorescent protein (Y FP)
fusion proteins, and was grown in complete DMEM (10% FBS (HyClone,
Logan, UT), 100 U/ml penicillin and streptomycin, and 2 mM L-glutamine
(both purchased from Life Technologies, Gaithersburg, MD)). Chinese
hamster ovary cells (CHO-K 1) were obtained from American Type Culture
Collection (Manassas, VA) and were maintained in complete DMEM.

CD23 PREASSOCIATES ON THE CELL SURFACE

CD23 expressing CHOK1 cells, Fcl.7, were made as previously described
and grown in DMEM-GS (15). Resting B cells were purified as previously
described (32, 33). To examine the effect of the anti-stalk mAbs on CD23
cleavage, 5 X 10° Fc1.7 cells or purified B cells stimulated with I1L-4 and
CDA40LT as previously described (22) were cultured for 18 h in the pres-
ence of the indicated concentration of 19G5, 11B4, 17G9, or COH2. The
amount of CD23 on the cell surface was determined by FACS analysis, and
sCD23 release was measured by ELISA (34).

Scatchard plots and binding assays

The affinity of IgE for CD23 with or without the presence of 19G5 or 2H10
was determined as previously described (22). Scatchard analysis was used
to determine the affinities of 19G5, 2B9, and 2H10 for CD23. Fcl.7 cells
or CHO cells (6 X 10°) were alowed to equilibrate to the indicated tem-
perature, after which they were incubated with increasing concentrations of
125]_|abeled mAD (0.5-8 wg/ml) for 75 min. The cells were then spun over
aphthalate oil mixture (35) to separate the unbound mAb. Specific binding
to CD23 was determined by subtracting the counts per minute of the CHO
cellsincubated with *2°|-labeled mAb from the counts per minute of FC1.7
cells incubated with *2°|-labeled mAb. Binding affinities were determined
by linear regression analysis. Inhibition of IgE binding was determined by
incubating 6 X 10° Fc1.7 cells with increasing concentrations of cold 19G5
or 2H10 (1-166 ug/ml) for 1 h at the indicated temperature. [*2°1]IgE (300
ng) was then added, and the cells were allowed to incubate for another hour
before being spun through a phthalate oil mixture. Specific binding was
determined by subtracting the counts per minute of cells incubated with a
100-fold excess of cold IgE. The percent inhibition was calculated as fol-
lows: (cpm of cells with Ab added/cpm of untreated cells) X 100. Disso-
ciation of CD23 from IgE was performed by incubating Fc1.7 cells with
[*2°1]1gE (5 wg/ml) for 1 h at the appropriate temperature, after which a
100-fold excess of IgE, 19G5, or 2H10 was added. At the indicated times,
the cells were spun over phthalate oil to determine the amount of IgE
bound. The percent bound was calculated as follows: (cpm of cellswith Ab
added/cpm of untreated cells) X 100.

