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Many therapeutic antibodies act as antagonists to competi-
tively block cellular signaling pathways. We describe here an
approach for the therapeutic use of monoclonal antibodies
based on context-dependent attenuation to reduce pathologi-
cally high activity while allowing homeostatic signaling in bio-
logically important pathways. Such attenuation is achieved by
modulating the kinetics of a ligand binding to its various recep-
tors and regulatory proteins rather than by complete blockade
of signalingpathways.The anti-interleukin-1� (IL-1�) antibody
XOMA 052 is a potent inhibitor of IL-1� activity that reduces
the affinity of IL-1� for its signaling receptor and co-receptor
but not for its decoy and soluble inhibitory receptors. This
mechanism shifts the effective dose response of the cytokine so
that the potency of IL-1� bound by XOMA 052 is 20–100-fold
lower than that of IL-1� in the absence of antibody in a variety
of in vitro cell-based assays. We propose that by decreasing
potency of IL-1� while allowing binding to its clearance and
inhibitory receptors, XOMA052 treatment will attenuate IL-1�
activity in concert with endogenous regulatory mechanisms.
Furthermore, the ability to bind the decoy receptor may reduce
the potential for accumulation of antibody�target complexes.
Regulatory antibodies like XOMA 052, which selectively modu-
late signaling pathways, may represent a new mechanistic class
of therapeutic antibodies.

Recombinant monoclonal antibodies have emerged as
powerful targeted therapies for severe diseases (1, 2), often
acting by blocking activity of dysregulated cellular pathways.
However, most pathways that have been linked to disease
when abnormally activated have important roles in healthy
tissues. This observation is particularly true for the immune
system, where highly potent cytokines such as IL-1�,3 tumor

necrosis factor �, and IL-6 drive inflammation in pathologi-
cal contexts but also have important beneficial roles in the
control of infections (3). Successful treatment of some dis-
eases may therefore require attenuation rather than com-
plete inhibition of signaling pathways to restore a normal
physiological state with acceptable side-effect profiles. We
describe here an antibody that regulates activity of its target
antigen by reducing the affinity of the antigen binding to
its signaling receptor. This strategy has not been addressed
previously with therapeutic monoclonal antibodies in the
clinic.
IL-1� is a highly potent cytokine that drives the acute phase

inflammatory response and has an essential role in the innate
immune response (4–7). Although high levels of IL-1� have
been implicated in inflammatory diseases (3, 8) including type 2
diabetes (9–12), low levels have beneficial effects on pancreatic
beta cell function, proliferation, and survival (13–16), intestinal
epithelial cell survival (17, 18), and neuronal response to injury
(19). As in many receptor-ligand systems, IL-1� signaling is
complex, with multiple ligands interacting with membrane-
bound and soluble forms of several receptors (20). IL-1� signal-
ing activity is mediated by a single receptor, IL-1 receptor type
I (IL-1RI) (21), and its co-receptor IL-1 receptor accessory pro-
tein (IL-1RAcP) (22). A second IL-1 family member, IL-1�, sig-
nals through the same receptor complex but has not been
implicated in inflammatory diseases (3). IL-1� activity is under
tight physiological control, with multiple levels of negative
regulation including neutralization and endocytosis of IL-1�
mediated by the decoy receptor IL-1 receptor type II (IL-1RII)
(23–25), inhibition of circulating IL-1� mediated by multiple
soluble forms of its receptors (sRI, sRII, and sRAcP) (25, 26),
and competitive inhibition by an inhibitory IL-1 homologue,
IL-1 receptor antagonist (IL-1Ra) (25, 27). The complexity of
this receptor-ligand system presents a challenge for the selec-
tion of therapeutic anti-IL-1� antibodies. The optimal antibody
would selectively attenuate systemic high-level IL-1� signaling
to lower, beneficial levels while allowing very high local concen-
trations of IL-1� to initiate protective inflammatory responses
(in response to infection, for instance). At the same time, the

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental text, Table S1, and Figs. S1–S4.

1 To whom correspondence should be addressed: 2910 Seventh St., Berkeley,
CA 94710. Tel.: 510-204-7200; Fax: 510-841-7805; E-mail: roell@xoma.com.

2 Present address: ICON Development Solutions, Ellicott City, MD 21043.
3 The abbreviations used are: IL-1�, interleukin-1�; IL-1�, interleukin-1�;

IL-1Ra, interleukin-1 receptor antagonist; IL-1RI, IL-1 receptor type I;
IL-1RII, IL-1 receptor type II; IL-1RAcP, IL-1 receptor accessory protein;
sRI, soluble IL-1 receptor I; sRII, soluble IL-1 receptor II; sRAcP, soluble
IL-1 receptor accessory protein; KinExA, kinetic exclusion assay; SPR,
surface plasmon resonance; KLH, keyhole limpet hemocyanin; PBS,

phosphate-buffered saline; ELISA, enzyme-linked immunosorbent
assay; HEK, human embryonic kidney; ERK, extracellular signal-regu-
lated kinase; JNK, c-Jun N-terminal kinase; MAP, mitogen-activated pro-
tein; rh, recombinant human; p, phosphorylated; RU, response units.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 27, pp. 20607–20614, July 2, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

JULY 2, 2010 • VOLUME 285 • NUMBER 27 JOURNAL OF BIOLOGICAL CHEMISTRY 20607

http://www.jbc.org/cgi/content/full/M110.115790/DC1


antibody should not interfere with neutralization of IL-1� by
soluble receptors, clearance of IL-1� by receptor-mediated
pathways, IL-1� signaling, or IL-1Ra activity.

