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Summary

Immunoglobulin E-mediated allergy and certain autoimmune diseases are

characterized by the presence of a T helper type 2 (Th2) immune response

and allergen-specific or self-reactive IgE. Soluble CD23 (sCD23) is a B-cell

factor that fosters IgE class-switching and synthesis, suggesting that sCD23

may be a therapeutic target for these pathologies. We produced a recombi-

nant protein, CTLA4Fce, by fusing the ectodomain of the immunoregula-

tory molecule cytotoxic T-lymphocyte antigen 4 (CTLA-4) with a fragment

of the IgE H-chain constant region. In SDS–PAGE/inmunoblot analyses,

CTLA4Fce appeared as a 70 000 MW polypeptide that forms homodimers.

Flow cytometry showed that CTLA4Fce binds to IgE receptors FceRI and

FceRII/CD23, as well as to CTLA-4 counter-receptors CD80 and CD86.

Binding of CTLA4Fce to FceRII/CD23 appeared stronger than that of IgE.

Since the cells used to study CD23 binding express CD80 and CD86, simul-

taneous binding of CTLA4Fce to CD23 and CD80/CD86 seems to occur and

would explain this difference. As measured by a human CD23-specific

ELISA, CTLA4Fce – but not IgE – induced a concentration-dependent

reduction of sCD23 in culture supernatants of RPMI-8866 cells. Our results

suggest that the simultaneous binding of CTLA4Fcɛ to CD23-CD80/CD86

may cause the formation of multi-molecular complexes that are either inter-

nalized or pose a steric hindrance to enzymatic proteolysis, so blocking

sCD23 generation. CTLA4Fce caused a concentration-dependent reduction

of lymphocyte proliferation in human peripheral blood mononuclear cell

samples stimulated in vitro with concanavalin A. The ability to bind IgE

receptors on effector cells, to regulate the production of sCD23 and to inhi-

bit lymphocyte proliferation suggests that CTLA4Fcɛ has immunomodula-

tory properties on human Th2 responses.
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Introduction

T helper type 1 (Th1) and Th2 are the main effector

responses of the adaptive immune system. Each one

displays a distinct profile of cytokines, effector cells and

immunoglobulin isotypes. Typically, during a human Th2

response, T helper cells secrete interleukin-4 (IL-4), IL-5

and IL-13; mast cells, eosinophils and basophils are the

Abbreviations: ADAM10, A disintegrin and metalloproteinase domain-containing protein 10; CD, cluster of differentiation;
CFSE, carboxyfluorescein succinimidyl ester; CH, immunoglobulin heavy chain constant domain; Con A, concanavalin A; CTLA-
4, cytotoxic T-lymphocyte antigen 4; Ec, ectodomain; Fc, fragment crystallizable; FceRI, IgE receptor type I; FceRII, IgE receptor
type II; H-chain, immunoglobulin heavy chain; HRPO, horseradish peroxidase; Ig L, immunoglobulin light chain; IL, interleukin;
mAb, monoclonal antibody; MFI, mean fluorescence intensity; PE, phycoerythrin; PBMCs, peripheral blood mononuclear cell(s);
mCD23, membrane CD23; sCD23, soluble CD23; Th1, T helper type 1
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main effector cells; and IgE is the most prominent anti-

body produced. Th2 responses have been classically asso-

ciated with protection against certain parasitic infections

and with IgE-mediated allergy. Recently, it has become

clear that elements of the Th2 response may also be

involved in the onset and/or maintenance of some

autoimmune diseases.1,2

The pathogenic role of IgE in allergy is well estab-

lished.3,4 Accumulating evidence favours the notion that

the same applies to self-reactive IgE in certain Th2-related

autoimmune diseases.5,6 Increased levels of circulating

(total and/or specific) IgE are found in patients afflicted

with these immune-related disorders.5,7,8 Hence, control-

ling IgE levels has become a recognized target for thera-

peutic development. For instance, omalizumab4 and the

recently developed ligelizumab9 are humanized mono-

clonal antibodies (mAbs) that bind IgE and prevent IgE

from binding to Fcɛ receptors, reducing blood levels of

free and total IgE. Omalizumab is currently indicated for

the treatment of patients suffering from moderate to

severe allergic asthma.4,10

IgE is secreted by plasma cells instructed by Th2 lympho-

cytes, mainly through IL-4 and CD40 ligand signalling on

cognate, antigen-stimulated, plasma cell-precursor B

cells.11,12 Under the influence of these stimuli, activated B

lymphocytes up-regulate membrane CD23 (mCD23),13,14

which is then enzymatically processed into soluble CD23

(sCD23).15 In humans, sCD23 acts as a stimulator of B-cell

proliferation,16 and induces IgE class switching17,18 and

synthesis.19,20 Conversely, mCD23 influences IgE produc-

tion in a negative fashion.21 Therefore, mCD23 and sCD23

are considered components of a complex molecular net-

work that regulates IgE synthesis and homeostasis.21 Sev-

eral findings suggest that targeting of CD23 may result in

clinical benefit.22 For example, a sustained and dose-depen-

dent decline in plasma levels of IgE was observed in

patients with allergic asthma treated with lumiliximab, a

primatized anti-human CD23 mAb.23 Solid proof of the

positive influence that sCD23 has on human IgE synthesis

was obtained by uncoupling the effects of mCD23 and

sCD23 in an in vitro B-cell system.24 Blocking of sCD23

production therefore emerges as a possible additional way

to control IgE levels. Several approaches have been experi-

mentally tested to inhibit sCD23 generation. For instance,

binding of IgE25 or IgE–antigen complexes26 to mCD23,

treatment of CD23+ cells with certain anti-CD23 mAbs,25

or blocking of the proteolytic activity of the metallopro-

tease A disintegrin and metalloproteinase domain-contain-

ing protein 10 (ADAM10),27 the main CD23-sheddase, all

inhibit sCD23 production.