Production and expression of CD23 CFP and YFP fusion
proteins

The CD23 cDNA was transferred into pECFP-C1 and pEY FP-C1 (both
from Clontech, Palo Alto, CA) by PCR using primers that added a5’ Sall
site (GTCACGGATCCATGGA-AGAAAATGAATACTCAGG) and a 3’
Hpal site (GTTAACTCTTCTGAGATGAG-TTTTTGTTCGAAGGG).
This produced CD23 with either a CFP or YFP in-frame at the N terminus,
depending on the vector (CD23-pECFP-C1 and CD23-pEYFP-C1). A
CD23 deletion mutant lacking aa 88—107 in the stalk region (AR2) (15)
was aso inserted into the pEY FP-C1 and pECFP-C1 vectors so that the
CFP and Y FP were in-frame with A88-107 at the N terminus (A88-107-
pPECFP-C1 and A88-107-pEY FP-C1). This was aso performed by PCR
using the same 5’ primer as that used above and a primer that added a 3’
Hpal site (GTTAACCCTCGAGATCCATTGTGAGCAGAAG). A trun-
cation mutant (Mutl) was made by inserting a stop codon just after the
transmembrane region at base 327 in the cDNA using the Quickchange
method (Stratagene, La Jolla, CA) according to the manufacturer’s direc-
tions. The mutation was first made in CD23-pECFP-C1 with the following
oligonucleotides: 5 (GGAAACGGAGAAGAATTGAAAACAGCTGG
GAG) and 3' (CTCCCAGCTGT-TTTCAATTCTTCTCCGTTTCC; mu-
tated bases are underlined). The truncated CD23 was then transferred into
PEY FP-C1 using the Sall and Hpal restriction endonuclease sites added in
the original PCR of CD23 above. Control vectors containing FAS-CFP,
FAS-YFP, and CFP-YFP fusion proteins (36) were gifts from Dr. M. J.
Lenardo (National Institutes of Health, Bethesda, MD). The CFP and YFP
fusion proteins were transfected into 293T cells using Fugene 6 (Roche,
Indianapolis, IN) according to the manufacturer’s instructions.

Fluorescence resonance energy transfer (FRET)

293T cells were transfected with Fugene according to the manufacturer’s
directions with 1 pg of plasmid, except when CFP and Y FP vectors were
transfected together and then 0.5 ug of the CFP vector was used. A CFP-
Y FP fusion protein (37) was used as a positive control, and FAS-CFP,_, .o
and FAS-Y FP (36) were transfected along with the CD23-Y FP and CD23-
CFP fusion proteins as negative controls. Cells transfected with CFP and
Y FP vectors were analyzed using a FACSVantage SE flow cytometer (BD
Immunocytometry Systems, Mountain View, CA) as previously described
(38, 39). Briefly, direct excitation of YFP was detected in FL1 (P3) using
a 514-nm argon laser at laser position 1; emission of CFP is detected in
FL5 (P6), and Y FP emission due to FRET was detected in FL4 (P5) using
a413-nm krypton laser at laser position 2. As FRET is sensitive to donor/
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Description of anti-stalk monoclonal antibodies™

Binding to CD23 Mutants

Region of
mAb Binding Isotype L Chain Full-length aa 86-331 aa 108-331 aa 139-331
1965 Stalk 10G,, K + + + -
2E4 Stalk 109G, K + + - -
4B8 Stalk 109G, K + + - -
1F3 Stalk IgM K + + - -
2B9 Stalk 19G, K + + - -
2H10 Lectin 19G,. A + + + +

2 The isotype of both the H and L chains of each mAb was determined by ELISA. The epitope on CD23 where each of the
mADbs bound was determined by ELISA using 1zzECCD23 deletion mutants (27) that are lacking part of the stalk region. +,

binding, —, lack of binding.

acceptor ratios (40), severa different ratios of CD23-Y FP and CD23-CFP were
examined, and the highest FRET values were obtained at a 2/1 ratio (YFP/
CFP, respectively; data not shown). Thus, FRET experiments were performed
with YFP in excess of CFP (2/1 molar ratio). The data was anayzed using
WinMDI (The Scripps Ingtitute, La Jolla, CA). The CFP-positive population
was gated for the determination of FRET in histogram analyses.

Results
Production of mAbs against the stalk region of mouse CD23

To examine the role the stalk region of CD23 playsin IgE binding,
five mAbs were produced by fusing splenocytes from rats immu-
nized with mouse stalk protein (22) with either a rat or a mouse
myeloma. Binding of the mAbs to CD23 was confirmed by both
ELISA and Western andysis (data not shown). The region of
CD23 to which the anti-stalk Abs bound was determined by
ELISA using a series of chimeric CD23 molecules in which por-
tions of the stalk region were deleted (31). These data are sum-
marized in Table |. Four of the anti-stalk Abs (2E4, 4B8, 1F3, and
2B9) recognized epitopes close to the transmembrane in the region
of aa 86—107, and one, 19G5, bound in the region of aa 108—139
near the middle of the stalk. An anti-lectin mAb, 2H10, bound each
of the CD23 mutants. A schematic of the relative binding sites of
the mAbs is shown in Fig. 5E.