We propose that using an antibody to selectively reduce the
affinity of a ligand for its signaling receptor will have the effect
of reducing signaling output by reducing receptor occupancy
by ligand. Kinetic modulation of a receptor-ligand interaction
with an antibody can be described by the following equation
(for derivation, see supplemental Fig. S1)

K�RL � KRL

�1 �
A

KAR
��1 �

A

KAL
�

�1 �
A

KRLA
� (Eq. 1)

where the receptor-ligand equilibrium binding constant in the
presence of antibody (K�RL) is a function of receptor-ligand
equilibrium constant (KRL), antibody concentration (A), anti-
body affinity for the complex (KRLA), and antibody affinity for
either the receptor (KAR) or the ligand (KAL). A regulatory anti-
body would bind its target (either the receptor or the ligand) in
such a manner that the affinity of the ligand for its receptor is
reduced, but not completely eliminated. We refer to anti-
bodies with these characteristics as “regulatory antibodies”
to distinguish them from previously described antagonist,
agonist, and catalytic antibodies. One important implication
of this model is that the degree of signaling attenuation is
constant and is independent of antibody concentration once
all target is bound by antibody. At that point, signaling will
depend on the concentration of the ligand, its signaling
receptor, and other endogenous regulatory mechanisms. In
contrast, a traditional blocking antibody will reduce signal-
ing in a concentration-dependent manner until reaching
complete neutralization when the target is saturated. As the
degree of attenuation by the regulatory antibody depends
instead on the ratio of K�RL to KRL, which is an inherent
property of the attenuating antibody, it is possible to pro-
duce multiple antibodies that provide various degrees of
attenuation of a particular interaction. The theory behind
this model is generally applicable to any biological effect that
is mediated by interaction of two or more components, inde-
pendent of target class. We have generated a number of reg-
ulatory antibodies to multiple targets,4 demonstrating that
this class of antibodies is not limited to a single target or
system.
Here we describe XOMA 052, a recombinant monoclonal

antibody with long circulating half-life (28), high affinity (29),
and high specificity for IL-1� (supplemental Fig. S2), that
simultaneously reduces the affinity of IL-1� for IL-1RI (K�RL �
KRL) while leaving affinity for IL-1RII and the soluble inhibitory
receptors largely unaffected by antibody binding. XOMA052 is
a potent inhibitor of IL-1� activity both in vitro and in vivo
(30–32).

EXPERIMENTAL PROCEDURES

Antibodies and Recombinant Proteins—XOMA 052 is a
Human EngineeredTM IgG2 kappa antibody with 97% human
sequence and affinity for IL-1� of 300 fM (29). Control blocking
antibodies 5 and 6were an IgG1 lambda and IgG2 kappa, respec-
tively, synthesized by fusing the variable region sequences
reported for receptor blocking antibodies (33, 34) to the appro-
priate human constant regions. The IL-1 receptor-blocking
activities of the control blocking antibodies were verified by
SPR analysis (not shown). The isotype control antibody was an
anti-keyhole limpet hemocyanin (KLH) human IgG2 lambda
antibody (clone KLH8.G2, generated at XOMA). Recombinant
human IL-1Ra (catalog number 280-RA), sRI (catalog number
269-1R-100/CF), sRII (catalog number 263-2R-050/CF), and
sRAcP�Fc chimera (catalog number 676-CP-100) were pur-
chased from R&D Systems. Recombinant human IL-1� was
purchased from Peprotech (catalog number 200-001B) or R&D
Systems (catalog number 201-LB).
In Vitro Signal Complex Assembly—Stepwise formation of

the sRI�IL-1��RAcP ternary complex bound to XOMA 052 was
performed on a multi-SPR array system (ProteOn XPR 36TM,
Bio-Rad) at 25 °C using HEPES-buffered saline running buffer
(0.01 MHEPES, pH 7.4, 0.15 MNaCl, and 0.05% surfactant P20).
A ProteOn GLM sensor chip (Bio-Rad, catalog number 176-
5012) was prepared by amine coupling NeutrAvidin (Thermo
Scientific, catalog number 31000) in 0.01 M sodium acetate (pH
4.5) to an activated sensor chip surface at high density (�10,000
response units (RU)). XOMA 052 and Blocking Ab 5 were bio-
tinylated by reacting with 5–10 molar excess of NHS-PEO12-
Biotin reagent (Thermo Scientific, catalog number 21329)
according to the vendor’s instructions. Excess free biotin was
removed by centrifugation of proteins through a desalting col-
umn (Thermo Scientific, ZebaTM desalting spin column, cata-
log number 89882). Biotinylated antibodies were captured on
different channels of the NeutrAvidin-coated sensor chip at
densities of 500–600 RU. A reference channel was prepared in
the samemannerwithout injection of antibody. Binding to cap-
tured antibodies was tested by successive injections of 50 nM
IL-1�, 100 nM sRI, and 200 nM sRAcP�Fc. The SPR binding
responses were double-referenced using the ProteOn data
manager program to subtract buffer injections and signal from
reference surfaces.
KinExA Equilibrium Measurements—The affinities of

