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Introduction

Interleukin-1β (IL-1β) is a potent pleiotropic cytokine that 
affects the function of almost every cell type.1 Most importantly, 
by inducing growth and differentiation of immune competent 
lymphocytes, IL-1β is a dominant mediator of inflammatory 
responses.2 In this function, IL-1β plays a central role in protec-
tion from microbial pathogens and tissue injury repair.

IL-1β expression level and function are tightly regulated 
by a complex system of IL-1 family members and their recep-
tors. The IL-1 family comprises at least 11 members, including 
IL-1α, IL-1β and the IL-1 Receptor antagonist (IL-1Ra). These 
mediators are produced by many cell types, including mono-
cytes and macrophages. Both IL-1α and IL-1β are synthesized 
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as precursors and, whereas IL-1β is secreted, IL-1α remains 
in the cytoplasm or is membrane-associated and released into 
circulation primarily during severe disease. IL-1β binds to the 
IL-1 Receptor type I (IL-1RI) expressed on all nucleated cells, 
which triggers the recruitment of the IL-1 Receptor accessory 
protein (IL-1RAcP) to form the active signaling complex. IL-1β 
also binds to a second receptor, IL-1 Receptor type II (IL-1RII), 
which is present in membrane-bound and soluble forms, both 
of which act as decoy receptors to downregulate the activity of 
IL-1β. The natural inhibitor IL-1Ra binds to both IL-1RI and 
IL-1RII, but does not allow the recruitment of IL-1RAcP.3

While IL-1β plays an important role in immunity, over-
expression can have a deleterious effect on many cell types.  
Systemic effects from overexpression of IL-1β are the main 
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XMA005, and no back mutation or re-engineering of the final 
molecule was necessary.

XOMA 052 binding activity. Previous studies that evalu-
ated binding to other members of the IL-1 family, IL-1α and 
IL-1ra, demonstrated that XOMA 052 has high specificity for 
IL-1β.18 Investigation of the effect of XOMA 052 on the bind-
ing of IL-1β to its receptors revealed that neutralization of IL-1β 
activity occurs through a novel mechanism of action.18 To deter-
mine whether various rodent and primate disease models could 
be used to test the in vivo efficacy of XOMA 052, the ability of 
XOMA 052 to bind a number of species orthologs of IL-1β was 
measured by surface plasmon resonance (SPR). Figure 1 shows 
an overlay of the fitted curves and data for human (A  –C) and 
mouse (D) IL-1β binding to XOMA 052 captured by immo-
bilized Protein A/G on an SPR surface. While dissociation of 
mouse IL-1β is readily apparent within 10 minutes, this time was 
not sufficient to detect dissociation of human IL-1β. Additional 
experiments were therefore carried out with 4 h of dissociation 
time (B). In this experiment, the sensorgram appears hetero-
geneous, as evidenced by the trend in the residuals from the fit 
of the data (C). It is possible that capture of the antibody with 
Protein A/G results in heterogeneity either through dissociation 
of antibody from the capture surface or through heterogeneous 
contacts of the antibody with Protein A/G. In most cases these 
effects are negligible when measuring kinetics in the nanomo-
lar (nM) to picomolar (pM) range, but become noticeable when 
measuring sub-pM interactions. (Subsequent experiments that 
used covalent immobilization through aldehyde coupling sup-
port this interpretation and are described below.) For this reason, 
the off-rate was estimated for the later, more stable portion of the 
sensorgram, which fit a 1:1 dissociation model. By this method, 
the affinity of XOMA 052 for binding mouse IL-1β was calcu-
lated to be 7 nM (D), which is well within the capabilities of 
the technology. In the case of the human IL-1β, however, the 
slow dissociation rate approaches or exceeds the limit of mea-
surement by SPR, so the affinity was estimated to be ≤4 pM. To 
more accurately determine the affinity of XOMA 052 binding 
to IL-1β, the equilibrium binding constant (K

D
) was measured 

by the more sensitive kinetic exclusion assay, KinExA, which is 
a solution-based analysis useful for characterization of such high 
affinity interactions.19,20 Figure 1E and F show KinExA analyses 
that indicated a K

D
 of 300 and 240 femtomolar (fM) for XOMA 

052 and XMA005, respectively, demonstrating that the Human 
EngineeringTM sequence modifications of the variable regions in 
XMA005 did not adversely affect the binding affinity of XOMA 
052 for its target.

The ability of XOMA 052 to bind additional species ortho-
logs of IL-1β was measured by SPR using a kinetic titration 
approach.21 To avoid effects related to antibody capture, XOMA 
052 was immobilized directly onto the sensor surface. Previous 
work (not shown) indicated that amine coupling of XOMA 
052 leads to heterogeneous kinetics, possibly due to influences 
of lysine residues on the binding activity of the antibody. For 
this reason, the antibody was immobilized through carbohy-
drates using an aldehyde coupling approach. In addition to high-
affinity binding to human IL-1β (Fig. 2A), XOMA 052 binds 