Effect of the anti-stalk Abs on CD23 cleavage

We previously described a polyclonal rabbit anti-CD23 stalk Ab,
RAS1, that stabilizes CD23 on the cell surface (22). To determine
whether binding of the anti-stalk mAb to CD23 influenced prote-
olysis of CD23, CD23-expressing CHO cells, Fc1.7, were cultured
overnight in the presence of each of the mAbs. Only one of the
mAbs, 19G5, had any significant effect on CD23 cleavage. CD23
surface levels were significantly lower after culture with 19G5
(Fig. 1A). We also tested the effect of 19G5 binding to CD23 on
murine B cells. In the presence of 19G5, CD23 surface levels on
IL-4-and CD40L-stimulated B cells were decreased in a dose-de-
pendent manner (Fig. 1B), and correspondingly, sCD23 levels
were increased (Fig. 1C).

The anti-stalk mAb, 19G5, inhibits IgE binding to CD23

We determined the capacity of 19G5 to inhibit IgE binding to
CD23. Increasing concentrations of 19G5 were incubated with
CD23-expressing CHO cells at different temperatures for 1 h, fol-
lowed by [**I]IgE for 1 h. At the lower temperatures (4 and
15°C), 19G5 did not significantly inhibit IgE binding (Fig. 2).
However, at higher temperatures, 19G5 did inhibit IgE binding to
CD23. At 25°C, 200 pg/ml 19G5 inhibited IgE binding ~40%,
whereas the same concentration exhibited 100% inhibition at
37°C. Conversely, an anti-lectin mAb, 2H10, completely inhibited
IgE binding to CD23 at both low and high temperatures (4°C data
are shown in Fig. 2). Inhibition of IgE binding by the other anti-

stalk mAbs was tested at 37°C. 4B8 was the only other Ab to
inhibit IgE binding. However, <40% inhibition was seen with 200
ng/ml 4B8 (data not shown).

A
19G5 1 2B9

Events

4BS T 11B4

CD23

sCD23 Release (ng/ml)

COH2 100ug

FIGURE 1. CD23 proteolysis is enhanced by the mAb 19G5. A, Fcl.7
cells were cultured overnight with 100 wg/ml 19G5, 2B9, 4B8, or 11B4.
The cells were then harvested, and CD23 surface levels were determined
by FACS analysis. The solid line represents CD23 levelsin cells not treated
with mAb, and the dotted line represents the level of CD23 after mAb
treatment. B, Resting B cells were stimulated with IL-4 and CD40LT and
then cultured in the presence of 100 ug/ml COH2 (thick line), 10 wg/ml
19G5 (dashed line), or 1 pwg/ml 19G5 (dotted line) for 18 h. The cells were
harvested and stained for CD23 surface expression. The thin line represents
unstained cells. C, Supernatants from these cultures were tested for sSCD23
release by ELISA. Error bars represent =1 SE. ##, p < 0.01.

19G5 lug 19G5 10ug
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FIGURE 2. 19G5 inhibits IgE binding to CD23 more effectively at
higher temperatures. The indicated concentrations of 19G5 were allowed to
prebind Fcl.7 cells at 4°C (@), 15°C ([]), 25°C (A), or 37°C (<) for 1 h,
followed by incubation with **°|-labeled IgE. 2H10 was also used, and
binding was performed at 4°C (+). Cell-bound IgE was determined after
1 hin duplicate aliquots of cells. Inhibition of IgE binding is shown as the
percent inhibition compared with the IgE control.