Cytotoxic T-lymphocyte antigen 4 (CTLA-4/CD152) is

a type I membrane protein constitutively expressed at the

surface of CD4+ CD25+ Foxp3+ regulatory T cells.28

CTLA-4 is induced upon helper/effector T-cell activa-

tion,29 and is one of the two known ligands of CD80

(B7-1) and CD86 (B7-2).30 The importance of B7

molecules as providers of co-stimulatory signals to T cells

during MHC-restricted antigen presentation is well-recog-

nized. A large body of evidence also indicates that CTLA-

4 – through its interaction with B7 – serves important

regulatory functions under physiological conditions,

down-regulating the immune response29 and preventing

the recognition of self.31 Abatacept (Orencia�) and Belat-

acept (Nulojix�) are two fusion proteins containing the

ectodomain of CTLA-4 joined to the Fc fragment of

IgG1. They effectively bind B7 molecules, block B7/CD28-

mediated signalling, and are currently used as ‘T-cell co-

stimulation blockers’ to treat patients with rheumatoid

arthritis that is unresponsive to conventional treatment32

and to prevent kidney allograft rejection.33

We hypothesized that a soluble fusion protein in which

the CD80/CD86-binding domain of CTLA-4 and the

FceR-binding domain of IgE are combined will benefit

the management of immune disorders associated with the

Th2 response. Here we report on the construction and

expression of a DNA encoding the extracellular domain

of murine CTLA-4 joined to the constant domains CH2,

CH3 and CH4 of the human Ig ɛ heavy (H) chain. The

derived soluble fusion protein, CTLA4Fce, was produced

and purified, and its molecular structure was partially

characterized. The binding of CTLA4Fce to CD80, CD86

and IgE receptors (FcɛRI and FcɛRII/CD23) was also

examined. Furthermore, the effect of CTLA4Fce on the

accumulation of sCD23 in tissue culture was evaluated

and compared with the effect of IgE. Finally, the prolifer-

ation of human peripheral blood lymphocytes stimulated

in vitro with concanavalin A (Con A) was studied in the

presence of CTLA4Fce. The results are discussed in the

context of the relevance of these various molecular inter-

actions to intervention at the onset of Th2 responses, and

to the control of IgE levels under pathological conditions.

Materials and methods

Cells, antibodies and recombinant proteins

TAZZ – a Chinese Hamster Ovary (CHO) -derived trans-

fectoma cell line secreting human immunoglobulin k light

(L) chains – was produced in our laboratory as

previously reported.34 FceRI+ RBL-SX38 and FceRI-a+

CHO-3D10 cells were gifts from Drs J.-P. Kinet and M.

Penichet, respectively. CD23+ CD80+ CD86+ RPMI-8866

cells were obtained from ECACC/Sigma-Aldrich (St

Louis, MO). The human IgE-secreting cell line U266 was

obtained from ATCC (Manassas, VA). These cell lines

were all maintained in supplemented RPMI-1640 or

Iscove’s modified Dulbecco’s medium (IMDM) contain-

ing 5–10% fetal calf serum, 2 mM L-glutamine, 100 U/ml

penicillin, 100 µg/ml streptomycin, 0�25 µg/ml ampho-

tericin B.
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Human peripheral blood was obtained from healthy

members of our scientific staff who participated in this

project and agreed voluntarily. Venous blood samples

(5–10 ml) were obtained aseptically in anticoagulant

(3�8% sodium citrate). Some samples were used as whole

blood during studies on basophils, and others were

processed by density-gradient centrifugation35 on

Histopaque�-1077 (Sigma-Aldrich) to obtain peripheral

blood mononuclear cells (PBMCs) to be used in the lym-

phocyte proliferation assays. The study was approved by

the bioethics committee of the Instituto Venezolano de

Investigaciones Cient�ıficas.

Polyclonal antibodies used were anti-human IgE, horse-

radish peroxidase (HRPO)-conjugated anti-human IgE,

biotin-conjugated anti-mouse CTLA-4, and biotin-conju-

gated anti-human Ig L (k) chain from Sigma-Aldrich.

Goat anti-human IgE and HRPO-conjugated anti-goat

immunoglobulin were from Pierce Biotechnology (Rock-

ford, IL). The following mAbs were used: anti-mouse

CTLA-4 from R&D Systems (Minneapolis, MN); phyco-

erythrin (PE)-labelled anti-human CD23 (anti-CD23/PE;

clone M-L233), PE-labelled anti-human CD80 (anti-

CD80/PE; clone L-307.4) and FITC-labelled anti-human

CD86 (anti-CD86/FITC; clones FUN-1 or IT2.2) from

BD Pharmingen (San Jose, CA); FITC-labelled anti-

human FceRI (anti-FceRI/FITC, clone CRA2) from

COSMO BIO CO (Tokyo, Japan); and PE-labelled anti-

human CD203c (anti-CD203c/PE) from Biolegend (San

Diego, CA). The recombinant fusion protein CTLA4Ig

was obtained from R&D Systems and abatacept (an Fc-

mutated version of CTLA4Ig) was from Bristol-Myers

Squibb (New York, NY).

CTLA4Fcɛ DNA. Cloning, construction, and stable
expression

A cDNA fragment encoding the human Ig e chain con-

stant domains CH1 to CH4 (Ce1–Ce4) was cloned by RT-

PCR. The poly-A+ fraction of total RNA isolated from

U266 cells was converted to cDNA by reverse transcrip-

tion using oligo-dT.36, 37 U266 cDNA and oligonu-

cleotides A and B (Table 1) were used to amplify the

DNA encoding Ce1–Ce4 by PCR. The amplified DNA was

cloned into a commercial blunt vector (Life Technologies,

Grand Island, NY). Restriction endonuclease analysis and

automated sequencing of several clones confirmed the

identity of the cloned Cɛ1–Cɛ4 DNA. Previous reports

have implicated domains Cɛ2, Cɛ3 and Cɛ4 in the IgE

binding to FceR.38,39 Therefore, only the DNA sequence

encoding domains Ce2, Ce3 and Ce4 (Ce2–Ce4) was used

for construction of the CTLA4Fce DNA.
A cDNA sequence encoding the extracellular domain of

murine CTLA-4 (EcCTLA4) was obtained from plasmid

pcCTLA4HA (a gift from Dr Pedro Rivas-Vetencourt.

Universidad Central de Venezuela). A short DNA T
ab
le
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sequence encoding the human Oncostatin M signal pep-

tide40 precedes EcCTLA4 in pcCTLA4HA, and it was pre-

served for the proper expression of the recombinant

CTLA4Fce DNA construct.