IL-1� � XOMA 052 binding to soluble IL-1 receptors sRI and
sRII were determined in solution using KinExA technology
(Sapidyne, Inc.). Equilibrium experiments were conducted by
serially diluting soluble receptors from 150 nM to 4 pM in PBS
(0.01 M phosphate, pH 7.4, 0.15 M NaCl, 0.02% azide) with 1%
bovine serum albumin sample buffer into a constant binding
site concentration of IL-1� alone ormixedwithXOMA052. To
obtain KD-controlled data, the binding site concentration was
no more than 2-fold above the KD (IL-1� � 1 nM and IL-1� �
XOMA 052 � 5 nM). For all experiments in which XOMA 052
was present, the antibody concentration was maintained at a
100-fold molar excess over IL-1� to ensure that all of the
cytokine was bound by XOMA 052. The IL-1� � XOMA 052
plus receptor mixtures were incubated at room temperature

4 J. A. Corbin, S. Watson, D. H. Bedinger, M. K. Roell, and M. L. White, manu-
script in preparation.
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(�22 °C) for 12–24 h prior to assay initiation to allow complex
formation to reach equilibrium. Following the incubation
period, the IL-1� receptor complexes were drawn through a
solid phase, consisting of receptor-blocking anti-IL-1� anti-
body-coupled beads, to capture unbound IL-1� � XOMA 052.
The captured IL-1� � XOMA 052 was detected using a poly-
clonal anti-IL-1� antibody (R&D Systems) followed by a phy-
coerythrin-conjugated anti-goat IgG secondary antibody (Jack-
son ImmunoResearch Laboratories). The bound signals were
converted into relative values as a proportion of control in the
absence of receptors. Two replicates of each sampleweremeas-
ured for all equilibrium experiments. The equilibrium titration
data were fit to a 1:1 binding model using KinExA software
(Version 2.4; Sapidyne Inc.). These measurements were
repeated a total of five times for sRI and two times for sRII.
Results from experiments using SPR (see Table 1 and data not
shown)5 are consistent with KinExA results.
Kinetic Analysis of the Interaction between sRAcP and

sRI�IL-1�—ANeutrAvidin-coated sensor chip was prepared as
described above. Soluble RAcP�Fcwas biotinylated as described
above and captured on different flow channels of the sensor
chip (400 RU). Reference channels (NeutrAvidin only) were
prepared similarly except that no sRAcP�Fc was captured.
Using theCo-injectmode, sRI (1:3 dilution series of sRI starting
from 100 nM in a buffer containing 500 nM of either IL-1� or
IL-1� precomplexed with a 4-fold molar excess of XOMA 052)
was injected for 2 min at a flow rate of 30 �l/min followed by a
second analyte injection of either 500 nM IL-1� or 500 nM IL-1�
precomplexed with a 4-fold molar excess of XOMA 052. Injec-
tion of cytokine � XOMA 052 during the dissociation phase
was required to maintain saturation of receptor with cytokine.
This allowsmeasurement of the dissociation of the sRI�cytokine
complex from the immobilized sRAcP�Fc independently from
dissociation of the cytokine from sRI. Reference sensorgrams
were subtracted from binding sensorgrams using the Scrubber
analysis program. Kinetic parameters were obtained by global
fitting of the data to 1:1 interaction model.
IL-1� � XOMA 052 Binding to Membrane-bound IL-1

Receptors—IL-1� binding to full-length IL-1RI and IL-1RAcP
wasmeasured on human embryonic kidney cells expressing the
Epstein-Barr virus nuclear antigen-1 (293-EBNA, Invitrogen,
catalog number R620-07)maintained inHyclone SFM4Tx (cat-
alog number SH30860.02), 1% fetal bovine serum (Hyclone cat-
alog number SH30070.03), 0.25 mg/ml Geneticin� (Invitrogen,
catalog number 10131), 4 mM L-glutamine, and transiently
transfected with genes encoding IL-1RI and RAcP (Origene,
catalog numbers TC119624 and SC109339). IL-1� was labeled
with Alexa Fluor 647 microscale protein labeling kit (Invitro-
gen, catalog number A30009) according to the manufacturer’s
procedure. The binding of the labeled IL-1� to sRI and XOMA
052 was tested by SPR and did not appear to be significantly
altered by the label (data not shown). 293-EBNA cells were
transfected using LipofectamineTM 2000 transfection reagent
(Invitrogen, catalog number 11668-019) according to the man-
ufacturer’s instructions. The cells were collected after 4 days of