We previously reported that RAS inhibited high affinity IgE
binding to CD23 while having no effect on low affinity IgE binding
(22). Using saturation analysis, we determined that the mAb 19G5
also inhibited only high affinity IgE binding to CD23 (Fig. 3). As
expected 2H10, an mADb that binds to the lectin head of CD23 at
an epitope very close to the site where IgE binds, inhibited both
high and low affinity IgE binding to CD23 (Fig. 3).

19G5 influences IgE dissociation at 37°C only

A previous report demonstrated that the dissociation rate of IgE
from CD23 is much faster at 37°C than at 4°C (23 min vs 3 h,
respectively) (41). Dissociation of IgE is performed by allowing
[**°1]IgE to bind to CD23 until it reaches equilibrium. Then a
100-fold excess of cold IgE is added. Samples are taken at multiple

e x 10711

rx 102

FIGURE 3. Like RASL, 19G5 inhibits high affinity IgE binding while
having no effect on low affinity IgE binding. Fc1.7 cells were incubated
with increasing concentrations of cold IgE alone (@) or in the presence of
19G5 (M) or 2H10 (A) for 1 h, followed by ?I-labeled IgE. After 1 h,
cell-bound counts per minute were determined on duplicate aliquots of
cells. The lines represent regression analysis for binding in the presence of
19G5 or 2H10; no line was drawn for 2H10, because al points were in
same area, indicating no significant binding above background.

CD23 PREASSOCIATES ON THE CELL SURFACE

time points, and the amount of [**®I]IgE bound to the cells is
determined. We wanted to compare the effects of both the anti-
stalk and anti-lectin mAbs on IgE dissociation from CD23. This
was performed by adding a 100-fold excess of either 19G5 or
2H10 instead of IgE. In the presence of either 19G5 or 2H10, IgE
was readily dissociated at 37°C, athough the rate of dissociation
was somewhat slower with the mAbs than with IgE itself (Fig. 4B).
At 4°C, 2H10 caused dissociation of IgE from CD23 at a rate
slower than IgE, whereas 19G5 had no effect on IgE dissociation
(Fig. 4A). Thisisindicative that both mAbs inhibit binding of IgE
not by directly competing for the binding site, but either by steric
inhibition or by preventing association of the trimer, thereby in-
hibiting IgE binding. The latter is most likely the case for 19G5,
although either possibility cannot be ruled out for 2H10.

19G5 binds more epitopes at 37 than at 4°C

To explore whether temperature has an effect on the structure of
CD23, alowing 19G5 to inhibit IgE binding more effectively at a
higher temperature, we examined the abilities of several anti-CD23
Abs to bind at both 4 and 37°C. B cells stimulated with IL-4 and

100 4 o o (0] o o)

Percent of Control

1 T T T T T T

0 1 2 3 4 5 6 7
Time (Hours)

Percent of Control

10 20 30 40 50 60

Time (Minutes)

FIGURE 4. 19G5 causes dissociation of IgE bound to CD23 at 37°C,
but not at 4°C. Fcl.7 cells were equilibrated to either 4°C (A) or 37°C (B)
and then incubated with 5 pg/ml [*2°1]1gE for 1 h, after which a 100-fold
excess of IgE (@), 19G5 (O), or 2H10 (V) was added. At the indicated time
points, cells were removed, and the amount of IgE bound was determined
and compared with that in cells to which no Ab was added (control). The
lines represent regression analysis.
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CDA40LT to induce CD23 expression were incubated with each of
the anti-stalk mAbs as well as the anti-lectin mAb, 2H10, for 1 h.
The amount of mAb bound to the B cell was determined by FACS
analysis. Each of the Abs bound to CD23 equally well at 4°C (data
not shown). Both 19G5 and 2H10 exhibited more binding to the
cells at 37°C. Binding of the anti-stalk mAb, 2B9, did not change
significantly with temperature (data not shown).