Ce2–Ce4 and EcCTLA4 sequences were joined using a

two-step gene Gene Splicing by Overlap Extension PCR

strategy,41 which was simplified by using one overlapping

primer. Copies of the DNA coding for Ce2–Ce4 were first

made using the cloned Ce1–Ce4 DNA as template and

oligonucleotide C (Table 1) as a primer. The PCR pro-

duct of this reaction is a Ce2–Ce4 DNA modified at its

50-end to encode the last seven C-terminal amino acids

of EcCTLA4, joined to Ce2 by the coding sequence of a

pentapeptide linker.42 The second PCR was set by add-

ing, to the first PCR product, the pcCTLA4HA plasmid

DNA and oligonucleotides D (which encodes the first

seven amino acids of the human Oncostatin M signal

peptide) and E (which encodes the last six amino acids

of Ce4 plus a stop codon) (Table 1). During this second

PCR, the 30-end of the EcCTLA4 sequence in

pcCTLA4HA and the 50-end of the modified Ce2–Ce4

cDNA overlap, and were used to produce a DNA con-

struct containing the EcCTLA4 and Ce2–Ce4 fragments

joined by the peptide linker-coding sequence. The PCR

product showing the expected size in the agarose gel

electrophoretic analysis was cloned, and its identity was

confirmed as indicated above. Finally, the construct EcC-

TLA4Fce was transferred as a BamHI–XhoI fragment into

the expression vector pcDNA3.1Zeo(–) (Life Technolo-

gies) to generate a recombinant plasmid here designated

pAZ-Ec-CTLA4Fce.
Ten micrograms of pAZ-Ec-CTLA4Fce DNA were

transferred into TAZZ cells by liposome-mediated trans-

fection using Lipofectin (Life Technologies) and following

the manufacturer’s instructions. Stable transfectomas were

selected in supplemented IMDM containing 10 mg/ml

zeocine (Life Technologies), and screened by IgE-specific

or CTLA4-specific sandwich ELISA. Briefly, polystyrene

96-well ELISA plates (Greiner BIO-ONE. Frickenhausen,

Germany) were coated with anti-human IgE or anti-

mouse CTLA-4, samples were added, and the protein

bound was detected with anti-human IgE/HRPO or anti-

mouse CTLA-4/biotin plus avidin/HRPO (Sigma-

Aldrich), respectively. For the identification of clones

secreting recombinant molecules that preserve both

CTLA-4 and IgE moieties, the IgE-specific ELISA outlined

above was modified, so that protein bound to the anti-

IgE-coated ELISA plate was detected using anti-mouse

CTLA-4/biotin plus avidin/HRPO. Selected IgE+ CTLA-

4+ transfectomas were cloned by limiting dilution in sup-

plemented IMDM in the presence of 10 mg/ml zeocine.

Culture supernatants from zeocine-resistant clones were

screened as indicated above. Supernatant harvested from

cultures of the IgE+ CTLA-4+ transfectoma named G1E10

was used for further studies.

CTLA4Fce fusion protein: production and characteriza-
tion

G1E10 and U266 cells were grown in supplemented

IMDM in roller bottles. The protein in both G1E10

(CTLA4Fcɛ) and U266 (IgE) culture supernatants was

purified by affinity chromatography using anti-human

IgE (Xolair�, Novartis, NJ) coupled to Sepharose 4B

(Sigma-Aldrich). The concentration of purified CTLA4Fcɛ
and IgE was estimated using a quantitative IgE-specific

ELISA (DRG International Inc., Springfield, NJ). An ali-

quot of purified IgE was labelled with FITC (Sigma-

Aldrich) following the supplier’s instructions.

ELISA, SDS–PAGE, and immunoblotting were used for

the structural characterization of the CTLA4Fce fusion

protein. The IgE-specific ELISA outlined in the previous

section was modified to study whether immunoglobulin L

chains associate with CTLA4Fce. Protein bound to the

anti-IgE/coated ELISA plate was detected using anti-

human Ig L(k) chain/biotin plus avidin/HRPO. SDS–
PAGE analyses were performed to estimate the apparent

molecular size of CTLA4Fce, and to rule out its eventual

association with immunoglobulin L chains, using molecu-

lar weight protein standards (Sigma-Aldrich or Life Tech-

nologies) and laboratory-made recombinant chimeric

IgG1 and IgG334 for molecular size estimation. Standard

immunoblot protocols43 were followed to transfer PAGE-

resolved proteins to nitrocellulose. The polypeptides of

interest were specifically detected using goat anti-human

IgE/HRPO or biotin-conjugated anti-human immuno-

globulin L (k) chain, followed by streptavidin/HRPO (BD

Biosciences, Mountain View, CA) and luminol (Super-

SignalTM; Life Technologies).

CTLA4Fce binding to B7 molecules and FceR

Flow cytometry was used to study whether CTLA4Fce
binds to cells displaying CTLA-4 counter-receptors

(CD80/B7-1 and CD86/B7-2) and IgE receptors (FceRI
and FceRII/CD23). FceRI+ RBL-SX38 and CD23+ CD80+

CD86+ RPMI-8866 cells were incubated at 4° with

CTLA4Fce-containing culture supernatant (G1E10) and

examined for cell-bound CTLA4Fce using anti-human

IgE/PE or anti-mouse CTLA-4/PE. U266 (IgE-secreting

cells) and TAZZ (the cell line used for expression of the

EcCTLA4Fce DNA) cell culture supernatants were used as

positive and negative controls, respectively. Samples were

analysed using a Facscalibur flow cytometer (BD Bio-

sciences) to estimate the fluorescence intensity of select

events gated according to size (FSC-H) and granularity

(SSC-H).

Specific binding of CTLA4Fce to B7 molecules or Fce
receptors was studied using flow cytometry-based binding

inhibition assays. In these assays, CTLA4Fce competed

with fluorochrome-labelled, blocking mAbs for binding to
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FceRI displayed on the surface of FceRI+ RBL-SX38 or

FceRI-a+ CHO-3D10 cells; or for binding to CD80, CD86

and FceRII/CD23 on RPMI-8866 cells. RBL-SX38 and

CHO-3D10 cells were incubated at 4° with purified

CTLA4Fce or IgE, and subsequently stained with anti-

FceRI/FITC. In experiments where FITC-labelled IgE

(IgE/FITC) – instead of anti-FceRI/FITC – was used as a

probe, CTLA4Fce or unlabelled IgE (cold IgE) was added

simultaneously with IgE/FITC to the cells. Similar experi-

ments were also performed with basophils from human

peripheral blood. Aliquots of freshly collected whole

blood samples were briefly treated with acid elution buf-

fer (20 mM glycine, 1 mg/ml BSA, 130 mM NaCl, 2 mM

CaCl2; pH 2�5) to detach the IgE bound to FceR44 and

subsequently stained with IgE/FITC, in the presence of

different concentrations of CTLA4Fce or cold IgE. RPMI-

8866 cells were similarly stained with anti-CD23/PE, anti-

CD80/PE, anti-CD86/FITC, or a mixture of anti-CD80/

PE plus anti-CD86/FITC in the presence of or after incu-

bation with CTLA4Fce-containing supernatant, or puri-

fied CTLA4Fce or IgE. In some experiments, CTLA4Fcɛ
binding to CD23 was assayed in the presence of the

fusion protein CTLA4Ig, which was used to block CTLA-

4-binding sites on B7 molecules. Mean fluorescence

intensity (MFI) was estimated for each condition and the

percentage of inhibition/blockade was calculated assuming

an MFI equal to that of the isotype sample (when fluores-

cent antibodies were used as a probe) or the autofluores-

cence sample (when fluorescent IgE was used as a probe)

as a 100% inhibition.

sCD23 estimation

RPMI-8866 cells producing sCD23 were suspended in

supplemented RPMI-1640 medium (2�2 9 106 cells/ml),

seeded on 48-well plates, and cultured for 4 hr at 37°.
Similar cultures were performed in the presence of differ-

ent concentrations of purified CTLA4Fce or human IgE.