incubation at 37 °C, 5% CO2 on a shaker, and both transgene
expression and IL-1� binding were verified by flow cytometry
(data not shown). Growthmedium supernatants were removed
and replaced with binding buffer (0.01 M phosphate, pH 7.4,
0.15MNaCl, 1%bovine serumalbumin, 0.02% azide) containing
increasing amounts of either IL-1� Alexa Fluor 647 or IL-1�
Alexa Fluor 647 plus 20-fold molar excess of XOMA 052 at the
concentrations indicated. After three washes with binding
buffer, the cells were analyzed by a FACScan flow cytometer
(BD Biosciences), and the mean fluorescence was calculated
for each sample. Data were analyzed using Prism software
(GraphPad, Inc.).
MRC-5 IL-6 Release Assay—MRC-5 human lung fibroblast

cells (ATCC, Manassas, VA) were seeded into a sterile 96-well
tissue culture plate at 5000 cells/well in minimal essential
medium, Earle’s (Invitrogen, catalog number 10370-021) with
10% fetal bovine serum (HyClone). After an overnight incuba-
tion at 37 °C with 5% CO2, supernatants were removed and
replaced with growth medium containing recombinant human
IL-1� plus control Blocking Ab 6, anti-KLH isotype control
antibody, or XOMA 052 at the concentrations indicated. For
the antibody potency assay, IL-1� was preincubated with the
indicated antibody for 1 h at 37 °C prior to addition to the cells
and added at a final concentration of 100 pg/ml IL-1�. For the
IL-1� dose-response assay, increasing amounts of IL-1� were
preincubated overnight at room temperature with a 100-fold
molar excess of antibody prior to addition to the MRC-5 cells.
Following a 20-h incubation at 37 °C with 5% CO2, cell super-
natants were removed and diluted according to estimated IL-6
concentration and assayed for human IL-6 by ELISA (Quan-
tikine human IL-6 ELISA, R&D Systems, catalog number
D6050) according to the manufacturer’s instructions. All sam-
pleswere set up and assayed in duplicate or triplicate. Datawere
analyzed using Prism software (GraphPad, Inc.).
NF�BLuciferase Assay—HeLa cervical adenocarcinoma cells

(ATCC, Manassas VA) were stably transfected with an NF�B-
luciferase reporter plasmid (Biomyx, catalog number P2120),
and a tumor necrosis factor �-responsive clonal derivative was
selected. The reporter cell line was maintained in Dulbecco’s
modified Eagle’s medium/F12 medium (Invitrogen, catalog
number 11330-032) with 10% fetal bovine serum (HyClone)
and 0.25 mg/ml hygromycin (Invitrogen). One day prior to
treatment, cells were transferred into opaque white 96-well
plates (Corning, catalog number 3917) at 20,000 cells/well in
hygromycin-free growthmedium. For the IL-1� titration assay,
increasing amounts of IL-1� were preincubated overnight at
room temperature with a 1000-fold molar excess of antibody
prior to addition to the reporter cells. For the antibody potency
assay, recombinant human IL-1� was preincubated with
increasing concentrations of antibody for 1 h at 37 °C prior to
addition to the cells and added at a final IL-1� concentration of
25 pg/ml. IL-1� plus antibody was incubated with the HeLa
reporter cells for 16 h at 37 °C in 5% CO2. To assess luciferase
expression levels, Bright-Glo (Promega) was added to the cells
according to manufacturer’s instructions, and samples were
read on a FlexStation 3 (Molecular Devices). All samples were
set up and assayed in duplicate or triplicate. Data were analyzed
using Prism software (GraphPad, Inc.).5 H. Issafras, J. A. Corbin, and M. K. Roell, manuscript in preparation.
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IL-1� Signal Transduction—A549 cells were obtained from
ATCC and maintained in minimal essential medium, Earle’s
(Invitrogen, catalog number 10370-021) supplemented with
10% fetal bovine serum (HyClone). Subconfluent monolayers
were washed twice with room temperature PBS and then incu-
bated overnight at 37 °C in serum-freemediumcontaining 0.5%
bovine serum albumin. XOMA 052 at a 100-fold molar excess
was incubated with the diluted IL-1� overnight at 4 °C in
serum-freemedium. Following 18 h in serum-freemedium, the
cells were incubated for 15 min in prewarmed serum-free
media containing IL-1� with or without 100-fold molar excess
of XOMA 052. Cells were cooled on ice, rinsed twice with ice-
cold Tris-buffered saline, and then lysed with radioimmune
precipitation assay buffer (Pierce, catalog number 89901)
containing protease inhibitormixture (Pierce, catalog number
78429) and phosphatase inhibitor mixture (Pierce, catalog
number 78426). Themonolayer was scraped and transferred to
a microcentrifuge tube, incubated for 15–45 min on ice, and
then spun at 4 °C in a microcentrifuge for 20 min at 15,000
relative centrifugal force to clear. Total protein concentration
was measured by a BCA assay (Pierce, catalog number 23227).
This study was carried out twice, and samples were analyzed in
duplicate.
Analysis of Phosphoproteins—Phosphorylation of p38, ERK,