The exact number of epitopes recognized by 19G5, 2H10, and
2B9 was determined by saturation anaysis. At 4 and 37°C, both
19G5 and 2H10 exhibited similar affinities for CD23; however,
there was 3 times the number of binding sites for each of the Abs
at the higher temperature (Fig. 5 and Table I1). 2B9, an anti-stalk
mAb that did not inhibit IgE binding, exhibited the same number
of binding sites per cell regardless of the temperature, and this
number was similar to the number of 19G5 and 2H10 molecules
bound at 4°C (Fig. 5 and Table Il). There are 3 times the number
of low &ffinity binding sites for IgE as there are high affinity bind-
ing sites (Fig. 5 and Table I1). Interestingly, the number of binding
sites for 19G5 and 2H10 at 4°C and 2B9 at both temperatures is
comparable to the number of high affinity IgE binding sites. The
number of binding sites for 19G5 and 2H10 at 37°C is similar to
the number of low affinity IgE binding sites.

Association of CD23 determined by FRET

FRET was used to further examine the association of CD23. FRET
is the radiationless transfer of energy from an excited fluorophore
(donor) to another fluorophore (acceptor). Vectors containing the
fusion proteins were transfected into 293T cells, and FRET was

measured using FACS analysis. The results are shown in Fig. 6. A
significant amount of emission at the YFP wavelength was ob-
served when the CD23-CFP/CD23-Y FP double-transfected cells
were excited through CFP indicating FRET. As a negative control,
FAS-CFP and CD23-YFP-C1 (YFP fused to the N terminus of
CD23) were cotransfected and examined for FRET. FAS and
CD23 would not be expected to associate with each other, because
FAS self-associates using a PLAD domain (pre-ligand-binding as-
sembly domain) (42) that CD23 lacks. However, asmall amount of
FRET was observed in the Fas-CFP/CD23-YFP cotransfected
cells. Although the reason for this low level is unclear, the differ-
ence between this control (2.7%) and the CD23-CFP/CD23-Y FP-

Table II. The numbers of 19G5 and 2H10 binding sites at 4 and 37°C
correspond to the numbers of high and low affinity IgE binding sites®

No. of High No. of Low Low Affinity/
Affinity Affinity High Affinity
Binding Sites Binding Sites Binding Sites
IgE 67,416 197,222 29
No. of No. of No. of
Binding Sites Binding Sites 37/4°C
at 4°C at 37°C Binding Sites
2H10 56,053 189,394 34
19G5 40,492 131,998 3.2
2B9 30,000 24,553 .82

2 Numbers were determined from the saturation analyses shown in Fig. 5.
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CD23-CFP
CD23-YFP
FIGURE 6. CD23 is preassociated on the cell sur-
facein the absence of itsligand, IgE. CD23-CFP (A and =
B), CD23-YFP (C and D), CD23-Y FP/Fas-CFP (E and CD23-YFP
F) or CD23-YFP/CD23/CFP (G and H) were trans-
fected into 293T cells as indicated and examined for ~ FAS-CFP
FRET by FACS andlysis after 24-h culture. The data
are plotted as a dot plot showing the CFP- or YFP-
positive cellsvs FRET. |, The CFP-positive cells shown
in the two right quadrants of E and G were gated to
analyze the FRET-positive cells by histogram analysis.
The solid line represents CD23-CFP/CD23-Y FP-trans- CD23-CFP
fected cells, and the dotted line represents Fas-CFP-/
CD23-YFP

CD23-YFP-transfected cells. J, FRET analysis of
CD23-CFP/CD23-Y FP-transfected cells at 4°C (dotted
line) and 37°C (solid line).