Culture supernatants were harvested and the sCD23 con-

tent was determined using a CD23-specific ELISA. Absor-

bance data were averaged and converted to percentages

using the mean value of a set of samples where no pro-

tein (CTLA4Fce or IgE) was added as a 100%.

Lymphocyte proliferation assay

Human PBMCs were labelled with carboxyfluorescein diac-

etate succinimidyl ester (Life Technologies) at 5 lM in

RPMI-1640 medium, placed in 96-well microculture plates,

and stimulated for 5 days with Con A (Sigma-Aldrich) at

1�25 lg/ml. Cultured cells were harvested and analysed in a

Facscalibur flow cytometer to determine the carboxyfluo-

rescein succinimidyl ester (CFSE) content per cell. The

extent of proliferation was calculated as the percentage of

cells showing a reduction by half or more of its CFSE

content compared with CFSE-labelled non-stimulated cells.

The data collected from these samples were also analysed as

previously described45 to group the cells according to the

number of divisions they experienced. Cell groups were

defined according to the CFSE content distribution in his-

tograms for stimulated cells and presented as the percent-

age of cells experiencing zero, one, two, three or four

rounds of cell division. Similar lymphoproliferative assays

were performed in the presence of different concentrations

of purified CTLA4Fce or abatacept. Proliferation and the

percentage of cells experiencing zero, one, two, three or

four cycles of cell division were calculated as indicated

above, and relevant comparisons were made.

Data processing and statistics

Flow cytometry data were processed using BD CELL-

QUEST
TM PRO (BD Biosciences). Statistical analyses were

performed using PRISM 5.0 (Graph-Pad Software, Inc., San

Diego, CA, USA) or IBM SPSS Statistics 15.0 (IBM Corp.,

Chicago, IL, USA). The square root of the proportions

calculated with the sCD23 ELISA data were transformed

to Arc-sin values and analysed by two-way analysis of

variance followed by multiple comparisons using the Bon-

ferroni test. The results from Con A-induced proliferation

assays (the percentages of proliferating cells and of cells

experiencing a number of divisions) were analysed by

one-way analysis of variance followed by multiple compar-

isons using a Fisher’s least significant difference test.

Results

Production of recombinant CTLA4Fce

The cloned Ce1–Ce4 DNA fragment shown in Fig. 1(a)

was sequenced and proved identical to the previously

reported cDNA encoding the human e heavy chain

constant domains46 (not shown).

A CTLA4Fce chimeric DNA (Fig. 1b) was created by

PCR-mediated recombination of the cDNA sequences

encoding human Ce1–Ce4 and the extracellular domain of

mouse CTLA-4 (EcCTLA4). A pentapeptide linker-coding

sequence was added to, and the Ce1-encoding sequence

was excluded from, the recombinant DNA product. DNA

sequencing confirmed that EcCTLA4 and Ige Ce2–Ce4

reading frames were preserved in the chimera, which was

thereupon cloned into an expression vector. Figure 1(c)

shows the features of the EcCTLA4Fce construct, the

respective expression plasmid, and the predicted amino

acid sequence at the site of the CTLA-4/Ige fusion.
After transfection and selection, culture supernatants

were screened for the presence of CTLA4Fce protein

by IgE- and CTLA-4-specific ELISA. A number of

supernatants giving an IgE signal tested negative for

CTLA-4 or vice versa (not shown). Hence, a CTLA-4/IgE
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double-specific ELISA was used to detect supernatants

containing molecules carrying both protein moieties

(Table 2, column 1). Supernatant harvested from cultures

of the IgE+ CTLA-4+ transfectoma G1E10 was used to

purify and further characterize CTLA4Fce.

CTLA4Fce is a 145 000–150 000 MW homodimer

During preliminary experiments, attempts to express

CTLA4Fce DNA in CHO cells were unsuccessful. Proper

in vitro cell secretion of immunoglobulin heavy chains has

been reported to depend upon the concomitant expression

of an immunoglobulin light (L) chain.47 Hence, transfection

was tested in TAZZ cells, a CHO-derived transfectoma

secreting human Ig L (k) chains. Several CTLA4Fce-secret-
ing transfectants were produced in this way. However, in

these cultures, the possibility of the CTLA4Fce fusion pro-

tein forming immunoglobulin-like molecules with the L

chain had to be ruled out. Table 2 summarizes ELISA results

suggesting that even though L chains (column 2) and

CTLA4Fce (columns 1 and 4) are present in culture super-

natants harvested from the transfectants studied, they do

not interact to form immunoglobulin-like molecules but

stay separately (column 3). These results were confirmed by

SDS–PAGE/immunoblot analyses of purified CTLA4Fce
electrophoresed under non-reducing conditions. No L chain

was detected in association with the fusion protein (not

shown). Under non-reducing conditions, SDS–PAGE
(Fig. 1d) and Western blotting (Fig. 1e and f) analyses

showed CTLA4Fce with an apparent molecular size of

145 000–150 000. Under reducing conditions, CTLA4Fce
migrated as a sharp band around 70 000 (Fig. 1d–f).
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Figure 1. Recombinant CTLA4Fce: DNA construction, expression, and protein structure characterization. (a) Cloning of the human immuno-

globulin e heavy (H) chain. Using total RNA from U266 cells, a ~1�3-kb amplicon, putatively encoding the constant part (from Ce1 to Ce4) of

the e H chain, was cloned by RT-PCR and identified by agarose gel electrophoresis and ethidium bromide staining (AGE-EB). Subsequent DNA

sequencing confirmed the amplicon identity as human Ce1–Ce4. (b) Using a recombinant PCR strategy, the DNA encoding the extracellular por-

tion of mouse CTLA-4 (EcCTLA4) was fused to the Ce2–Ce4 DNA through a pentapeptide linker-coding sequence. The PCR product of the

expected size (~1�47 kb) was identified by AGE-EB. (c) The EcCTLA4Fce DNA construct was inserted into an expression vector to generate the

plasmid pAZ-Ec-CTLA4Fce. The expected amino acid sequence at the CTLA4/Fce junction is shown in one-letter code. (d) After CTLA4Fce
expression, protein from a select transfectant (G1E10) was analysed by SDS–PAGE/Coomassie blue staining under non-reducing (NR) and reduc-

ing (R) conditions. (e, f) CTLA4Fce identity was confirmed by Western blot analyses. In (e), culture supernatants from transfectoma G1E10 and

myeloma U266 were probed with anti-IgE. In (f), purified CTLA4Fce was probed with anti-IgE (left and centre) whereas purified IgG1, probed

with anti-IgG1 (right), was used as a control. MSM, molecular size marker; bp, base pair; Ampr, Ampicillin resistance gene; Zeor, Zeocin resis-

tance gene; pCMV, cytomegalovirus enhancer/promoter region; BGHpA, bovine growth hormone poly-adenylation signal; OMsp, Oncostatin M

signal peptide sequence; XhoI and BamHI: endonuclease restriction enzyme sites used for EcCTLA4Fce cloning.
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CTLA4Fce binds to cells expressing CTLA-4 counter-
receptors and Fce receptors

Flow cytometric analysis revealed a significant fluores-

cence signal when FceRI+ RBL-SX38 cells were incubated

with CTLA4Fce-containing culture supernatant (G1E10)

followed by fluorescent labelling with anti-human IgE

(fluorescent anti-IgE) or fluorescent anti-CTLA-4 (Fig. 2,

upper panels). Efficient labelling was also observed when

CD23+ CD80+ CD86+ RPMI-8866 cells were incubated

with G1E10 supernatant, followed by fluorescent anti-IgE

or fluorescent anti-CTLA-4 (Fig. 2, lower panels). In both

cell lines, incubation with a human IgE-containing super-

natant (U266) followed by fluorescent anti-IgE led to

significant labelling (Fig. 2).

