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ABSTRACT: A murine monoclonal antibody, CP.B8, specific for the extracellular portion of the human
commonγ (γc) chain, and its Fab fragment are shown to block the binding of IL-2 to COS-7 cells transfected
with the cDNA for the full-length IL-2 receptorâ (IL-2Râ) andγc chains, components which together
comprise the intermediate affinity IL-2 receptor (IL-2R) expressed on the surface of resting T cells, NK
cells, and on certain intestinal epithelial cells. To investigate the mechanism of this inhibition, the
extracellular portions of the IL-2Râ and γc chains were expressed and purified, and their interactions
with each other and with IL-2 were studied by gel filtration and by surface plasmon resonance (SPR).
By gel filtration, a stable ternary complex was formed by association of the three proteins, while no
stable binary complexes were detected between any two of the three proteins. By SPR analysis, IL-2
was shown to associate rapidly with IL-2Râ, forming a binary complex with an equilibrium dissociation
constant (Kd) of 800 nM, which permitted subsequent association of theγc chain. Dissociation of the
IL-2/IL-2Râ/γc chain complex was significantly slower than dissociation of the IL-2/IL-2Râ complex.
Using these model systems, we tested the ability of mAb CP.B8 to inhibit the association of theγc chain
with IL-2 and IL-2Râ. By gel filtration, mAb CP.B8 formed a stable complex with theγc chain, preventing
its association with IL-2 and IL-2Râ. MAb CP.B8 was also capable of dissociating theγc chain already
complexed with IL-2 and IL-2Râ. SPR analysis confirmed these findings and showed, in addition, that
the Fab fragment of CP.B8 was also capable of inhibiting the association of theγc chain with the IL-2/
IL-2Râ complex. We conclude that mAb CP.B8 blocks the second step in the formation of the intermediate
affinity IL-2R on the surface of transfected COS-7 cells by binding at or close to a region on theγc chain
that is involved in contact with IL-2 and/or IL-2Râ.

The receptors for the cytokines IL-2, IL-4, IL-7, IL-9, and
IL-15 share a component called the commonγ (γc)1 chain

(1-6) which was first identified as the third subunit of the
IL-2R (1). Theγc chain is expressed on CD4+ and CD8+ T
cells (7-9), B cells (7), NK cells (7, 8), monocytes (7),
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1 Abbreviations: PBS, 1.5 mM KH2PO4, 8.1 mM Na2HPO4, pH 7,

2.7 mM KCl, and 138 mM NaCl; HBS, 10 mM HEPES, pH 7.4, 150
mM NaCl, and 3.4 mM EDTA; IL-2, interleukin-2; IL-2R, interleukin-2
receptor;γc chain, commonγ chain; γHis, His-tagged extracellular
portion of the commonγ chain; BSA, bovine serum albumin; SPR,

surface plasmon resonance; RU, resonance units; PBMC, peripheral
blood mononuclear cells; PHA, phytohemagglutinin; PTH, phenylth-
iohydantoin; cpm, counts per minute; MOI, multiplicity of infection;
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis; FCS, fetal calf serum; CTL, cytotoxic T lymphocytes.
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neutrophils (10), bone marrow, and cord blood CD34+

progenitor cells (11), as well as on dendritic cells (12) and
on certain intestinal epithelial cells (13). The mature protein
is a 347 amino acid residue, type I integral membrane protein,
and is a member of the hematopoietic receptor superfamily
(14). The extracellular portion of theγc chain contains two
fibronectin type III-like domains which, in addition to being
involved in cytokine binding, may also play a role in cell
adhesion and signaling through activatedâ1 integrins (15).
The importance of theγc chain as a functional constituent
of multiple interleukin receptors is underscored by the
severity of immunodeficiency often associated with mutations
in the γc chain gene (16, 17). The resulting syndrome,
X-linked severe combined immunodeficiency (XSCID), is
characterized by the absence, or presence of only very low
levels, of T and NK cells (18). Mutations found in patients
with XSCID occur in both the extracellular and cytoplasmic
portions of the protein, resulting in impaired cytokine binding
and/or in cytokine-mediated signal transduction (17, 19-
23). In addition to the role that theγc chain plays in thymic
development (24, 25), the protein is also required for mature
T cell proliferation (2).

Of the γc chain-dependent cytokine receptors, the IL-2R
is the most studied. On antigen-activated T cells, high-
affinity binding of IL-2 (Kd ) 10 pM) (26) is dependent
upon the association of the IL-2RR, IL-2Râ, andγc chains,
while signal transduction, mediated by the activation of JAK1
and JAK3 kinases (5), is dependent specifically upon the
association of the cytoplasmic portions of the IL-2Râ and
γc chains (27-29). By contrast, the functional IL-2R on
resting T cells is the intermediate affinity complex (Kd ) 1
nM) (26) formed by the constitutively expressed IL-2Râ and
γc chains without participation of the IL-2RR chain. While
IL-2 alone cannot promote proliferation of resting T cells
(30), binding of IL-2 to the intermediate affinity IL-2R has
been shown to protect resting T cells from radiation-induced
death (31). Moreover, both IL-4 and IL-7, whose receptors
utilize theγc chain, also protect resting T cells from radiation-
induced death, while IL-1, IL-3, and IL-6, whose receptors
do not utilize theγc chain, are not protective (31). In addition
to its role on resting T cells, the intermediate affinity IL-
2Râ/γc complex is the functional IL-2R on NK cells (32,
33) and on certain intestinal epithelial cells (13).

Since the intermediate affinity IL-2Râ/γc complex is an
important form of the IL-2R, not only in itself but also as
the core signaling unit of the IL-2RR/IL-2Râ/γc high-affinity
complex, it was of significant interest to determine whether
the function of the receptor could be inhibited by specifically
blocking the association of theγc chain with the IL-2Râ
chain in the presence of IL-2. Although a small molecule
inhibitor based on the structure of IL-2 has been shown to
inhibit the association of IL-2 with the IL-2RR chain (34)
and mAbs directed against the IL-2RR chain are undergoing
clinical investigation as immunosuppressants (35, 36), an-
tagonists of this type are expected to block the function of
only a single cytokine since they are targeted against either
the cytokine itself or against the cytokine-specific receptor
chain. By contrast, antagonists directed against chains which
are shared between cytokine receptors raise the possiblity
of more effective immunomodulation since they would be
expected to simultaneously block the action of multiple
cytokines.

Here we report that the binding of IL-2 to the intermediate
affinity IL-2R on the surface of COS-7 cells can be blocked
by a mAb, CP.B8, directed against the extracellular portion
of the γc chain. We have characterized the interactions of
the extracellular portions of the IL-2Râ andγc chains with
each other and with IL-2 using gel filtration and SPR, and
we have used these systems to establish the mechanism by
which mAb CP.B8 inhibits complex formation.

EXPERIMENTAL PROCEDURES

Materials. Tris, mono- and disodium hydrogen phosphate,
and EDTA were purchased from Fisher Scientific; Sf900 II
serum-free insect cell medium was purchased from Life
Technologies Inc.; Ni2+-NTA agarose was purchased from
Qiagen; cyanogen bromide-activated Sepharose 4B, imida-
zole, leupeptin, benzamidine, and pepstatin were purchased
from Sigma; aprotinin and protease-free (fraction V) BSA
were purchased from Boehringer Mannheim; HEPES was
purchased from U.S. Biochemicals; AEBSF was purchased
from Calbiochem; disuccinimidyl glutarate, immobilized
papain, and cysteine-HCl were purchased from Pierce
Chemical Co.; CM5 sensor chips, surfactant P20, amine
coupling reagents containingN-hydroxysuccinimide,N-ethyl-
N′-(3-diethylaminopropyl)carbodiimide, and ethanolamine-
HCl were purchased from BIAcore Inc.