CD23 PREASSOCIATES ON THE CELL SURFACE

0.21%

0.01%

0.03% P 0.71%

FRET

31.26%

Events

-transfected cells (31%) is obvious, and indeed, essentially all the
positive cells exhibited FRET, indicating that al CD23-CFP/
CD23-Y FP-cotransfected cells examined have coassociated CD23
molecules. FRET analysis by confocal microscopy will be required
to determine whether all the CD23 are coassociated, and this has
not as yet been completed. The bottom left plot shows these data
as a histogram, emphasizing the increased FRET seen with the
CD23 pair. Asindicated in Materials and Methods and previously
(40), FRET values were sensitive to the donor/acceptor ratio. The
results shown were at the indicated 2/1 ratio of YFP to CFP. Asa
positive control, transfection of Fas-CFP/Fas-YFP, as described
previously (36), clearly exhibited FRET (data not shown). We ex-
amined whether FRET at the N terminus was influenced by tem-
perature change, binding of IgE, or binding of anti-stalk Abs. The
amounts of FRET observed at 4 and 37°C were exactly the same
(Fig. 6J). Addition of theligand for CD23, IgE, did not change the
amount of FRET observed, nor did binding of the anti-stalk Abs,
RAS1 and 19G5 (data not shown). Fig. 7A shows a diagram com-

FRET

paring wild-type CD23 to AR2. AR2, amutant of CD23, lacks one
of the four 21-aa repeats and binds IgE with only low &ffinity,
suggesting that removal of the heptad repeats disrupts oligomer-
ization of CD23 (15). AR2 exhibited the same amount of FRET as
wild-type CD23 (Fig. 7B). All these data suggest that the N ter-
minus remains associated at al times under al conditions.

The requirement of the stalk region for association at the N
terminus was determined by creating a CD23 truncation mutant
(Mutl). Mutl was made by inserting a stop codon just between the
transmembrane region and the stalk region (Fig. 7A). The level of
FRET observed at the N terminus was similar to that seen with
wild-type CD23, indicating that this region is sufficient for asso-
ciation of CD23 (Fig. 7C). Early studies with mouse B cell CD23
had shown no differences in molecular weight when analyzed by
SDS-PAGE under reducing and nonreducing conditions, indicat-
ing that the cytoplasmic cysteines are not responsible for this as-
sociation (43).
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CD23

Mutl

FIGURE 7. The stak region of CD23 is not re-
quired for association. The molecules shown in A rep-
resent the wild-type CD23 and CD23 deletion mutants
fused to CFP/YFP and used in the FRET experiments
shown in B and C. B, A histogram showing FRET in
293T cells transfected with wild-type CD23-CFP-C1
aone (thin line), wild-type CD23-CFP-C1 and CD23-
YFP-C1 (thick line), or AR2-CFP-C1 and AR2-

(I

CFP/YFP

I Cytoplasmic/Transmembrane Domains
[ Stalk heptad repeat

Lectin Domain

YFP-C1 (dotted line). C, The FRET signal detected in
cells transfected with a CD23 truncation mutant, Mut-

=

1-CFP-C1 or Mut-1-YFP-C1 (dotted line), compared Bz Cz
with the FRET signas of wild-type CD23-CFP-C1
done (thin line) and wild-type CD23-CFP-C1 and
CD23-YFP-C1 (thick line).
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Discussion
Our laboratory previously described a polyclonal Ab that binds to
the stalk region of murine CD23 (22). This Ab, RASL, inhibited
high affinity IgE binding to CD23 while having no effect on low
affinity IgE binding, presumably because RASL inhibits oligomer-
ization of CD23. To further examine the mechanism by which Abs
that bind to the stalk region inhibit high affinity IgE binding, sev-
eral anti-stalk mAbs were produced. One of the anti-stalk mAbs
produced, 19G5, increased CD23 susceptibility to cleavage, result-
ing in lower CD23 surface expression and increased sCD23 re-
lease. This same Ab aso inhibited IgE binding to CD23. None of
the other anti-stalk mAbs exhibited any significant effect on either
CD23 proteolysis or IgE binding. Similar to the polyclonal anti-
stalk Ab, 19G5 inhibited only high affinity IgE binding. The low
affinity binding also changes somewhat, but thisis probably due to
a decreased influence from the high affinity component. High af-
finity binding is presumed to require the cooperative interaction of
at least two lectin domains, and low affinity binding would be
observed when IgE interacts with only one lectin domain. Inter-
estingly, 19G5 only inhibited IgE binding at high temperatures
(25-37°C). Little or no inhibition of IgE binding was seen when
19G5 was alowed to bind to CD23 at low temperatures (4—15°C).
This observation led us to examine whether inhibition of IgE bind-
ing by the polyclonal Ab was also temperature dependent. |ndeed,
RASL inhibited IgE binding more effectively at 37 than at 4°C
(data not shown). These data suggest that there is a physica
change in CD23 (most likely dissociation of the trimers) that al-
lows more Ab molecules to bind at 37 than at 4°C. Binding of the
Abs to the stalk would prevent proper association of the lectin
heads and the cooperative binding required for high affinity 1gE
binding.