CTLA4Fce binds to FceRI

Specific binding of CTLA4Fce to the high-affinity receptor

for IgE, FcɛRI, was documented using a fluorescent mAb

that recognizes the IgE-binding site on the FcɛRIa chain

(fluorescent anti-FcɛRIa).48 Flow cytometric analysis

shown in Fig. 3(a) revealed that incubation of FcɛRI+

RBL-SX38 or FcɛRIa+ CHO-3D10 cells with fluorescent

anti-FcɛRIa resulted in a fourfold to sixfold increase in

the MFI of the cell population examined. More

importantly, it also revealed that the previous incubation

of these cells with CTLA4Fce led to a concentration-

dependent reduction in the MFI for both cell types,

suggesting that CTLA4Fce specifically blocks the binding

of the fluorochome-labelled mAb to FcɛRI. A reduction

in the MFI was also observed when IgE, instead of

CTLA4Fce, was used. Comparison of the MFI obtained

with matching concentrations of CTLA4Fce and IgE

suggested that both proteins bind to FceRI with similar

efficacy (Fig. 3a).

The binding of CTLA4Fce to FcɛRI on RBL-SX38 cells

was studied further using IgE/FITC as a probe, instead of

fluorescent anti-FcɛRIa. In these experiments, RBL-SX38

cells were incubated simultaneously with a fixed, FcɛRI-
saturating concentration of IgE/FITC and different con-

centrations of CTLA4Fce or unlabelled IgE (‘cold’ IgE).

Under these conditions, a fourfold higher concentration

of CTLA4Fce than ‘cold’ IgE was needed to inhibit

~ 50% of the IgE/FITC-related MFI (Fig. 3b1).

The IgE/FITC was also used to analyse CTLA4Fce’s bind-
ing to FcɛRI on human peripheral blood basophils. For

these assays, whole blood samples from three different

donors were treated to elute endogenous IgE from the cell

membrane and were subsequently exposed to a fixed, non-

saturating concentration of fluorescent IgE and different

concentrations of CTLA4Fce or ‘cold’ IgE. The fluorescent
IgE-related MFI was established by flow cytometric analysis

for each experimental condition. For all three blood

Sample

Optical density (450 nm)

11(e/CTLA4-specific) 2 (k-specific) 3 (e/k-specific) 4 (IgE-specific)

Capture

Anti-e Anti-k Anti-e Anti-e

Detection

Anti-CTLA4 Anti-k Anti-k Anti-e

IMDM2 0�063 � 0�002 0�143 � 0�027 0�064 � 0�002 0�123 � 0�002
TAZZ 0�058 � 0�000 1�455 � 0�049 0�071 � 0�012 0�095 � 0�002
U266 0�062 � 0�002 NT3 0�437 � 0�018 1�087 � 0�004
G1 0�750 � 0�004 1�483 � 0�118 0�055 � 0�002 0�562 � 0�038
D10 1�026 � 0�018 1�677 � 0�034 0�061 � 0�004 0�600 � 0�035
G1E10 1�729 � 0�026 1�090 � 0�014 0�055 � 0�002 1�142 � 0�024
1Four different sandwich ELISAs (identified as 1, 2, 3 and 4) were used to detect CTLA-4 and

Fce moieties in CTLA4Fce or to determine whether Ig L (k) chains assembled with the chi-

meric protein. Cell culture supernatants harvested from transfectants G1, D10 and G1E10,

and the cell lines TAZZ (the recipient cells used for transfection) and U266 (a human IgE-

secreting myeloma cell line), were all tested in triplicates. Results shown are the mean � SD

of the optical density at a wavelength of 450 nm. This assay was repeated three times obtain-

ing similar results.
2Iscove’s modified Dulbecco’s medium (IMDM; the medium in which transfectants and cell

lines were cultured) supplemented as indicated in the Materials and methods.
3Not tested.

Table 2. Anti-CTLA-4 and anti-IgE, but not

anti-immunoglobulin L chain, reagents recog-

nize CTLA4Fce
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samples studied, CTLA4Fce consistently reduced the fluo-

rescent IgE-related MFI in FceRI+ cells in a concentration-

dependent fashion (Fig. 3b2). Under these experimental

conditions, ‘cold’ IgE produced only a mild reduction in

the IgE/FITC-related MFI (Fig. 3b2).

Binding of CTLA4Fce to FceRII/CD23 and B7

Flow cytometric data shown in Fig. 2 documented that

both CTLA4Fcɛ in G1E10 and IgE in U266 culture super-

natants bind to CD23+ CD80+ CD86+ RPMI-8866 cells,

suggesting that binding of CTLA4Fcɛ to these cells occurs

through CD23, the low-affinity receptor for IgE. Interest-

ingly, when these cells were incubated with various concen-

trations of purified CTLA4Fcɛ or IgE and subsequently

labelled with fluorescent anti-IgE, it was possible to detect

CTLA4Fcɛ bound to the cell surface at 1�4 nM. This was the

lowest concentration of protein tested, and it was clearly

above the CTLA4Fcɛ’s limit of detection (Fig. 4a, middle

column histograms series). For IgE, however, the limit of

detection was determined at 11�25 nM, a concentration about

10 times higher (Fig. 4a, left column histograms series). In

addition, at every concentration tested, the CTLA4Fcɛ-related
MFI was several times higher (up to 37 times at 5�6 nM) than

the IgE-related MFI (Fig. 4a, middle column histograms

series); and the pattern of reduction of the fluorescence signal

that accompanied the dilution of each protein suggested a

near-to-saturation situation for CTLA4Fcɛ, but not for IgE
(Fig. 4a, left and middle column histograms series).

Altogether, these results clearly indicate that CTLA4Fcɛ
and IgE bind to RPMI-8866 cells in a different manner.