Human [125I]IL-2 was purchased from New England
Nuclear. Recombinant human IL-2, purified and refolded
as described (37, 38), and the derivative of the pBlueBac II
baculovirus expression vector encoding the cDNA for the
extracellular portion of the human IL-2Râ chain (39) were
kindly provided by Dr. Thomas Ciardelli, Dartmouth Medical
School.

Antibodies. The murine IgG1 isotype control MOPC 21
was purified from a hybridoma culture supernatant using
Protein A Fast Flow Sepharose (Pharmacia, Piscataway, NJ).
The murine IgG1 anti-humanγc chain mAb CP.B8 (40) was
prepared under contract by Berkeley Antibody Co. (Rich-
mond, CA) from mouse ascites fluid, and was purified by
Protos Immunoresearch (San Fransisco, CA) using Protein
A Fast Flow Sepharose (Pharmacia). The murine anti-human
IL-2Râ chain mAb 18741D was purchased from Pharmingen.

Expression and Purification of the Extracellular Portion
of the Human IL-2Râ Chain. The soluble, extracellular
portion of the human IL-2Râ chain, truncated at the junction
between the extracellular and transmembrane portions [resi-
dues 1-214 of the published sequence (41)], was expressed
in Trichoplusia ni(High Five) insect cells. A 6.4 L culture
of cells grown to a density of 2.6× 106 cells/mL in Sf900
II medium at 28°C was infected with the derivative of the
pBlueBac II (Invitrogen, Carlsbad, CA) baculovirus expres-
sion vector encoding the IL-2Râ cDNA at a multiplicity of
infection (MOI) of 5 virions/cell. Fresh Sf900 II medium
(1.5 L) was added at the time of infection, and the culture
was harvested 48 h postinfection. Cells and debris were
removed by centrifugation, the cell-free supernatant (8.6 L)
was mixed with 344 mL of 0.5 M Na2HPO4, pH 8.6, to adjust
the pH to between 6 and 7, and the protease inhibitors
AEBSF, benzamidine, leupeptin, aprotinin, and pepstatin
were added to final concentrations of 200µM, 1 mM, 10
µg/mL, 10 µg/mL, and 1µg/mL, respectively. The super-
natant was then filtered through a 0.45µm filter before being
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concentrated to 600 mL by ultrafiltration with a S1Y10 spiral
membrane cartridge (Amicon, Danvers, MA). The concen-
trate was stored at-70 °C. Typically, the protein was
purified from 40 mL of the concentrated medium by affinity
chromatography using a 1.4 mL column of Sepharose 4B to
which the murine anti-human IL-2Râ mAb 18741D had been
coupled at a density of 6.2 mg of antibody/mL of swollen
gel. The bound IL-2Râ was eluted with 0.2 M acetic acid,
pH 3, 0.2 M NaCl, and collected as 800µL fractions into
tubes containing 200µL of 0.1 M Tris-HCl, pH 9, to
neutralize the acidity. Fractions identified as containing the
protein by absorbance measurements at 280 nm and by
reducing SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) were pooled, dialyzed extensively against phosphate-
buffered saline (PBS),1 concentrated to approximately 1 mg/
mL, filter sterilized, and stored at 4°C. The N-terminal
sequence, AVNGTSQFT(C)FYNSR, agreed with the pub-
lished sequence (41), although Cys at position 10 could not
be identified since the protein was not modified prior to
sequencing.

Cloning, Expression, and Purification of the Extracellular
Portion of the Humanγc Chain. The DNA sequence
encoding the extracellular portion of the humanγc chain,
truncated at the junction between the extracellular and
transmembrane portions [residues 1-254 of the published
sequence (1)], with a hexahistidine tag at the C-terminus
(referred to hereafter asγHis), was cloned from a Jurkat
cDNA library by screening with oligo 310-09 which is
antisense to nucleotides 592-620 of the humanγc chain gene
(Genbank accession number D11086). Two clones were
sequenced and both were found to have a T atposition 673
instead of a C; therefore, the protein has a methionine at
position 220 instead of a threonine as published (1).
However, this encoded form of theγc chain is functionally
competent as measured by its ability to mediate high-affinity
IL-4 binding when cotransfected into COS-7 cells with the
IL-4RR chain, resulting in aKd of 200 pM ( 100 pM,2 an
affinity approximately 3-fold higher than that mediated by
the IL-4RR chain alone and in agreement with published
results (3). In addition, the encodedγc chain mediated
IL-2 binding when cotransfected with the IL-2Râ chain
with a Kd of approximately 1 nM (40), also in good
agreement with published results (26). One of these clones,
4A1, was used for production of the His-tagged construct.
The His-tagged construct was cloned by PCR with primer
310-08 (5′ GCGGCCGCGAAGAGCAAGCGCCATGT-
TGAAGCCATC 3′) and phosphorylated primer 310-30 (5′
ATTCTCTTTTGAAGTATTGCTCCC 3′), using 100 ng of
clone 4A1 as the template. PCR was carried out using 2.5
units of cloned pfu DNA polymerase (Stratagene, La Jolla,
CA) with the buffer provided and 30 pmol of each primer.
Thirty cycles of 94°C for 1 min, 56°C for 1 min, and 72
°C for 2.5 min were carried out in a Perkin-Elmer Cetus
(Norwalk, CT) DNA Thermocycler. The resulting 784 bp
PCR product was purified on FMC (Rockland, ME) spinbind
and ligated to 12.5 pmol of His-tag adaptor formed by
annealing phosphorylated primer 310-31 (5′ CACCACCAT-
CATCACCACTAGC 3′) and 310-032 (5′ GGCCGCTAGTG-

GTGATGATGGTGGTG 3′). The ligated DNA was di-
gested with the restriction endonucleaseNotI and purified
by electrophoresis in 1% low melting point agarose. The
excised band was treated withâ-agarase (FMC, Rockland,
ME) and ligated to the vector pCH250, a derivative of
pCDM8 (42), at the uniqueNotI site to produce plasmid
pCH254. For expression in insect cells, plasmid pCH254
was digested withNotI and the 0.8 kb fragment containing
theγHis cDNA was recovered by FMC spinbind purification
and ligated intoNotI digested and phosphatase-treated
pFastBac I (Life Technologies Inc., Gaithersburg, MD).
Recombinant Bacmid DNA was prepared and transfected into
Spodoptera frugiperda(Sf9) cells according to the manu-
facturer’s recommendations. High titer baculovirus stocks
were subsequently prepared by infection of Sf9 cells.

The protein was expressed in High-Five insect cells. A
36 L culture of cells grown to a density of 2.1× 106 cells/
mL in Sf900 II medium at 28°C was infected with the
pFastBac I baculovirus containing theγHis cDNA at a MOI
of 3.5 virions/cell. Fresh Sf900 II medium (2 L) was added
at the time of infection, and the culture was harvested 44 h
postinfection. Cells and debris were removed by filtration
through 0.5 and 0.2µm filters connected in series, then
sodium azide and the protease inhibitors AEBSF, benzami-
dine, leupeptin, aprotinin, and pepstatin were added to final
concentrations of 0.05%, 200µM, 1 mM, 10µg/mL, 10µg/
mL, and 1µg/mL, respectively. The cell-free supernatant
was then concentrated to 3 L by ultrafiltration with three
S1Y10 spiral membrane cartridges (Amicon) connected in
series. The concentrate was stored at-70 °C. Typically,
the protein was purified from 800 mL of the concentrated
medium by first dialyzing against 50 mM Na2HPO4, pH 8,
0.5 M NaCl, and 20 mM imidazole, centrifuging to remove
insoluble material and then loading the supernatant onto a
45 mL (2.6 cm internal diameter× 8.5 cm) column of Ni2+-
NTA agarose equilibrated with 50 mM Na2HPO4, pH 8, 0.5
M NaCl, and 20 mM imidazole. Once loaded, the column
was washed with 1050 mL of the equilibration buffer before
the bound proteins were eluted with a linear 20 to 250 mM
imidazole gradient (total volume) 500 mL) in 50 mM Na2-
HPO4, pH 8, and 0.5 M NaCl. Fractions identified as
containingγHis by reducing SDS-PAGE were pooled and
dialyzed extensively against 40 mM Na2HPO4, pH 7.5.
Highly aggregated forms ofγHis were then removed by gel
filtration through two Superdex 200 HR 10/30 columns
(Pharmacia) connected in series at 0.4 mL/min in either PBS
or HEPES buffered saline (HBS),1 depending on whether
the protein was to be used for gel filtration or SPR
experiments, respectively. The gel filteredγHis was stored
at 0.2 mg/mL in either buffer at-70 °C.