JNK kinases, and total I�B was assessed by Western blotting
(n � 2). An equal amount of protein in each sample (25 �g of
whole cell lysate/well) was separated by 4–12% SDS-PAGE and
transferred to polyvinylidene difluoride membrane. Mem-
branes were blocked in Tris-buffered saline buffer containing
0.1% Tween 20 and 5% bovine serum albumin and probed with
mouse anti-p-ERK-1, anti-p-JNK-1, anti-p-p38, and anti-I�Bor
anti-ERK, anti-JNK, and anti-p38 polyclonal antibody (Cell Sig-
naling Technologies). Following incubation with peroxidase-
conjugated sheep anti-mouse or donkey anti-rabbit secondary
antibody (GEHealthcare, catalog number NA931V and catalog
number NA934V, respectively), proteins were visualized with
chemiluminescence detection system.
Phosphoprotein Quantification—Phosphorylated ERK and

JNK were quantified using the MULTI-SPOT assay system
(MesoScale Discovery, MAP kinase whole cell lysate kit, MSD
number K11101D-1) according to the manufacturer’s instruc-
tions. Data were analyzed using Prism software (GraphPad, Inc.).
In Vivo Assays—For this study, we used control Blocking Ab

5, which completely blocks IL-1� binding to IL-1 sRI and sRII
(not shown). Complexes of IL-1� with XOMA 052 or the con-
trol blocking antibody were prepared by mixing 0.4 �g/ml
rhIL-1� with a 100-fold molar excess of antibody and incubat-
ing overnight at 25 °C.A third solutionwas prepared using anti-
KLH-IgG2 as a non-binding isotype control antibody. All pro-
teins were formulated in sterile PBS. rhIL-1� either complexed
or mixed with the isotype control antibody was diluted 2-fold
with PBS and administered intravenously to 8-week-old female
C57BL/6 mice at a dose volume of 100 �l to give a dosage of 1
mg/kg (20 ng of rhIL-1�/mouse). In two independent experi-
ments, fourmice per groupwere dosed, and bloodwas collected
from all mice by postmortem cardiac puncture at 48 h after
intravenous injection. Samples were frozen at �70 °C for sub-
sequent analysis.

Assay of Total rhIL-1� inMouse Serum—Human IL-1� levels
were measured by ELISA (BD OptEIATM human IL-1� ELISA
set, BD Biosciences, catalog number 557953) as per kit instruc-
tions. The non-interference of the capture and detection anti-
bodies by XOMA 052 and control Blocking Ab 5 were verified
both by ELISA and by SPR (not shown). In brief, ELISA plates
(Corning Costar, catalog number 9018) were coated overnight
at 4 °C with anti-human IL-1� capture antibody provided (BD
Biosciences, catalog number 51-9002512) in 0.1 M NaHCO3.
The following day, the plates were washed with PBS-Tween 20
and blocked for 2 h with blocking buffer (10% fetal bovine
serum in PBS). Samples were prepared in duplicate with eight
serial 2-fold dilutions. Samples and standards (recombinant
human IL-1� standard, BD Biosciences catalog number
51-9004477) were prepared in 10%mouse serum in PBS, added
to the wells, and incubated for 2 h at room temperature. The
plates were then washed four times with PBS. Detection anti-
body was added (anti-human IL-1�-biotin, BD Biosciences,
catalog number 51-9002516), and plates were incubated for 1 h
at room temperature. The plates were subsequently washed six
times with PBS-Tween 20. Streptavidin-labeled horseradish
peroxidase (BD Biosciences, catalog number 51-90002813) was
added and incubated for 30 min. Plates were washed six times,
and 3,3�,5,5�-tetramethylbenzidine solution (Calbiochem, cat-
alog number 613544) was added and incubated for 30 min in
the dark. Stop solution (0.2 N H2SO4) was added, and plates
were read at 450 nm on a microtiter plate spectrophotometer
within 30 min of stopping the reaction. The sensitivity of the
ELISA was from 250 to 3.9 pg/ml.

RESULTS

Activation of the IL-1� signaling pathway is initiated by
binding of IL-1� to IL-1RI followed by recruitment of
IL-1RAcP into a ternary signaling complex. A standard block-
ing antibody binds to IL-1� and competes for binding to IL-1RI,
completely blocking signaling by the antibody�ligand complex.
However, when XOMA 052 binds to IL-1�, the antibody�IL-1�

FIGURE 1. Binding of IL-1� by XOMA 052 allows assembly of IL-1 signaling
complex. XOMA 052 and control Blocking Ab 5 were immobilized on differ-
ent flow cells of an SPR sensor surface, and IL-1�, sRI, and sRAcP�Fc fusion
protein were injected at the points indicated by arrows 1, 2, and 3, respec-
tively. The extracellular domains of both IL-1RI and IL-1RAcP are able to bind
to IL-1� bound by XOMA 052. IL-1� bound by Blocking Ab 5 does not allow
complex assembly.
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complex is still capable of binding IL-1RI, and the complex of
XOMA 052, IL-1�, and sRI can bind to sRAcP in vitro, suggest-
ing that binding of XOMA 052 to IL-1� does not block assem-
bly of the signaling complex (Fig. 1). In control experiments
(not shown), we demonstrated that assembly of this complex

occurs in an obligate stepwise manner and that the antibody
does not bind to either receptor in the absence of IL-1�.