Furthermore, they suggest that CTLA4Fcɛ may have other

binding sites in addition to the IgE-related ones, most

likely CD80 and CD86. To test this hypothesis, similar

experiments were performed with RPMI-8866 cells that

were previously treated with CTLA4-Ig at a protein con-

centration (200 nM) that blocks all the available CD80

and CD86 sites on these cells (Fig. 4b), and represents

more than a fourfold excess compared with the highest

concentration of CTLA4Fcɛ tested. For every concentra-

tion of CTLA4Fcɛ studied under these conditions, a sub-

stantial reduction of the MFI was observed (Fig. 4a, right

column histograms series), indicating that occupancy of

the CD80 and CD86 sites conditioned CTLA4Fcɛ’s
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Figure 2. CTLA4Fce binds to cells displaying CTLA-4 counter-receptors and Fce receptors. Human FceRI+ RBL-SX38 or CD23+ CD80+ CD86+

RPMI-8866 cells were suspended in culture supernatant harvested from: (i) the cell line used for CTLA4Fce DNA expression (TAZZ), (ii) the

transfectoma producing CTLA4Fce (G1E10), or (iii) a human IgE-producing cell line (U266), in the presence of phycoerythrin (PE) -labelled

anti-human IgE or anti-mouse CTLA-4. Samples were analysed by flow cytometry and results are shown as representative dot plots of cell size

(FCS-H) versus signal in the relevant fluorescence channel. Binding of CTLA4Fce (or IgE) was estimated as the change in fluorescence intensity

(FI) of events analysed under each experimental condition compared with the basal FI value offered by a sample incubated with the antibody

probe alone. This change was expressed as a percentage of positive events (inset values in each dot plot) defined as those found above an arbi-

trary cut-off line. The results shown come from a single experiment and are representative of at least three independent experiments, each

performed in duplicate.
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binding to RPMI-8866 cells. A similar blockade of CD80/

CD86 using CTLA4-Ig did not modify IgE’s binding to

RPMI-8866 cells (not shown).

To further confirm that CTLA4Fce binds RPMI-8866

cells through B7 molecules, fluorochrome-labelled mAbs

against CD80 and CD86 were used to stain these cells.

Previous studies reported that the mAb clones used rec-

ognize the main binding region for CTLA-4/CD28 in

CD80 and CD86.49,50 Flow cytometric analysis showed

that the CTLA4Fce-containing culture supernatant

(G1E10) blocked mAb binding to CD80 and CD86

molecules (Fig. 5a). Furthermore, double staining of

RPMI-8866 cells with anti-CD80 plus anti-CD86 was

almost completely blocked in the presence of G1E10

supernatant (Fig. 5b). Additional support for the assump-

tion that the other sites for CTLA4Fce’s binding are

CTLA-4-related was obtained by incubating RPMI-8866

cells with purified CTLA4Fcɛ or IgE at various concentra-

tions and subsequent staining with the fluorescent anti-

CD86 reagent. CTLA4Fce, but not IgE, blocked the

binding of anti-CD86 in a concentration-dependent

fashion (Fig. 5c).

The nature and consequence of CTLA4Fce binding to
CD23 and B7 on RPMI-8866 cells: multi-molecular
binding and inhibition of sCD23 accumulation

To further characterize the differences observed in the

binding of CTLA4Fce and IgE to RPMI-8866 cells, a flow

cytometry-based binding inhibition assay was carried out

using a fluorochrome-labelled anti-CD23 mAb that recog-

nizes the IgE-binding site of CD23.51 Purified CTLA4Fce
mediated a concentration-dependent blockade of anti-

CD23’s binding to RPMI-8866 cells (Fig. 6a, upper his-

togram). Interestingly, the same concentrations of IgE

were only marginally effective at preventing anti-CD23

binding to these cells (Fig. 6a, lower histogram). These

results clearly show that CTLA4Fce competes with the

anti-CD23 mAb more effectively than IgE for binding to

CD23. We speculate that this enhanced ability is probably

related to the capacity of CTLA4Fce molecules to bind

simultaneously to CD23 and B7 on the surface of RPMI-

8866 cells.

Previous reports have documented that soluble CD23

(sCD23) accumulates in RPMI-8866 cell cultures,15 so we

asked whether the presence of CTLA4Fce could modify

the sCD23 content of supernatants harvested from these

cultures. Therefore, RPMI-8866 cells were incubated in

the presence of increasing amounts of CTLA4Fce or IgE,

and the content of sCD23 in the culture supernatants was

determined by a CD23-specific ELISA. In the presence of

IgE (Fig. 6b), the content of sCD23 in culture super-

natants increased slightly but significantly at the lowest

concentration of IgE tested. At all other concentrations,

no difference with the control condition was observed.

These results are consistent with the previously reported

regulation of IgE production by sCD23 in humans.21,24

By contrast, CTLA4Fce induced a significant, concentra-

tion-dependent reduction of the sCD23 content in the

analysed supernatants (Fig. 6b).

CTLA4Fce suppresses Con A-induced proliferation of
human PBMCs

A significant reduction in the Con A-induced lymphocyte

proliferation rate was observed (Fig. 7a) in samples of

human PBMCs from four different donors at the highest

concentration of CTLA4Fce tested (10 nM). A reduction in

proliferation, though not statistically significant, was also

observed at 1 nM of CTLA4Fce. The CTLA4-Ig fusion pro-

tein abatacept – used as a control – also exerted a blocking

effect on Con A-induced proliferation starting at 10 nM.

An analysis of these samples with regard to the number of

cell divisions confirmed these results and revealed that both

Figure 3. CTLA4Fce binds to FceRI. (a) Flow cytometric analysis of FceRI+ RBL-SX38 or FceRIa+ CHO-3D10 cells incubated with CTLA4Fce or
IgE at the indicated concentrations, and subsequently stained with an FITC-labelled anti-human FceRIa monoclonal antibody (mAb) (clone

CRA2, which recognizes the IgE-binding site of FceRI). Binding of CTLA4Fce or IgE to FceRI was estimated as the reduction in the anti-FceRIa-
related mean fluorescence intensity (MFI). Grey-filled histograms show the fluorescence of the sample incubated with the antibody isotype; empty

grey-lined histograms, the fluorescence of the sample incubated with anti-FceRIa/FITC; and empty black-lined histograms, the fluorescence of the

sample incubated with anti-FceRIa/FITC in the presence of CTLA4Fce or IgE. Inset numbers shown within select histograms are MFI values or

percentage of inhibition. (b1) CTLA4Fce blocks the binding of IgE to FceRI on RBL-SX38 cells. Cells were incubated in culture media containing

IgE/FITC at a fixed concentration (45 nM of IgE), mixed with either CTLA4Fce at different concentrations or ‘cold’ IgE at a fixed concentration