Protein Concentration Determination.The concentration
of IL-2Râ was determined from absorbance measurements
at 280 nm using a molar absorption coefficient of 58 200 L
mol-1 cm-1, which was calculated from amino acid analysis
data. The concentrations ofγHis and IL-2 were determined
using the predicted molar absorption coefficients of 61 450
L mol-1 cm-1 and 9650 L mol-1 cm-1, respectively (43).
For the various mAb and Fab fragments, extinction coef-
ficients of 214 500 L mol-1 cm-1 and 76 500 L mol-1 cm-1,
respectively, were used (44).

N-Terminal Sequencing. The N-terminal sequence of IL-
2Râ andγHis were determined using a model 470A gas-phase

2 Whitty, A., Raskin, N., Olson, D. L., Borysenko, C. W., Benjamin,
C. D., and Burkly, L. C. (1998) Interaction affinity between cytokine
receptor components on the cell surface (submitted for publication).
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sequencer (Applied Biosystems, Foster City, CA). Protein
(200 pmol) was loaded directly and the resulting PTH-amino
acids were analyzed on-line using a model 120A amino acid
analyzer (Applied Biosystems) fitted with a C18 (2.1 mm
internal diameter× 220 mm) reversed-phase HPLC column.

Analysis of the Binding of IL-2 to COS-7 Cells Transfected
with the cDNA Encoding the Full-Length IL-2Râ and γc

Chains. COS-7 cells (107 in 0.8 mL of 20 mM HEPES, 0.7
mM Na2HPO4, pH 7.05, 137 mM NaCl, 5 mM KCl, and 6
mM dextrose) were transfected by electroporation with 20
µg each of the derivatives of the pCDM8 (42) expression
vector pLB009 and pLB026 which carry the full-length
cDNA of the IL-2Râ andγc chains, respectively. Binding
of [125I]IL-2 to the transfected cells was determined 48 h
posttransfection. Cells (5× 106) were preincubated in 150
µL of PBS containing 1% fetal calf serum (FCS) for 1 h at
4 °C in the absence or presence of mAb CP.B8 or its Fab
fragment or the murine IgG1 isotype control MOPC 21 or
its Fab fragment. [125I]IL-2 (2.1 × 1016 Bq/mol) was then
added to a concentration of 1 nM, and the cells were
incubated for a further 1 h at 4 °C. The cells were then
washed twice with 2 mL of PBS containing 1% FCS, and
the amount of bound radioactivity was determined by
counting in a Wallac (Gaithersburg, MD) 1470 gamma
counter. The data were corrected for nonspecific IL-2
binding by deducting the amount of bound counts from a
sample which contained 1 nM [125I]IL-2 and a 100-fold molar
excess of nonradioactive IL-2.

Gel Filtration Analysis of the Formation of the IL-2/IL-
2Râ/γHis Complex. To investigate the formation of the IL-
2/IL-2Râ/γHis complex, 200 pmol (1.58µM) of IL-2, IL-
2Râ, γHis monomer, or γHis dimer, either alone or in
combination, were incubated for 1 h at room temperature
and then 158 pmol was removed and gel filtered through
two Superdex 200 HR 10/30 columns connected in series at
0.4 mL/min in PBS. The effluent was monitored at 280 nm,
and the columns were calibrated with gel filtration standards
(Bio-Rad) containing BSA as an additional standard. Plots
of elution time versus logMr for the standards typically
yielded straight lines with correlation coefficients ofR2 )
0.97-0.99. Fractions (500µL) were collected and the
location of IL-2Râ determined by Western dot-blot analysis.
Samples (50µL) of selected gel filtration fractions were
applied under vacuum to 0.45µm nitrocellulose filters (Bio-
Rad) in a 96-well dot-blot chamber (Bio-Rad). The loaded
nitrocellulose was removed from the chamber and blocked
overnight with 20 mM Tris-HCl, pH 7.2, 150 mM NaCl,
2% nonfat dry milk, and 0.05% sodium azide. To detect
IL-2Râ, blots were incubated for 1 h in 20 mMTris-HCl,
pH 7.2, 150 mM NaCl, 2% nonfat dry milk, 0.5% Tween
20, and 0.05% sodium azide, containing 1µg/mL mAb
18741D. After washing the blots with 4× 5 min washes of
20 mM Tris-HCl, pH 7.2, 150 mM NaCl, and 0.5% Tween
20 (buffer A), followed by 5× 5 min washes with 20 mM
Tris-HCl, pH 7.2, and 150 mM NaCl (buffer B), the bound
mAb 18741D was detected by incubating the blots for 1 h
in 20 mM Tris-HCl, pH 7.2, 150 mM NaCl, 2% nonfat dry
milk, and 0.05% sodium azide, containing a 1:1000 dilution
of HRP-conjugated goat anti-mouse IgG (Bio-Rad). After
washing the blots with 5× 5 min washes of buffer B
followed by a final rinse with 10 mM Tris-HCl, pH 7.2, the
blots were developed and visualized with ECL chemilumi-

nescent reagents (Amersham, Cleveland, OH) according to
the manufacturer’s instructions.

Gel Filtration Analysis of the Interaction between MAb
CP.B8 andγHis. For gel filtration experiments designed to
investigate the interaction of mAb CP.B8 withγHis, 115 pmol
(0.77µM) of mAb CP.B8 orγHis monomer, either alone or
in combination, were incubated for 30 min at room temper-
ature, and then 77 pmol were removed and gel filtered
through two Superdex 200 HR 10/30 columns connected in
series at 0.4 mL/min in PBS.

For gel filtration experiments designed to investigate the
inhibition of formation of the IL-2/IL-2Râ/γHis complex by
mAb CP.B8, 200 pmol ofγHis monomer and 1 nmol of mAb
CP.B8 were incubated for 30 min at room temperature, and
then 200 pmol of IL-2 and IL-2Râ were added. After a
further 30 min incubation at room temperature, 158 pmol of
IL-2, IL-2Râ, and γHis monomer and 796 pmol of mAb
CP.B8 were removed and gel filtered through two Superdex
200 HR 10/30 columns connected in series at 0.4 mL/min
in PBS. In other experiments designed to investigate the
ability of mAb CP.B8 to bind toγHis monomer already
complexed with IL-2 and IL-2Râ, 200 pmol of IL-2, IL-
2Râ, andγHis monomer were incubated for 30 min at room
temperature, and then 1 nmol of mAb CP.B8 was added.
After a further 30 min incubation at room temperature, 158
pmol of IL-2, IL-2Râ, andγHis monomer and 796 pmol of
mAb CP.B8 were removed and gel filtered as described
above.