Using epitope mapping, we determined that the mAbs that did
not influence IgE binding recognize an epitope on the stalk that is
fairly close to the transmembrane region. 19G5 binds an epitope

further away from the transmembrane, but only about half-way up
the stalk in the region of aa 108—139. This difference suggested
that there could be a correlation between the location of binding on
the stalk and the ability to inhibit IgE binding. Using FACS anal-
ysis we determined that there was more 19G5 binding at 37 than
at 4°C, a binding pattern similar to that observed with 2H10, an
anti-lectin mAb. The number of binding sites at 37°C correlated to
the number of low affinity IgE binding sites, and the number of
binding sites observed at 4°C was similar to the number of high
affinity I1gE binding sites. 2B9, an anti-stalk mAb that did not in-
hibit IgE binding, bound the same number of sites regardless of
temperature. The number of 2B9 binding sites per cell correlated
to the number of low affinity IgE binding sites. These data are in
agreement with the earlier work from our laboratory suggesting
that CD23 associates into trimers (12). These data suggest that at
4°C, the trimer istightly associated, and only one Ab molecule can
bind to it in this form, presumably due to steric hindrance. At
37°C, the trimer partialy dissociates, allowing three Ab molecules
to bind per trimer, one Ab for each molecule of CD23 in each
trimer. Proof that the dissociation is not complete is seen in that
Abs that bind to an epitope low on the stalk exhibit the same
binding pattern at both high and low temperatures. Thus, only the
upper portion of the stalk separates at 37°C, and the lower region
of the stalk, near the transmembrane domain, remains tightly as-
sociated at all times. Note that these data also fit well with our
recent finding that IgE and CD23 interact better at 4 than 37°C and
confirm the increased instability of CD23 at physiological temper-
atures (44). Association of the trimers of CD23 was further inves-
tigated using FRET. As discussed above, FRET isthe radiationless
transfer of energy from an excited fluorophore (donor) to another
fluorophore (acceptor). The efficiency of energy transfer is highly
dependent on the distance between the donor and the acceptor
molecules, and in most cases no FRET is observed at distances
>100 A (38). Recently, a variation of the FRET technique was
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described using the green fluorescent protein variants, CFP and
Y FP, as donor and acceptor molecules, respectively (38, 39). We
examined association of CD23 using fusion proteins that contained
the fluorescent molecules in-frame at the N terminus. FRET sig-
nals from CD23 with CFP and Y FP fused to the N terminus (cy-
toplasmic tail) remained unchanged under all conditions tested,
including raising the temperature from 4 to 37°C and addition of
the ligand for CD23, IgE. A mutant of CD23 lacking one of the
four 21-aarepeats in the stalk (AR2) was previously found to bind
IgE with only low affinity, presumably because the shortened stalk
was no longer able to mediate oligomerization (15). However, we
observed the same amount of association with AR2 as that with
wild-type CD23, suggesting that deletion of the heptad repeats
does not interfere with oligomerization, but more likely inhibitsthe
correct conformation of the lectin domains to bind IgE with high
affinity. Incubation of cells expressing CD23 with either 19G5 or
RAS1, both of which inhibit high affinity IgE binding, did not
decrease the FRET signal. This further supports the Ab Scatchard
data suggesting that the N terminus remains associated and that
only the upper portion of the stalk, including the lectin domains, is
mobile. The mobility of the upper stalk region is probably required
for the lectin domains to orient themselves in the position required
for high affinity IgE binding. These data collectively show that
CD23is preassociated and that association does not require ligand
binding. This finding indicates that the earlier model in which mo-
nomeric and trimeric CD23 were suggested to be in equilibrium
(discussed in Ref. 45) was incorrect. The dissociation apparently
only involves the C-terminal portion of the molecule.