(45 nM). Samples were analysed by flow cytometry and a reduction of the IgE/FITC-related MFI was assumed to be the result of the occupancy

of FceRI sites by CTLA4Fce or ‘cold IgE’. The percentage of inhibition was calculated. Grey-filled histograms show the autofluorescence of the

control sample; empty grey-lined histograms, the fluorescence of the sample incubated with IgE/FITC; and empty black-lined histograms, the flu-

orescence of the sample incubated with IgE/FITC in the presence of CTLA4Fce or ‘cold’ IgE. Inset numbers represent the same values indicated

in (a). The results shown in (a) and (b1) come from a single experiment and are representative of at least three independent experiments, each

performed in duplicate. (b2) CTLA4Fce blocks IgE binding to FceRI on human peripheral blood basophils. Blood samples (i, ii, iii) were pro-

cessed to elute endogenous IgE and treated as outlined in (b1). Basophils present in these samples were hierarchically gated according to their rel-

ative size (FSC-H) versus granularity (SSC-H), followed by CD203c/FceRI expression. Then, they were analysed to determine the IgE/FITC-

related fluorescence, and the percentage of blockade was calculated.
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CTLA4Fce and abatacept mainly reduced the proportion of

cells experiencing three rounds of cell division, leading to

the accumulation of cells in the non-dividing fraction

(Fig. 7b).

Discussion

Here we report on the production and characterization of a

soluble fusion protein, CTLA4Fce, consisting of the extra-

cellular domain of mouse CTLA-4 fused to a human

immunoglobulin e chain-constant region lacking Ce1.

CTLA4Fce is synthesized by a stably transfected mam-

malian cell line, and secreted into the culture medium as a

disulphide-linked homodimer with an apparent MW of

~145 000–150 000. Treatment of CTLA4Fce with a thiol

reducing agent rendered polypeptide monomers of

~70 000. The apparent molecular size of CTLA4Fce mono-

mers is about 20 000 higher than it would be expected
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according to the estimate from its DNA sequence

(~50 000). As the cell line used for production of CTL4Fce
also secretes human immunoglobulin k L chains, attempts

were made to investigate an eventual association between

CTL4Fce and immunoglobulin k chains. Evidence of such

interaction was not found by either ELISA or immunoblot-

ting. No further studies were implemented to clarify this

discrepancy, but several glycosylation sites exist in the frag-

ment of the constant portion of the immunoglobulin e

chain52 and one in the extracellular domain of CTLA-453

present in the chimera. Carbohydrate chains attached to

these sites could partially explain the difference between

the expected and observed CTLA4Fce molecular sizes. At

present, it is not clear whether CTL4Fce is glycosylated.
According to our current knowledge most, if not all, of

the documented pathophysiological properties of IgE stem

from interactions with its cellular receptors, FceRI and

FceRII (CD23). Here we showed that CTLA4Fce binds
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Figure 4. Differential binding of CTLA4Fce and IgE to RPMI-8866 cells. (a) Left and middle column histogram series show representative flow

cytometric analyses of RPMI-8866 cells incubated with six different concentrations (from 1�4 to 45 nM) of IgE or CTLA4Fce, respectively, and
subsequently stained with phycoerythrin-labelled anti-human IgE (anti-IgE/PE). The right column histogram series contains data from a similar

experience in which RPMI-8866 cells were pretreated with 200 nM CTLA4-Ig (to block CD80 and CD86 sites), incubated with CTLA4Fce, and
finally stained with anti-IgE/PE. Mean fluorescence intensity (MFI) values of the control condition (no protein) and of each protein concentra-

tion assayed are included for comparisons (inset numbers shown at the right upper corner of each histogram). Also included for comparisons

are values that represent, for each protein concentration assayed, the number of times the CTLA4Fce-related MFI was higher than the IgE-related

MFI (inset underlined numbers shown below MFI values in the middle and right column histogram series) The results shown come from a single

experiment and are representative of seven independent experiments, each performed in duplicate. (b) RPMI-8866 cells were stained with fluores-

cent anti-human CD80 and anti-human CD86 in the presence of two different concentrations of CTLA4-Ig and analysed by flow cytometry. The

results shown come from a single experiment and are representative of at least two independent experiments, each performed in duplicate.
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specifically to FceRI, expressed on the surface of two differ-

ent cell lines as well as on basophils present in human

peripheral blood. Our results indicate that CTLA4Fce bind-
ing occurs via the a subunit of FceRI, where the IgE-bind-
ing sites are located. Moreover, the evidence presented

shows that CTLA4Fce blocks the binding of IgE to FceRI in
a concentration-dependent manner. Interestingly, this

blocking effect is particularly efficient when CTLA4Fce is

tested on human peripheral blood basophils under non-

saturating conditions of the receptor. The efficient block-

ade of the IgE binding to FceRI on human basophils by

CTLA4Fce may be related to the previously reported

expression of CD80/CD86 on these cells,54 which perhaps

allows for a dual binding of CTLA4Fce to FceRI and these

co-stimulatory molecules on the cell surface.

Taken together, these results strongly support the

notion that CTLA4Fce specifically associates with the IgE-

binding site(s) in human FceRI. By binding to FceRI on

mast cells and basophils, CTLA4Fce may prevent or

reduce allergen-specific or self-reactive IgE sensitization

and degranulation of effector cells during pathological sit-

uations associated with the Th2 immune response.

Our results also indicate that CTLA4Fce associates

specifically with the low-affinity receptor for IgE, FceRII/
CD23, at the IgE-binding site, and with the CD28/CTLA-4-

binding sites on human CD80 and CD86. Furthermore,

during competitive assays CTLA4Fce, but not IgE, effi-

ciently blocked the association of a fluorescent anti-CD23

probe to CD23 displayed on the surface of CD80- and

CD86-expressing human B-lymphoblastoid cells. This

observation led us to propose that probably each

CTLA4Fce molecule binds simultaneously to CD23 and to

CD80 and/or CD86 on the cell surface. Hence, CTLA4Fce
binding to CD23 appears stronger than that of IgE in flow
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Figure 5. CTLA4Fce binds to B7 molecules. (a) Aliquots of CD23+ CD80+ CD86+ RPMI-8866 cells were incubated in mixes containing

supernatant harvested from TAZZ or G1E10 cell cultures and fluorescent anti-CD80 or anti-CD86 blocking monoclonal antibodies (mAbs), and

analysed by flow cytometry. Representative dot plots show that the vast majority of cells suspended in TAZZ supernatant were labelled with anti-