Preparation of Protein Reagents for SPR. Prior to SPR
analysis, IL-2 was dialyzed extensively against HBS and
centrifuged to remove insoluble material. The mAb CP.B8
and MOPC 21 were gel filtered through two Superdex 200
HR 10/30 columns connected in series at 0.4 mL/min in HBS
to exact a buffer change and to remove aggregated material.
The Fab fragments of CP.B8 and MOPC 21 were generated
by digestion of the intact antibodies with immobilized papain
in 20 mM Na2HPO4, pH 7, 10 mM EDTA, and 20 mM
cysteine-HCl, at 37°C for 6 h. The undigested antibody
and the cleaved Fc fragment were removed by passing the
sample over a column of Protein A Fast Flow resin
(Pharmacia). The flow through, containing the Fab fragment,
was dialyzed extensively against PBS, concentrated, and then
the Fab fragment was purified further by gel filtration in
HBS as described above. The fidelity of the Fab fragments
was confirmed on calibrated reducing and nonreducing
SDS-PAGE gels.

All protein reagents except IL-2Râ were formulated at the
desired concentrations in HBS containing 0.005% surfactant
P20 and 0.1 mg/mL BSA. BSA was included to reduce the
bulk refractive index difference between the sample and the
running buffer (45).

SPR Analysis of the Formation of the IL-2/IL-2Râ/γHis

Complex. All SPR experiments were carried out using a
BIAcore 2000 instrument (BIAcore Inc., Piscataway, NJ) at
a flow rate of 10 µL/min. Pure IL-2Râ was coupled
covalently to the CM5 chip as follows. The CM5 chip
surface was first activated withN-hydroxysuccinimide/N-
ethyl-N′-(3-diethylaminopropyl)carbodiimide (15-30 µL),
and then IL-2Râ (20-50 µL) diluted to 20-30 µg/mL in
10 mM acetic acid, pH 4, was injected. Unreacted groups
on the chip were then blocked with ethanolamine-HCl (30-
35µL). In such a manner, surface densities of between 4457
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and 6999 resonance units (RU) were generated. Following
several rounds of regeneration with 1 mM formic acid (20
µL) to establish a reproducible and stable baseline, samples
of IL-2 andγHis were injected over the surface, either alone
or in combination, in HBS containing 0.005% P20 and 0.1
mg/mL BSA. Time courses (“sensorgrams”) were recorded
and normalized to a baseline of 0 RU, and equivalent
volumes of all samples were run simultaneously over a blank,
(i.e., nonprotein, blocked) surface to allow deduction of
nonspecific, bulk refractive index changes (46). The surface
was regenerated between samples by injecting 1 mM formic
acid (20µL), followed by reequilibration with HBS contain-
ing 0.005% P20 and 0.1 mg/mL BSA. Data were analyzed
using the BIAevaluation 2.1 software supplied with the
instrument. Data for the binding of IL-2 alone to the chip
showed, at high concentrations of IL-2, a slight drift of
<0.022 RU/s in the signal observed at equilibrium. The size
of the burst in RU, corresponding to the equilibrium binding
at each concentration of IL-2, was determined by a linear
extrapolation of the data fort ) 20-150 s back tot ) 0
(wheret ) 0 is the injection time). This correction never
exceeded 1% of the signal observed att ) 20 s. Sensorgrams
for the binding ofγHis to the chip in the presence of IL-2
showed an initial burst in RU followed by a slower phase
of binding. Data for the slower phase deviated systematically
from a single exponential, but an improved fit was obtained
by allowing for a linear drift in the signal of 0.016 RU/s,
similar in magnitude to that observed in data for the binding
of IL-2 alone. This drift could not be eliminated by changing
the experimental conditions, nor could the cause of this
additional slow association be established, although it is
likely to be due to the nonspecific binding of IL-2 and/or
γHis to the chip. For each combination of IL-2 andγHis

concentrations, the data fromt ) 10-600 s after injection
were fitted to an exponential equation with allowance for
drift, offset from 0 RU by an amount corresponding to the
size of the initial burst. The size of the initial burst was
given by the offset, and the amplitude of the slow phase of
binding was determined from the exponential component of
the fit.

For the inhibition of IL-2/IL-2Râ/γHis complex formation
by either mAb CP.B8 or MOPC 21, or by their respective
Fab fragments, the antibodies were preequilibrated with IL-2
andγHis for 15 min prior to injection over the IL-2Râ surface.

RESULTS

MAb CP.B8 and Its Fab Fragment Inhibit the Formation
of the Intermediate Affinity IL-2R on the Surface of Trans-
fected COS-7 Cells. MAb CP.B8, an antibody directed
against the extracellular portion of the humanγc chain, has
been shown to inhibit the IL-2-dependent proliferation of
freshly isolated human peripheral blood mononuclear cells
(PBMC) when cultured with allogeneic targets, and to inhibit
the IL-2-dependent proliferation of PHA-activated T cells
by blocking the high-affinity binding (Kd ) 10 pM) of IL-2
to the IL-2RR/IL-2Râ/γc complex (40). We carried out
experiments to determine whether the antibody similarly
inhibited binding of IL-2 to the intermediate affinity IL-2R,
using, as a model system, COS-7 cells which were trans-
fected with the cDNA for the full-length IL-2Râ and γc

chains.

Figure 1 shows that both mAb CP.B8 and its Fab fragment
specifically inhibited the binding of 1 nM [125I]IL-2 to the
surface of the transfected cells. This concentration of IL-2
was chosen since it equals theKd for the binding of IL-2 to
the IL-2Râ/γc complex (26). At a concentration of 300µg/
mL (2 µM), mAb CP.B8 blocked 92% of IL-2 binding, while
at 300 µg/mL (6 µM), its Fab fragment blocked 88% of
binding. The IC50 values were 0.4µg/mL (2.7 nM) for the
intact antibody and 15µg/mL (300 nM) for the Fab fragment.
By contrast, neither the murine IgG1 isotype control MOPC
21 nor its Fab fragment yielded significant inhibition at these
concentrations.

Characterization of Recombinant SolubleγHis. The ability
of mAb CP.B8 and its Fab fragment to inhibit the binding
of IL-2 to the intermediate affinity IL-2R on the surface of
transfected COS-7 cells suggested that it functioned by
blocking a critical site on theγc chain required for interaction
with IL-2 and/or IL-2Râ. To define this mechanism at the
molecular level, we prepared the individual components and
tested the ability of mAb CP.B8 to inhibit complex formation
in solution.

Purification ofγHis on Ni2+-NTA agarose as described in
the Experimental Procedures typically resulted in prepara-
tions which were>95% homogeneous as judged by reducing
SDS-PAGE. The N-terminal sequence, L(N)T(T)ILTP-
NGNEDT(T)ADFFL, agreed with the published sequence
(1), although Asn at position 2 and Thr at positions 4 and
15 could not be identified. The apparentMr of γHis on
calibrated reducing SDS-PAGE gels (Mr ) 49 000( 0, n
) 5) was significantly greater than the predicted mass based
on the amino acid composition alone (Mr ) 28 186),
indicating that at least some of the six predicted glycosylation
sites (1) were occupied. AlthoughγHis ran as a single band
on reducing SDS-PAGE, gel filtration through a Superose
6 HR 10/30 column indicated that, under native conditions,
the protein formed two prominent species with apparentMr

values of 42 800 and 1.2× 105, as well as more highly
aggregated forms, the largest of which eluted close to the 4
× 107 Mr exclusion limit of the column. Therefore, it

FIGURE 1: Inhibition of the binding of [125I]IL-2 to COS-7 cells
expressing the full-length IL-2Râ and γc chains by mAb CP.B8
and its Fab fragment. COS-7 cells transfected with cDNA encoding
the full-length IL-2Râ andγc chains were incubated with various
concentrations of mAb CP.B8 (b) or its Fab fragment (9), the
murine IgG1 isotype control MOPC 21 (O), or its Fab fragment
(0), and the amount of [125I]IL-2 bound to the cells determined
as described in the Experimental Procedures. The data for mAb
CP.B8 and its Fab fragment were fitted to a four parameter
curve fit with the maximum number of specific counts bound in
the absence of antibody set at 4125 CPM as determined experi-
mentally.
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appeared thatγHis existed primarily as monomeric and
trimeric species. However, cross-linking with disuccinimidyl
glutarate followed by reducing SDS-PAGE indicated that
the cross-linked species was dimeric, with no evidence of a
trimeric species (data not shown). While we cannot rule
out the possibility that the oligomeric form is a trimer but
fails to cross-link as such under the conditions used, our
assignment of this species as a dimer is in agreement with
Hoffman et al. (47, 48). The anomolous behavior of the
dimeric form on gel filtration was presumably due to the
highly glycosylated nature of the protein.