A quite novel finding was that the cytoplasmic and transmem-
brane domains were sufficient for association of CD23. A trunca-
tion mutant lacking both the stalk and the lectin domains exhibited
the same amount of FRET aswild-type CD23. Although these data
do not necessarily bring into question the theory that the stalk
region is essential in mediating oligomerization of CD23 (14, 15),
they do indicate that the stalk alone is not sufficient. Indeed, the
requirement of the transmembrane region, cytoplasmic region, or
both for CD23 trimers to form could explain why soluble mole-
cules of CD23 do not readily associate in solution, and indeed,
even full-length extracellular CD23 binds IgE only dlightly better
than sCD23 (13). Previoudly, our laboratory attached an isoleucine
Zipper to the extracellular portion of CD23, alowing the soluble
form of CD23 (IzECCD23) to form a stable trimer (34). This
molecule bound IgE in a manner similar to that seen with mem-
brane CD23, presumably because the isoleucine zipper enhances
trimer formation. These data further confirm the idea that CD23
must form a trimer to bind IgE with high affinity.

These data suggest that the stalks interact with each other only
weakly, and the transmembrane region is required for this inter-
action to proceed efficiently. It is likely that a sequence within the
transmembrane region itself is mediating association of the trimers
in the membrane and not just the relative immobility of CD23 in
the membrane that allows the stalks to interact with each other.
The force mediating this interaction is unknown and will be the
subject of future investigation by this |aboratory. Thiswill include
determining whether another protein interacts with the cytoplasmic
domain or the transmembrane region of CD23 to mediate the in-
teraction or whether the association is due to direct interactions of
the amino acids in the transmembrane region of one CD23 mole-
cule with another molecule of CD23.

In an earlier study we demonstrated the importance of high af-
finity IgE binding to CD23 in the regulation of IgE production
(22). Mice immunized with Ag/alum and treated with the poly-
clonal anti-stalk Ab exhibited increased serum IgE levels, suggest-
ing that inhibiting oligomerization of CD23, which results in no

CD23 PREASSOCIATES ON THE CELL SURFACE

high affinity IgE binding, leads to dysregulation of IgE production.
EBVCSL, an Ab that recognizes the stalk of human CD23, simi-
larly enhances IgE production by stimulated PBMCs (19). An in-
triguing possibility is that some allergens may increase IgE levels
by binding to the stalk of CD23 and interfering with oligomeriza-
tion. An example of this idea is the cysteine protease, Der p 1,
produced by the house dust mite, Dermatophagoides pteronyssi-
nus. Der p 1 binds to CD23 and cleaves the stalk region, resulting
in increased sCD23 and decreased CD23 surface levels (46—48).
Mice injected with Der p 1 produce significantly more total and
Ag-specific IgE than mice treated with proteolytically inactive Der
p 1 (49), suggesting that the decrease in cell surface CD23 oli-
gomers resultsin adecrease in regulation of IgE production. These
data suggest a potential therapy for IgE-mediated diseases. Stabi-
lization of the trimers on the cell surface could potentially increase
high affinity IgE binding and lead to an increase in IgE regulation.
Our laboratory is currently examining this idea.
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