Kinetics of binding of IL-1� to IL-1RI and IL-1RII are com-
plex, perhaps reflecting the conformational flexibility of the
receptors and themultiple binding interfaces between the cyto-

kine and its receptors (35, 36). For
this reason, we used equilibrium
dissociation constants (KD) to com-
pare the effects of XOMA 052 on
the affinity of binding of IL-1� to
these receptors. In-depth kinetic
characterization of this system and
the effect of XOMA 052 will be
described in a separate publication.5
Equilibrium and kinetic analyses
revealed that XOMA 052 reduces
the affinity of IL-1� binding to sRI
by 5–10-fold (Fig. 2a and Table 1)
while having no effect on the affinity
of IL-1� for sRII (Fig. 2b and Table
1). In addition, XOMA 052 reduces
affinity of subsequent binding of
sRAcP to the IL-1��sRI complex by
another 2–3-fold (Fig. 2, c and d,
and Table 1).
Binding of XOMA 052�IL-1�

complexes to the membrane forms
of the receptors was verified by flow
cytometry with HEK293 cells trans-
fected with full-length IL-1RI and
IL-1RAcP (Fig. 2e). The shift in the
binding of fluorescently labeled
IL-1� to cell surface receptors is
consistent with a decrease in the
affinity caused by XOMA 052.
Although XOMA 052 binding to

IL-1� does not abrogate in vitro sig-
nal complex formation at high con-
centrations of IL-1�, it nonetheless
is a potent inhibitor of IL-1� activity
at physiological and pathologically
relevant concentrations. XOMA
052 completely neutralizes 100
pg/ml IL-1� in an MRC-5 cytokine

FIGURE 2. Effect of XOMA 052 on IL-1� binding to receptors. XOMA 052 reduces the affinity of IL-1� binding
to sRI measured by KinExA from 2 to 10 nM (n � 5) (a) but has no effect on the affinity of IL-1� binding to sRII of
2 nM (n � 2) (b). XOMA 052 reduces the affinity of sRAcP binding to sRI�IL-1� complex from 25 (c) to 69 nM (d),
as measured by SPR. XOMA 052 shifts the apparent affinity of Alexa Fluor 647-labeled IL-1� binding to HEK293
cells expressing IL-1RI and IL-1RAcP from 2 to 9 nM (n � 2) (e).

TABLE 1
Effect of XOMA 052 on affinities of IL-1� interactions
Measurements by SPR are consistent with KinExA and demonstrate that XOMA052 reduces the affinity of IL-1� binding to IL-1 sRI and sRAcP, but not IL-1 sRII. Affinities
are the average of multiple (n) independent experiments. Methods for SPR experiments are described in the supplemental data. NA, not applicable.

Interaction by SPR Immobilized on SPR chip Injected No Antibody �XOMA 052 n

nM nM
IL-1� � sRI7 IL-1��sRI sRI IL-1� � XOMA 052 0.7 � 0.1 6.1 � 0.2 5

sRI�biotin IL-1� � XOMA 052 0.5 � 0.2 4.3 � 0.3 3
sRI�Fc chimera IL-1� 0.5 � 0.2 NA 3
XOMA 052�biotin � IL-1� sRI NA 10 � 4 5

IL-1� � sRII7 IL-1��sRII sRII IL-1� � XOMA 052 7 � 2 8 � 3 5
sRII�biotin IL-1� � XOMA 052 7.3 � 0.6 6 � 1 5
XOMA 052�biotin � IL-1� sRII NA 2 � 1 3

IL-1��sRI � sRAcP-Fc7 IL-1��sRI�sRAcP-Fc sRAcP�Fc�biotin sRI/IL-1� � XOMA 052 25 � 4 70 � 20 3
IL-1��sRII � sRAcP-Fc7 IL1��sRII�sRAcP-Fc sRII�biotin � IL-1� � XOMA 052 sRAcP�Fc 28 � 12 22 � 6 2
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release assay with an observed IC50 in the low pM range. This is
comparable with neutralization observed with a control block-
ing antibody (Fig. 3a) and �10-fold more potent than recom-
binant IL-1Ra (supplemental Fig. S3).
Our model predicts that the reduction in the affinities of

signal complex components will cause a shift in the cellular
dose response to IL-1�. When XOMA 052 is maintained in
molar excess of the concentration of IL-1�, the antibody
increases the EC50 of the IL-1� dose-response curve up to
70-fold in the MRC-5 cell IL-6 release assay relative to that of
IL-1� in the presence of a control antibody while still permit-
ting maximum activity in the presence of very high concentra-
tions of ligand. Under the same conditions, an IL-1� blocking
antibody nearly ablates cellular response across a broad range
of IL-1� concentrations (Fig. 3b). Similar dose-response shifts
with XOMA 052 are seen in stimulation of IL-8 expression in
whole blood (supplemental Fig. S4) and experiments using an
NF�B reporter construct (Fig. 3, c and d) in transfected HeLa
cells. Although a similar dose-response shift inNF�B activation
was observed in the presence of XOMA 052, the control anti-
body also appeared to incompletely block signaling at
extremely high concentrations of IL-1�. However, we believe
that the loss of complete neutralization at the higher concen-
trations results from the 20-fold lower affinity of the control
antibody as compared with XOMA 052 in combination with
the high sensitivity of this reporter assay. The calculated