Initial SPR studies showed that the monomeric form of
γHis was able to associate with IL-2Râ in the presence of
IL-2, but that the dimeric form was largely devoid of activity.
Experiments to find conditions that would minimize the
formation of dimer in theγHis preparation showed that the
most important factor affecting the relative amount of dimer
was the protein concentration. If the concentration was
maintained at 0.5 mg/mL or higher, the ratio of dimer to
monomer typically ranged from 3:1 to 5:1 (w/w). However,
by keeping the concentration at no more than 0.2 mg/mL,
the ratio of dimer to monomer could be kept at approximately
1:1 (w/w). Attempts were made to separate completely the
dimeric and monomeric forms by gel filtration through two
Superdex 200 HR 10/30 columns connected in series.
However, due to the propensity ofγHis to aggregate even
after separating the two species and rechromatographing the
isolated peaks one or two additional times, it was not possible
to prepare monomericγHis uncontaminated by the dimeric
form. For the gel filtration experiments, preparations which
were enriched for the monomeric or dimeric forms ofγHis

were used, while for the SPR experiments preparations
containing both forms at a ratio of approximately 1:1 (w/w)
were used.

During the course of the present study, we also expressed
and purified the extracellular portion of the murineγc chain
as a His-tagged construct, a protein which is 69% identical
at the amino acid sequence level to the human protein (49).

Interestingly, unlike the human protein, murineγHis ran on
gel filtration as a monomeric species with an apparentMr of
49 600 even at a concentration of 0.91 mg/mL, a concentra-
tion at which most of the humanγHis is dimeric. The ability
to purify monomeric murineγHis may prove useful for X-ray
crystallography studies aimed at determining the structure
of the murine IL-2/IL-2Râ/γc complex, or of other cytokine
receptor complexes which utilize theγc chain.

Detection of a Stable Complex between IL-2 and IL-2Râ
by Gel Filtration Is Dependent uponγHis. To investigate
the role of γHis in the formation of the IL-2/IL-2Râ/γHis

complex, a series of experiments was carried out in which
IL-2, IL-2Râ, andγHis were analyzed by gel filtration, both
individually and as mixtures of two and three components.
The formation of a stable complex was determined not
only by comparison of the gel filtration chromatograms,
but also by detecting the position of IL-2Râ in the elution
profile and any shift in its position due to its inclusion in a
higherMr complex, by Western dot-blot analysis. Control
samples which did not contain IL-2Râ were also subjected
to Western dot-blot analysis to demonstrate that there was
no nonspecific cross-reactivity of IL-2 orγHis with mAb
18741D and HRP-conjugated goat anti-mouse IgG used to
detect IL-2Râ.

When tested separately, IL-2 ran as a single peak with an
apparentMr of 12 200 (Figure 2A), while IL-2Râ ran as two
peaks, a major peak with an apparentMr of 30 300 corre-
sponding to the monomer and a minor peak with an apparent
Mr of 62 200, which was presumably a dimeric form (Figure
2B). The apparentMr of monomeric IL-2Râ agreed well
with the apparentMr values of 33 400( 550 (n ) 5) and
31 000( 670 (n ) 10) determined on calibrated reducing
and nonreducing SDS-PAGE gels, respectively. Prepara-
tions of γHis that were enriched for the monomeric (Figure
2C) or dimeric (Figure 2D) forms (referred to hereafter as
γHis monomer andγHis dimer, respectively) yielded apparent
Mr values of 49 800 and 152 700, respectively. Western dot-
blot analysis of the individual components indicated that only
IL-2Râ was detected after incubation of the blots with mAb
18741D followed by HRP-conjugated goat anti-mouse IgG
(Figure 3). The Western positive material eluted in fractions
34-36, which corresponded to the monomeric form of IL-
2Râ. The dimeric form of IL-2Râ was not detected
presumably because the epitope for mAb 18741D was
masked by the dimerization.

When tested in pairssIL-2 + IL-2Râ (Figure 2E), IL-2
+ γHis monomer (Figure 2F), IL-2Râ + γHis monomer
(Figure 2G), and IL-2Râ + γHis dimer (Figure 2H)sthere
was no evidence for any stable complexes between the
various proteins since the chromatograms were identical to
the sum of their individual components. Furthermore,
Western dot-blot analysis indicated that the position of IL-
2Râ remained essentially unchanged in the presence of either
IL-2, γHis monomer, orγHis dimer (Figure 3). However, a
stable complex was formed when IL-2, IL-2Râ, and γHis

monomer were incubated and run as a mixture under the
same conditions. As can be seen from Figure 2I, the size
of the IL-2Râ peak was reduced significantly in the presence
of IL-2 andγHis monomer, and a new peak (marked with an
asterisk), with an apparentMr of 58 400, was formed.
Moreover, Western dot-blot analysis clearly demonstrated
that the position of IL-2Râ shifted to a higherMr in the
presence of IL-2 andγHis monomer since the protein was
detected in fractions 26-35 (Figure 3). Although the
complex was larger than either IL-2, IL-2Râ, or γHis

monomer alone, the apparentMr was significantly lower than
the calculated mass (92 300) for a 1:1:1 stoichiometry of
the three gel filtered components. However, neither the
mixture containing IL-2+ IL-2Râ (Figure 2E) nor IL-2Râ
+ γHis monomer (Figure 2G) resulted in a shift in the position
of IL-2Râ to a higher Mr, indicating that the complex
observed in Figure 2I and Figure 3 contained all three
proteins.

We also tested the ability of dimericγHis to form a complex
with IL-2Râ in the presence of IL-2. Unlike the monomeric
form of γHis, which promoted the inclusion of most of the
IL-2Râ into a higherMr complex (Figure 2I), dimericγHis

shifted the position of only a small portion of IL-2Râ, leaving
most of it unassociated (Figure 2J). Indeed, the presence of
a complex in fractions 24-26 was not apparent from the
chromatogram itself, but could be detected by the more
sensitive Western dot-blot analysis (Figure 3). This result
indicates that while most of dimericγHis is inactive, a small
fraction of the population retains the ability to associate with
IL-2 and IL-2Râ, presumably because the sites involved in
binding to these proteins are not masked by the dimerization.
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The inability of the majority of dimericγHis to form a
complex with IL-2 and IL-2Râ confirmed our initial
observations using SPR which showed that the dimeric form
was largely inactive.