CD80 or anti-CD86 (92% and 99% of the events analysed, respectively). Conversely, the samples suspended in G1E10 supernatant were only

marginally labelled (anti-CD80, 0�8%; anti-CD86, 18%). (b) Aliquots of RPMI-8866 cells were treated as indicated in (a), but adding both fluo-

rescent anti-CD80 and anti-CD86 reagents to TAZZ and G1E10 supernatants. Samples were analysed by flow cytometry and results are shown in

representative dot plots. Incubation of the cells under these conditions led to an almost complete reduction of the CD80- and CD86-specific

labelling in the case of the supernatant G1E10. (c) Overlaid histograms show representative flow cytometric analysis of samples of RPMI-8866

cells incubated with anti-human CD86/FITC mixed with two different concentrations (as indicated in the legend at the top of the figure) of

purified CTLA4Fce or IgE. CTLA4Fce, but not IgE, was able to reduce anti-CD86/FITC-related fluorescence in a concentration-dependent

manner. Inset numbers in the top histogram are mean fluorescence intensity (MFI) values obtained for each condition tested. The results shown

in (a) and (b) come from a single experiment and are representative of three independent experiments, each performed in duplicate.
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cytometric analyses. Interestingly, CTLA4Fce – but not

IgE – reduced the accumulation of sCD23 in supernatants

harvested from cultures of these lymphoblastoid cells in a

concentration-dependent manner. Therefore, CTLA4Fcɛ
might form simultaneous associations with CD80/CD86

and CD23, leading to the formation of multi-molecular

complexes that are either internalized or pose a steric hin-

drance to proteolytic cleavage by ADAM10, blocking CD23

shedding. Alternatively, mCD23 may still be cleaved, but its

association with CD80/CD86-bound CTLA4Fce may keep

CD23 attached to the cell membrane, resulting in a reduc-

tion of sCD23 content at the soluble phase. Oligomeric

organization of CD80/CD86 leading to multivalent binding

has previously been suggested to explain the high avidity

binding of CTLA4Ig to antigen-presenting cells.55 A similar

situation, involving CD23, can occur with CTLA4Fce in the

model presented here. Regardless of the veracity of any of

these interpretations, it is tempting to speculate on the

effect(s) of CTLA4Fce in a more physiological or patho-

physiological context, i.e. during the events that lead to IgE

class-switching in activated B cells. Increased expression of

mCD23 has been documented in IL-4-, CD40L- or IL-4/

CD40L-stimulated B cells.56–58 The mCD23 can be enzy-

matically converted into sCD23, which in humans acts – in

concert with IL-4 and CD40L – as a proliferation stimulat-

ing B-cell factor, inducing IgE class-switching and synthe-

sis. Hence, by preventing or reducing the production of

sCD23 under conditions of B-cell activation biased to the

generation of IgE-producing plasma cells, CTLA4Fce might

stop/reduce B-cell proliferation and/or IgE class switch and

synthesis. In this way, CTLA4Fce could indirectly diminish

the IgE levels, which are frequently increased in Th2-related

pathologies.

Another possible point of immunomodulation by

CTLA4Fce would be during the activation, proliferation

and differentiation of T cells. Here, we provide evidence

that CTLA4Fce suppresses the lymphocyte proliferation

occurring in human PBMCs stimulated in vitro with

Con A, at levels similar to those reached using the

structurally related molecule abatacept. Under the exper-

imental conditions used, both CTLA4Fce and abatacept

significantly reduced the proportions of cells that experi-

enced three rounds of cell division and, concomitantly,

produced an accumulation of cells in the non-dividing

fraction. A large body of evidence supports the idea that

abatacept’s mode of action occurs mainly through block-

ing CD28–CD80/CD86 co-stimulatory interactions,

which hampers subsequent T-cell activation.59,60

Through its CTLA-4 portion, CTLA4Fce probably acts

in a similar fashion. However, as we have shown, the

Fce portion provides CTLA4Fce with novel properties

not present in the structurally related molecules abata-

cept or belatacept.

In summary, we succeeded in producing a soluble

recombinant fusion protein, CTLA4Fce, which interferes

with the in vitro proliferation of human peripheral blood

lymphocytes, as well as with IgE–FceR interactions, lead-

ing to a significant reduction in the accumulation of sol-

uble CD23. As these processes are all of fundamental

importance for the generation of IgE-secreting plasma

cells and for the regulation of IgE levels, CTLA4Fce may
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Figure 6. CTLA4Fce and IgE bind to CD23 differently and

CTLA4Fce reduces sCD23 release from the cell membrane. (a)

Binding of CTLA4Fce and IgE to CD23 was studied using the

CD23+ CD80+ CD86+ human B-lymphoblastoid cell line RPMI-

8866. A fluorescent anti-CD23 probe [phycoerythrin-labelled anti-

CD23 (anti-CD23/PE] that binds to the IgE-binding site of CD23

was used to stain aliquots of 5 9 104 cells in the presence of

CTLA4Fce or IgE at the indicated concentrations. Samples were

analysed by flow cytometry. Representative overlaid histograms

show the binding of CTLA4Fce (top) or IgE (bottom) to CD23,

measured as the reduction in the anti-CD23/PE-related fluorescence.

Inset numbers shown above the select histograms are mean fluores-

cence intensity (MFI) values. In contrast to the marginal influence

of IgE, CTLA4Fce exerted a clear inhibitory effect on anti-CD23/PE

binding to CD23. The results shown come from a single experiment

and are representative of three independent experiments, each per-

formed in duplicate. (b) RPMI-8866 cells were cultured in the pres-

ence or absence of CTLA4Fce or IgE, and the sCD23 content in

supernatants was determined by a CD23-specific ELISA (no IgE/

CTLA4Fcɛ: 100%; IgE at 3�12 nM: 122�4 � 4�8%; CTLA4Fce at

3�12 nM: 83�7 � 1�8%; CTLA4Fce at 6�25 nM: 69�5 � 2%;

CTLA4Fce at 12�5 nM: 65�5 � 1�7%; CTLA4Fce at 25 nM:

62�8 � 1�7%). Results shown are the arithmetic means � SD of

duplicates combined from four independent experiments.

*P < 0�001.
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prove useful in the clinical setting for the control of IgE-

mediated immune disorders and related pathologies.
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tions of purified CTLA4Fce or abatacept (CTLA4Ig). Afterwards, the cells were harvested and analysed by flow cytometry to estimate CFSE con-

tent per cell. (a) The percentage of proliferating cells was determined on the basis of the cellular CFSE content for each experimental condition

tested. Results shown are the arithmetic means � SD of the normalized values obtained from several independent experiments, which are also

individually identified with symbols in the figure (CTLA4Fce experiments: n = 4; abatacept experiments: n = 5 to n = 8). Statistically significant

differences compared to the control condition (a sample in which no protein – CTLA4Fce or abatacept – was added, 100% proliferation) were

observed with CTLA4Fce at 10 nM (60 � 23�8%; P < 0�05) and with abatacept at 10 nM (67�5 � 22�7%; P < 0�05), 100 nM (54�7 � 31�2%;
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defined according to the CFSE content as described in the Materials and methods section. Statistically significant differences were found for the

CTLA4Fce treatment in the group of non-dividing cells (labelled as ‘0’) [0�0 nM (37�1 � 17�7%) and 0�1 nM (32�5 � 15�3%) versus 10 nM
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