amount of free IL-1� at the highest
concentration of complex at equi-
librium is 0.1 pM, which can account
for the observed level of NF�B acti-
vation. The affinity of XOMA 052,
on the other hand, would allow a
free IL-1� concentration of only
0.005 pM at equilibrium, which is
well below the level required for
detectable NF�B activity in this
assay. NF�B activation observed for
XOMA 052�IL-1� complexes there-
fore cannot be explained by free
IL-1� in these conditions. Compa-
rable results were obtained in addi-
tional cell assays (not shown), dem-
onstrating that this effect is not
unique to a particular cell line or
assay system.
IL-1� has been shown to activate

a number of specific protein
kinases, including the NF�B-induc-
ing kinase (NIK) and three distinct
mitogen-activated protein (MAP)
kinase cascades (37). To determine
whether binding by XOMA 052
might have differential effects on
signaling through the different
pathways, we measured phosphor-
ylation of JNK, ERK 1/2, and p38, as
well as total I�B levels, by increasing
concentrations of IL-1� in the pres-

ence and absence of excess XOMA 052 (Fig. 4 and data not
shown). Consistent with our model and with previous cell-
based studies, XOMA 052 shifted the dose response of IL-1�.
For two cell lines, A549 and HepG2, XOMA 052 increases
the EC50 (i.e. decreases the potency) for phosphorylation
of JNK and ERK �65–130-fold (Fig. 4, c and d, and
supplemental Table S1). Quantitation of the phosphoryla-
tion of JNK, ERK 1/2, and p38, as well as total I�B levels,
showed that the relative activities of the different pathways
are reduced proportionally by XOMA 052, indicating that
there is no differential change in the downstream signaling
through these pathways.
Although reducing IL-1� affinity for IL-1RI causes atten-

uation of signaling, maintenance of efficient binding to
IL-1RII is important because IL-1RII functions as a decoy
receptor on responding cells to attenuate sensitivity to IL-1�
(24, 38–40). In addition, IL-1RII-mediated internalization
of IL-1� is believed to be an important pathway for clearance
of IL-1� (23). When binding of a therapeutic antibody to its
target interrupts physiological clearance pathways, the pro-
longed half-life and high affinity of the antibody can cause
the accumulation of antibody�antigen complexes (41).
Although such complexes are typically inactive, it is neces-
sary to maintain excess levels of antibody to ensure that any
antigen that dissociates from the antibody is rapidly rebound
by antibody.

FIGURE 3. Effect of XOMA 052 on activity of IL-1� in cell-based activity assays. a, XOMA 052 neutralizes
IL-1� stimulation of IL-6 release by MRC-5 cells with an IC50 of �2 pM at the EC50 for this assay (100 pg/ml IL-1�).
This activity is comparable with that of control Blocking Ab 6, with an IC50 of �6 pM. b, XOMA 052 attenuates the
dose response of MRC-5 cells to IL-1� �50-fold (EC50 values of 12 and 815 pM with an anti-KLH antibody and
XOMA 052, respectively), whereas Blocking Ab 6 almost completely inhibits IL-1� activity. c, XOMA 052 neu-
tralizes IL-1� stimulation of NF�B activation in HeLa cells stably expressing an NF�B-luciferase reporter con-
struct with an IC50 of �1 pM at the EC50 for this assay (25 pg/ml IL-1�). Under these conditions, the potency of
the control blocking antibody is 36-fold lower, with an IC50 of 36 pM. RLU, relative light units. d, XOMA 052
attenuates the dose response of HeLa cells stably expressing an NF�B-luciferase reporter construct to IL-1�
stimulation �20-fold, from an EC50 of 1.7 pM in the presence of a non-binding anti-KLH antibody to 36 pM with
XOMA 052. For a, c, and d, error bars show S.D. of three replicates for test samples and duplicates for the
anti-KLH antibody control. For b, error bars show S.D. between duplicate samples. All experiments were run at
an n � 2.

Novel Kinetic Mechanism of Therapeutic Anti-IL-1� Antibody

20612 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 27 • JULY 2, 2010

http://www.jbc.org/cgi/content/full/M110.115790/DC1
http://www.jbc.org/cgi/content/full/M110.115790/DC1
http://www.jbc.org/cgi/content/full/M110.115790/DC1


To test whether the ability of IL-1��XOMA 052 complexes
to bind IL-1 receptors affects clearance of IL-1��antibody
complexes, we injected mice with recombinant human
IL-1�, either free (incubated with anti-KLH isotype control)
or precomplexed with either XOMA 052 or control Blocking
Ab 5, and measured the amount of total measurable IL-1�
remaining in serum after 48 h. Although free IL-1� was
undetectable at this time point, an average of 4.2-fold less
IL-1� bound to XOMA 052 was detected in the serum as
compared with IL-1� bound to Blocking Ab 5 (Fig. 5). At the
same time, the serum concentrations of both antibodies
were similar (not shown), indicating that the difference in

the amount of IL-1� bound to
XOMA 052 as compared with
IL-1� bound to Blocking Ab 5 did
not result from differential clear-
ance of antibodies themselves.