MAb CP.B8 Blocks the Formation of the Stable IL-2/IL-
2Râ/γHis Complex. Having established that a stable complex
could be formed between IL-2, IL-2Râ, andγHis monomer,
we proceeded to investigate the ability of mAb CP.B8 to
form a complex withγHis and to determine the effect of such
an association on the ability ofγHis to interact with IL-2 and
IL-2Râ. When tested alone, mAb CP.B8 ran as a single
peak with an apparentMr of 189 700 (Figure 4A), while
monomericγHis eluted with an apparentMr of 48 000 (Figure
4B). For the mixture containing both mAb CP.B8 andγHis,
two peaks eluted (Figure 4C), one which corresponded to
the free antibody, and a larger peak with an apparentMr of
402 000 (marked with an asterisk) which corresponded to a
complex of the two proteins.

We next tested the ability of mAb CP.B8 to inhibit the
formation of the IL-2/IL-2Râ/γHis complex. When mAb
CP.B8 andγHis were incubated prior to the addition of IL-2
and IL-2Râ, a peak consistent with the complex between
mAb CP.B8 andγHis was detected (Figure 4D, marked with
an asterisk). Moreover, the size of the IL-2Râ peak was
essentially unchanged in the presence of the antibody (see
Figure 2B for comparison), indicating that IL-2Râ was
unable to associate with IL-2 andγHis. Similar results were
also obtained when mAb CP.B8 was added after preincu-
bation of IL-2, IL-2Râ, andγHis (Figure 4E), indicating that
the antibody could dissociateγHis from the preformed IL-
2/IL-2Râ/γHis complex.

To understand further the molecular mechanisms underly-
ing the association of IL-2, IL-2Râ, and γHis and the
inhibition of complex formation by mAb CP.B8 and to obtain
kinetic and equilibrium data for these processes, we carried
out additional studies using SPR.

SPR Analysis of the Formation of the IL-2/IL-2Râ/γHis

Complex. Experiments were performed to study the binding
of IL-2 andγHis to a BIAcore chip surface to which IL-2Râ
had been coupled covalently, as described in the Experi-
mental Procedures. Figure 5 shows data for the binding of
IL-2 to the immobilized IL-2Râ. Examination of the
individual sensorgrams (Figure 5, inset) showed that the
association and dissociation of IL-2 are very fast; both
processes are essentially complete within the dead time of
the instrument (kassg 106 M-1 s-1, kdiss g 0.8 s-1). Binding
at equilibrium showed a hyperbolic dependence on IL-2
concentration, indicating that the IL-2Râ molecules on the
chip surface constitute an apparently homogeneous popula-
tion of binding sites for IL-2. The binding affinity,Kd )
800 nM ( 100 nM, was in good agreement with published
values (45). Figure 6 shows sensorgrams for the binding of
25 µg/mL (890 nM)γHis to the IL-2Râ-derivatized chip in
the presence of various concentrations of IL-2 from 14 to
3300 nM. Inclusion ofγHis resulted in apparently biphasic
progress curves for both the association and dissociation
phases of binding, similar to that reported by Johnson et al.
(50). The association phase is described by an initial burst
of binding that is complete within the dead time of the
instrument and which increases in magnitude with increasing
IL-2 concentration, followed by a slower phase of binding
that is not seen in the absence ofγHis (Figure 5, inset). No

FIGURE 2: Gel filtration analysis of the formation of the IL-2/IL-
2Râ/γHis complex. IL-2, IL-2Râ, γHis monomer, orγHis dimer (200
pmol, 1.58µM) were incubated, either alone or in combination,
for 1 h atroom temperature, and then 158 pmol was removed and
gel filtered through two Superdex 200 HR 10/30 columns connected
in series at 0.4 mL/min in PBS. The figure shows (A) IL-2, (B)
IL-2Râ, (C) γHis monomer, (D)γHis dimer, (E) IL-2+ IL-2Râ, (F)
IL-2 + γHis monomer, (G) IL-2Râ + γHis monomer, (H) IL-2Râ
+ γHis dimer, (I) IL-2 + IL-2Râ + γHis monomer, and (J) IL-2+
IL-2Râ + γHis dimer. The lines drawn underneath the chromato-
grams indicate the fractions containing IL-2Râ as determined by
Western dot-blot analysis. The asterisk in chromatogram (I) marks
the position of the peak corresponding to the IL-2/IL-2Râ/γHis
monomer complex.
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binding of γHis to the chip was seen in the absence of IL-2
(data not shown).

A more detailed analysis using various fixed concentra-
tions ofγHis from 110 to 3550 nM was performed. For each
combination of IL-2 andγHis concentrations, the size of the
initial burst was determined by taking data fromt ) 10-
600 s and extrapolating it back to the injection time, as
described in the Experimental Procedures. This showed that
the magnitude of the initial burst was independent of the
γHis concentration and, for a given IL-2 concentration, was
comparable to the rapid binding seen in the absence ofγHis

(Figure 5, inset). This result suggested that the initial burst
was due to the rapid binding of IL-2 to free IL-2Râ sites on
the chip and showed this process to be unaffected by the
presence ofγHis. The gel filtration experiments described
above established that IL-2 andγHis do not interact detectably
in solution under these conditions. TheγHis-dependent slow
phase of binding was therefore interpreted to represent the
slow association ofγHis to the chip surface after the rapid
equilibration with IL-2. In support of this conclusion, the

amplitude of the slow phase of binding, estimated as
described in the Experimental Procedures, was observed to
increase with increasing IL-2 concentration (Figure 6), as
expected ifγHis is binding to IL-2Râ sites that are already
occupied by IL-2. Moreover, the concentration of IL-2
required to achieve maximal complex formation decreased
with increasingγHis concentration and vice versa. This
reciprocal interdependence supports the conclusion that the
slow phase of binding represents the formation of an IL-2/
IL-2Râ/γHis complex on the chip. The maximum amplitude
of the slow phase of binding, extrapolated to saturating
concentrations of IL-2 andγHis, was only about half that
expected from the maximum RU observed for the binding
of IL-2 alone, suggesting that only about half of the sites
that could bind IL-2 were capable of subsequently binding
γHis. Although the several complicating features of the SPR
data precluded a more detailed analysis of the binding
kinetics, taken together the results show that IL-2 andγHis

bind to IL-2Râ on a BIAcore chip surface to form a complex

FIGURE 3: Western dot-blot analysis of the formation of the IL-2/IL-2Râ/γHis complex. Samples (50µL) of fractions 15-38 from the gel
filtration runs shown in Figure 2 were applied under vacuum to 0.45µm nitrocellulose filters in a 96-well dot-blot chamber and the position
of IL-2Râ detected as described in the Experimental Procedures. The figure shows the scanned images of the dot-blots with a grid overlaid
for clarity. From left to right: wells A1-A12 ) fractions 15-26, and wells B1-B12 ) fractions 27-38. Fractions from the gel filtration
run containing IL-2+ γHis monomer (see Figure 2F) were not analyzed by Western dot-blot since neither protein was detected when run
individually.
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that contains all three components and that this occurs
through the initial rapid association of IL-2 to the im-

mobilized IL-2Râ, followed by the subsequent slow associa-
tion of γHis.

MAb CP.B8 Blocks the Second Step in the Formation of
the IL-2/IL-2Râ/γHis Complex. The effect of mAb CP.B8
on the formation of the IL-2/IL-2Râ/γHis complex on the
IL-2Râ-derivatized BIAcore chip was assessed by monitoring
the binding of a fixed concentration ofγHis (6.25 µg/mL,
220 nM) to the chip in the presence of 2080 nM IL-2 and
0-15 µg/mL (0-100 nM) mAb CP.B8. Control experi-
ments were run in the presence of the isotype control MOPC
21, to provide an estimate of any nonspecific effects of
murine IgG1 on binding. Figure 7A shows that mAb CP.B8
has no effect on the initial rapid association of IL-2 to IL-

FIGURE 4: Gel filtration analysis of the association of mAb CP.B8
and γHis monomer. For the association of mAb CP.B8 andγHis
monomer, 115 pmol (0.77µM) of mAb CP.B8 (A), γHis (B), or
both mAb CP.B8 andγHis (C) were incubated for 30 min at room
temperature and then 77 pmol were removed and gel filtered
through two Superdex 200 HR 10/30 columns connected in series
at 0.4 mL/min in PBS. For the inhibition of formation of the IL-
2/IL-2Râ/γHis complex by mAb CP.B8, (D) 1 nmol of mAb CP.B8
was mixed with 200 pmol ofγHis and incubated for 30 min at room
temperature prior to the addition of 200 pmol of IL-2 and IL-2Râ.
After a further 30 min incubation at room temperature, 158 pmol
of IL-2, IL-2Râ, and γHis and 796 pmol of mAb CP.B8 were
removed and gel filtered as described above; (E) 200 pmol of IL-
2, IL-2Râ, andγHis were mixed and incubated for 30 min at room
temperature prior to the addition of 1 nmol of mAb CP.B8. After
a further 30 min incubation at room temperature, 158 pmol of IL-
2, IL-2Râ, andγHis and 796 pmol of mAb CP.B8 were removed
and gel filtered as described above. The asterisks in chromatograms
C, D, and E mark the position of the peak corresponding to the
mAb CP.B8/γHis complex.

FIGURE 5: SPR analysis of the binding of IL-2 to immobilized
IL-2Râ. IL-2 in HBS containing 0.005% P20 and 0.1 mg/mL BSA
was injected at 10µL/min over a chip derivatized with 5307 RU
of covalently coupled IL-2Râ. The main figure shows the measured
RU (after background subtraction) at equilibrium as a function of
the IL-2 concentration. The inset shows the sensorgrams (relative
response in RU after background subtraction versus time) for IL-2
from 30 to 3800 nM (lower to upper curve: 30, 59, 119, 238, 475,
950, 1900, and 3800 nM IL-2).

FIGURE 6: SPR analysis of the binding of IL-2 andγHis to
immobilized IL-2Râ. Samples of HBS containing 0.005% P20, 0.1
mg/mL BSA, γHis (890 nM), and various concentrations of IL-2
were injected at 10µL/min over a chip derivatized with 6999 RU
of covalently coupled IL-2Râ. The figure shows sensorgrams
(relative response in RU after background subtraction versus time)
for IL-2 from 14 to 3300 nM (lower to upper curve: 14, 41, 122,
367, 1100, and 3300 nM IL-2).
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2Râ , but that increasing concentrations of the antibody
inhibit the subsequent slow phase of binding. This result
indicates that the antibody blocks the association ofγHis to
the IL-2/IL-2Râ complex. The inset plot in Figure 7A shows
that inhibition of complex formation by mAb CP.B8 is dose
dependent, and at concentrations above 10 nM the inhibition
exceeds the small, nonspecific, effect seen with the control
MOPC 21. The concentration of mAb CP.B8 required to
inhibit binding ofγHis to the IL-2/IL-2Râ complex by 50%
(i.e., the IC50 for mAb CP.B8) is between 25 nM and 100
nM. However, this value is comparable to the concentration
of γHis (220 nM) present in the experiment, and therefore it
can be interpreted only as an upper limit to the potency with
which mAb CP.B8 inhibits complex formation on the chip.
Attempts to refine this limit by working at lowerγHis

concentrations were unsuccessful due to the resulting de-
crease in the amplitude of the BIAcore response to levels at
which accurate data could not be obtained. Figure 7B shows
data from a similar experiment to that shown in Figure 7A
with the same concentrations of IL-2 andγHis, but using the
Fab fragment of CP.B8 (0-60 µg/mL, 0-1200 nM) rather
than the intact mAb. Like the intact mAb, CP.B8 Fab
blocked the slow second phase of binding in a dose-
dependent fashion, while having no effect on the fast initial
association of IL-2 to IL-2Râ. The inset plot in Figure 7B

shows that inhibition of complex formation by CP.B8 Fab
is dose dependent, with an IC50 = 150 nM, and exceeds the
small, nonspecific, effect seen with MOPC 21 Fab.

DISCUSSION

The experiments described in this report address the
mechanism of action of mAb CP.B8, an antibody directed
against the extracellular portion of the humanγc chain, which
blocks the binding of IL-2 to the intermediate affinity IL-
2R expressed on the cell surface. Gel filtration and SPR
analysis were used to establish the ability of components of
the IL-2R to form a ternary complex in solution. Using gel
filtration, we demonstrate that the formation of this complex
is inhibited by mAb CP.B8. Using SPR analysis, we show
that both the intact antibody and its Fab fragment block the
recruitment of theγc chain into a complex with preformed
IL-2/IL-2Râ.

Gel filtration analysis indicated that IL-2 did not form a
stable complex with either IL-2Râ (Figure 2E and Figure
3) or with γHis monomer (Figure 2F and Figure 3) and that
IL-2Râ did not associate withγHis monomer (Figure 2G and
Figure 3), when the components were mixed in pairs at equal
concentrations of 1.58µM. Incubation of all three proteins
resulted in the formation of a stable complex with an apparent
Mr of 58 400 (Figure 2I and Figure 3). Although the shift

FIGURE 7: SPR analysis of the inhibition ofγHis binding to immobilized IL-2Râ in the presence of IL-2 by mAb CP.B8, MOPC 21, and
their respective Fab fragments. (A) Samples of HBS containing 0.005% P20, 0.1 mg/mL BSA, IL-2 (2080 nM),γHis (220 nM), and various
concentrations of mAb CP.B8 or MOPC 21 were injected at 10µL/min over a chip derivatized with 5674 RU of covalently coupled
IL-2Râ. The main figure shows sensorgrams (relative response in RU after background subtraction versus time) for mAb CP.B8 from 0 to
100 nM (upper to lower curve: 0, 0.02, 0.10, 0.39, 6.25, 25, and 100 nM mAb CP.B8). The inset shows the % maximalγHis-dependent
binding, relative to the binding in the absence of mAb, for MOPC 21 (O) and mAb CP.B8 (b). (B) Samples of HBS containing 0.005%
P20, 0.1 mg/mL BSA, IL-2 (2080 nM),γHis (220 nM), and various concentrations of CP.B8 Fab or MOPC 21 Fab were injected at 10
µL/min over a chip derivatized with 4457 RU of covalently coupled IL-2Râ. The main figure shows sensorgrams (relative response in RU
after background subtraction versus time) for CP.B8 Fab from 0 to 1200 nM (upper to lower curve: 0, 2.3, 4.7, 9.4, 18.8, 37.5, 75, 150,
300, 600, and 1200 nM CP.B8 Fab). The inset shows the % maximalγHis-dependent binding, relative to the binding in the absence of Fab,
for MOPC 21 Fab (0) and CP.B8 Fab (9). Representative results from one of two independent experiments are shown.