DISCUSSION

IL-1� has been described as a
master cytokine involved in initiat-
ing the innate immune response in
vertebrates. Although inappropri-
ate expression of IL-1� has been
implicated in the pathogenesis of
multiple diseases, several examples
of the beneficial effects of this cyto-
kine have been described. For exam-
ple, pretreatment with IL-1� pro-
tects against infection, radiation,
hyperoxia, arthritis, antigen-in-
duced histamine release, inflamma-
tory bowel disease, and contact der-
matitis. Thus, as was recognized
decades ago, it is possible that a
small amount of IL-1 is beneficial,
whereas larger amounts of the cyto-
kine are detrimental (42). The dual

nature of its role in both protecting against and causing tissue
damage or disease makes IL-1� a complex target for optimal
therapeutic intervention.
In recent years, the number of therapeutic agents directed

against IL-1 that are advancing through clinical trials has grown
substantially, which has led either to drug approval or to
advancement to phase II/III trials. To date, results of clinical
trials on rheumatoid arthritis, cryopyrin-associated periodic
syndromes, and type 2 diabetes have been very promising. Sev-
eral neutralizing therapeutic antibodies with high affinity have
been described (40, 41). Although itmay be perceived thatmost
of these antibodies exert their activity through similar mecha-
nisms such as ligand blocking and therefore should have similar
results, subtle differences among these antibodies with regard
to epitope and mechanism of inhibition may result in differ-
ences in activity. Thus, studies elucidating the structure-func-
tion relationship of inhibitory anti-IL-1� antibodies may pro-
vide some understanding of mechanism of action and predict
various outcomes and safety profiles in the clinic.
We have described a recombinant antibody that differen-

tially tunes the affinity of a ligand for binding tomultiple recep-
tors, allowing for context-dependent attenuation of ligand
activity. Under physiological conditions where increased levels
of IL-1� cause pathology, this mechanism enables XOMA 052
to neutralize excess IL-1� while potentially allowing continued
beneficial signaling in response to local inflammatory stimuli.
XOMA 052 may therefore allow for better responsiveness of
the innate immune system to infection as compared with a
complete blockade of IL-1� activity (4–7). Furthermore, the
degree of signaling attenuation mediated by XOMA 052 is
independent of the concentration of antibody when its concen-
tration is sufficiently high to bind all available IL-1�. Under

FIGURE 4. Evaluation of p-JNK, p-p38, and total I�B in IL-1�- and IL-1� � XOMA 052-treated A549 cells.
Cell lysates of A549 cells treated with increasing concentration of IL-1� � XOMA 052 for 15 min were separated
by SDS-PAGE followed by Western blot of p-JNK (a), p-p38 (b), and I�B (c) as described under “Experimental
Procedures” (n � 2). phos, phosphorylated. Quantification of phosphoprotein levels by the MULTI-SPOT assay
system shows that XOMA 052 shifts the dose response of JNK and ERK phosphorylation in IL-1�-stimulated
A549 cells, changing the EC50 from 10 to 770 pM (d) and from 15 to 990 pM (e) respectively (n � 2, error bars show
S.D. between duplicate samples).

FIGURE 5. Comparison of the effects of XOMA 052 and Blocking Ab 5 on
persistence of recombinant human IL-1� in mouse serum in vivo. In two
independent experiments, an average of 4-fold less IL-1� bound to XOMA
052 was detected in the serum after 48 h as compared with IL-1� bound to
Blocking Ab 5. Error bars show S.D. of duplicate samples from four animals in
each treatment group. Significance was determined using a paired (two-
tailed) t test.
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such saturating conditions, the concomitant signaling output
depends on the concentrations of ligand and other components
of the native signaling system (e.g. IL-1Ra, IL-1 receptors, and
soluble receptors). There is increasing appreciation that many
other receptor-ligand systems are comprised of multiple
ligands and receptors that generate complex and context-de-
pendent cellular effects. The ability to use antibodies therapeu-
tically as “rheostats” rather than “switches” introduces an addi-
tional level of subtlety and sophistication in therapeutic
antibody design for regulating the activity of disease-relevant
targets.
As a remarkably potent molecule with responses observable

at concentrations as low as femtomolar, IL-1� is highly regu-
lated atmultiple levels, including transcription, translation, and
proteolytic activation, as well as competition for binding to
IL-1RI by the receptor antagonist, soluble receptors, and decoy
receptor (42). Because IL-1� signal transduction can result
from very low receptor occupancy (42) and because IL-1� has
positive feedback on its own expression, this finely tuned bal-
ancemay be perturbed by subtle changes in the relative levels of
components of the regulatory mechanism. Reestablishment of
homeostatic balancemay not require dramatic changes such as
complete neutralization, but rather it is possible that attenua-
tion of IL-1� activity will providemore effective treatment than
complete blockade of the pathway. The data presented in this
study demonstrate that XOMA 052 reduces IL-1� activity in
a context-dependent manner that allows regulation by the
endogenous competitors. Determination of the advantage of
this novel mechanism of action for treatment of IL-1�-medi-
ated diseases is under further investigation in animal models
and clinical trials.
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