14346 Biochemistry, Vol. 37, No. 41, 1998 Baker et al.



in the position of IL-2Râ in the presence of IL-2 was
dependent uponγHis monomer, the apparentMr of the
complex was significantly lower than the calculated mass
(92 300) for a 1:1:1 stoichiometry of the three gel filtered
components. This anomolous behavior appears to beγHis-
dependent since the complex formed between IL-2 and IL-
2Râ has been reported to have an apparent mass which is
consistent with the sum of its two individual components
(39). Similarly, in a gel filtration analysis of the association
of γHis with IL-4 and the IL-4RR chain (47, 48), the IL-4/
IL-4RR/γHis monomer complex had an apparentMr of 72 300,
some 26 100 mass units lower than the calculated mass
(98 400) for a 1:1:1 stoichiometry of the three components.
By contrast, the IL-4/IL-4RR complex had an apparentMr

of 50 600, close to the sum of its two individual components
(51 800). Although the reason for this discrepancy is not
clear, it is possible that the protein(s) undergo conformational
changes upon complex formation, becoming more compact
and thereby lowering the apparentMr of the complex or,
alternatively, association of the glycosylatedγHis chain with
IL-2 and IL-2Râ results in the sugar chains becoming less
extended which would also lower the apparentMr. Experi-
ments using a deglycosylatedγHis chain would be required
to address this question. Nevertheless, the fact that the
apparentMr of the IL-2/IL-2Râ/γHis complex was not larger
than the calculated mass and that its behavior on gel filtration
was strikingly similar to the IL-4/IL-4RR/γHis complex for
which a 1:1:1 stoichiometry has been established (47, 48) is
consistent with a 1:1:1 stoichiometry for the IL-2/IL-2Râ/
γHis complex.

Gel filtration analysis established that a stable complex
forms between IL-2, IL-2Râ, andγHis, although the results
cannot be interpreted with reference to the order in which
the components associate since no complex was detected
between any two of the three proteins tested. However, it
is clear from the SPR analysis that the components of the
intermediate affinity IL-2R associate in a sequential manner,
with IL-2 binding first to IL-2Râ, to whichγHis then binds
in a subsequent step. The binding of IL-2 to the immobilized
IL-2Râ was fast (kassg 106 M-1 s-1) and led to the formation
of a complex which dissociated rapidly (kdissg 0.8 s-1) when
the IL-2 was no longer applied. The estimated limits to the
association and dissociation rate constants are consistent with
the values ofkass) 1.27× 106 M-1 s-1 andkdiss ) 0.66 s-1

reported previously by Myszka et al. (45) using the same
IL-2 as was used here but using a thiol-linked form of IL-
2Râ in which the protein is tethered in a uniform manner to
the chip surface. Similarly, the dissociation constant (Kd )
800 nM) determined from equilibrium binding measurements
is less than 2-fold greater than the value of 480 nM obtained
using the thiol-linked form of IL-2Râ (45). In our experi-
ments, inclusion ofγHis resulted in biphasic curves for both
the association and dissociation phases of binding (Figure
6). Although rate constants for these events could not be
determined due to the unavoidable contamination of mon-
omeric γHis by the dimeric form, it is apparent that theγc

chain slows the dissociation of the complex as compared to
the very rapid dissociation of IL-2 from IL-2Râ (Figure 5,
inset, and Figure 6). If the behavior of the isolated
extracellular portion of theγc chain is representative of its
behavior when part of the full-length protein expressed on
the cell surface, then the effect of IL-2 would be to promote

the association of the extracellular portions of the IL-2Râ
and γc chains, and thereby their cytoplasmic portions, by
stabilizing the complex and reducing its dissociation. This
interpretation is consistent with recent fluorescence resonance
energy transfer studies which show that IL-2 induces a
significant increase in the proximity of the IL-2Râ and γc

chains on the surface of T cells (51). The IL-2/IL-2Râ/γc

chain complex that forms in solution, which can be analyzed
by gel filtration and SPR, therefore provides a model for
the intermediate affinity form of the IL-2R that is functional
on resting T cells (31, 52), NK cells (32, 33), and on certain
intestinal epithelial cells (13).

The ability to monitor the formation of the IL-2/IL-2Râ/
γHis complex by gel filtration and SPR has enabled us to
use this model system to test potential antagonists that will
inhibit the recruitment of theγc chain into the complex. Gel
filtration analysis indicates that mAb CP.B8 inhibits the
formation of the IL-2/IL-2Râ/γHis complex by binding to and
sequesteringγHis, thus preventing it from associating with
IL-2 and IL-2Râ (Figure 4). Moreover, SPR analysis clearly
demonstrated that both the intact antibody and its Fab
fragment act by preventing the association ofγHis with the
IL-2/IL-2Râ complex (Figure 7). This suggests that the
binding site for the antibody on theγc chain is close to or
within the contact interface that forms whenγHis binds to
the IL-2/IL-2Râ complex. While our results do not rule out
the possibility that mAb CP.B8 or its Fab fragment bind to
a site distal from the contact interface and elicit a confor-
mational change such thatγHis can no longer associate with
the IL-2/IL-2Râ complex, our results are consistent with a
recent epitope mapping study of theγc chain (40), which
indicates that mAb CP.B8 binds to theγc chain at the junction
of the two fibronectin type III-like domains.

SPR analysis of the inhibition of complex formation by
the Fab fragment of CP.B8 also indicates that the antibody
functions in a noncompetitive manner with respect to
cytokine binding. As can be seen from Figure 7B, the
sensorgram response does not diminish to zero even in the
presence of saturating concentrations of the antibody; rather
it plateaus at approximately 40 RU atg600 nM Fab once
all of the γHis-dependent binding has been inhibited. This
residual response represents the binding of IL-2 to IL-2Râ,
which is unaffected by the presence of the antibody and
which cannot be reduced by increasing further the Fab
concentration. Similarly, Whitty et al.2 have shown that
binding of intact mAb CP.B8 to the full-lengthγc chain
expressed on the cell surface does not reduce binding of IL-4
to the IL-4RR chain, but rather prevents the subsequent
association of theγc chain with the preformed IL-4/IL-4RR
complex. Together, these results indicate that mAb CP.B8
functions to inhibitγc chain-dependent cytokine receptor
formation and signaling by a common inhibitory mechanism
in which the recruitment of theγc chain is blocked. In
support of this notion, it has been shown that mAb CP.B8
inhibits the proliferative response of PHA-activated T cell
blasts to IL-2, IL-4, and IL-15, as well as the IL-7 induced
proliferation of freshly isolated human PBMC (40).

The ability to block the recruitment of theγc chain into
the receptors for IL-2, IL-4, IL-7, and IL-15 raises the
possibility of simultaneous inhibition of these and presum-
ably also the IL-9R in pathological conditions such as
systemic lupus erythematosus, rheumatoid arthritis, insulin-
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dependent diabetes melitus, and Crohn’s disease, where
modulation of the immune system would be clinically
desirable. Similarly, suppression of the immune system to
prevent graft rejection after transplantation might be ac-
complished by inhibiting all of theγc chain-dependent
cytokine receptors. It is well established that rejection of
islet allografts in mice is mediated by infiltrating host
cytotoxic T lymphocytes (CTL), activation and proliferation
of which is driven by IL-2 (53, 54). However, in IL-2 (-/-)
knockout mice, which still reject the transplanted allograft,
it has been shown that intragraft expression of IL-4 and IL-7
(55) and of IL-15 (56) may mediate the activation of the
infiltrating CTL in the absence of endogenous IL-2. Al-
though antibodies directed against the IL-2RR chain, for
example, have received considerable attention as immuno-
suppressants (35), such antagonists are limited by their need
to compete with the cytokine for binding to the receptor
specific chain. Furthermore, they inhibit only one cytokine
receptor interaction leaving the otherγc chain-dependent
receptors unaffected. In circumstances such as those de-
scribed above, blocking the recruitment of theγc chain into
all of the γc chain-dependent cytokine receptors may be a
better approach to immunosuppression than inhibition of a
single cytokine receptor.

In summary, we have provided evidence that mAb CP.B8
inhibits the formation of the intermediate affinity IL-2R by
preventing the recruitment of theγc chain into the receptor
complex. This mechanism of inhibition is likely to extend
to other cytokine receptors that employ theγc chain, offering
a powerful approach to the modulation of immune responses
in pathological settings and after organ transplantation.
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