cause of increased erythrocyte sedimentation rate (ESR), 
peripheral neutrophilia, thrombocytosis, pain hypersensitiv-
ity and anemia in a group of systemic inflammatory diseases 
that include systemic juvenile idiopathic arthritis (sJIA),4 neo-
natal onset multisystem inflammatory disease (NOMID),5 
Muckle-Wells syndrome (MWS),6 pyogenic arthritis, pyo-
derma gangrenosum and acne syndrome (PAPA syn-
drome), Familial Mediterranean fever (FMF) and others.7  
Excess IL-1β also causes joint bone degradation in rheuma-
toid arthritis (RA) patients8 and affects β cells in the pancreas, 
perturbing insulin production in models of Type 2 diabetes.9,10 
Blockade of IL-1β was shown to improve glycemic control and 
β-cell function in a clinical trial of Type 2 diabetics.10 Recent 
studies in mice and with human cells have shown that IL-1β 
is essential for the development of TH17 cells,11-13 which are 
increasingly recognized as the key effectors responsible for organ-
specific autoimmunity.14

Clinically, the role of the IL-1 pathway in disease has been 
validated by treatment with recombinant IL-1 receptor antago-
nist and other IL-1 pathway inhibitors. Although these inhibi-
tors have shown efficacy in a number of diseases, there remains 
a need for new therapeutic options that are potent inhibitors and 
disease modifiers and that meet requirements for safety and con-
venience. To meet these needs, we generated the high affinity, 
IL-1β-specific therapeutic antibody XOMA 052, which is also 
known as gevokizumab.15 Designed for high potency and infre-
quent dosing, this antibody was generated from synthetic murine 
antibody sequences and constructed by rational design, utilizing 
XOMA’s antibody technology platform. The antibody variable 
regions were humanized using Human EngineeringTM technol-
ogy16 and fused to human kappa light chain and g-2 heavy chain 
constant regions. The Human EngineeredTM IgG2 has 97% 
human sequence as compared to a Kabat consensus sequence. 
The antibody was characterized by a number of in vitro biophysi-
cal and functional assays, using either recombinant or naturally 
produced mature IL-1β protein. We have previously shown 
that XOMA 052 can reduce hyperglycemia and preserve β-cell 
function in the diet-induced obesity model of Type 2 diabetes,17 
believed to be driven by low levels of chronic inflammation. In 
this report we further define the binding activity of XOMA 052 
and show that it is efficacious in reducing acute inflammation in 
vivo, neutralizing exogenously administered IL-1β and blocking 
peritonitis in a mouse model of acute gout.

Results

Antibody discovery and Human EngineeringTM. The first gen-
eration antibody was synthesized by rational design from murine 
antibody variable region sequences and produced as a chime-
ric antibody with mouse variable and human constant regions. 
Affinity maturation using site-directed mutagenesis yielded 
XMA005, which was subsequently humanized using Human 
EngineeringTM, an approach based on the conserved structure-
function relationship among antibodies of different species.16 
This Human EngineeredTM antibody, XOMA 052, recapitu-
lated the binding activity and potency of the parent antibody 
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Epitope mapping of XOMA 052. To identify the region of 
IL-1β that is bound by XOMA 052, we utilized a combination of 
PepSpotTM peptide arrays, sequence comparison and site-directed 
mutagenesis approaches. XOMA 052 can bind denatured (both 
reduced and non-reduced) recombinant human IL-1β  in western  
blot analysis (data not shown), suggesting that the XOMA 052 
epitope of human IL-1β might be linear or include a linear 
component. To map the binding site, XOMA 052 was hybrid-
ized to an IL-1β PepSpotTM membrane, displaying overlapping 

to rhesus (Fig. 2B), rat (Fig. 2C), and rabbit (data not shown) 
orthologs with affinities of ≤10 pM (Table 1). As seen in the pre-
vious SPR measurement, XOMA 052 binds to mouse IL-1β with 
lower affinity, determined to be 3 nM by this method (Fig. 2D  
and Table 1). Although this affinity is at least three orders of 
magnitude lower than that for the human homolog, the single-
digit nM binding affinity to the murine IL-1β is similar to that 
of many therapeutic products, and is sufficiently high to test 
XOMA 052 efficacy in mouse disease models.

Figure 1. Kinetic binding analysis of XOMA 052 and XMA005. (A) Injection of human IL-1β over XOMA 052 captured by protein A/G. Data were 
collected in triplicate for six IL-1β concentrations ranging from 23 pM to 57.8 nM. (B) Three injections of 57.8 nM human IL-1β were followed for 4 h of 
dissociation and fit using Scrubber2 software to estimate a dissociation rate (kd) of ≤6.3 x 10-6 sec-1. (C) The trend in the residuals from the fit of the data 
in the early part of dissociation profile is not seen in experiments using aldehyde-coupled antibody and is thus believed to result from instability due 
to capture. The value for the dissociation rate was determined from the later portion of the long dissociations. The association rate of 1.7 x 106 M-1s-1 
was determined using a global fit of the association curves with a simple 1:1 Langmuir binding model with the dissociation rate fixed at the value 
determined from the long dissociations. The fit of the data is shown as a solid red line, yielding an affinity of ≤4 pM. (D) Injection of mouse IL-1β over 
XOMA 052 captured by protein A/G. Data were collected in triplicate for six IL-1β concentrations ranging from 23 pM to 300 nM, except for the highest 
concentration, which was a singlicate injection. Data were fit globally with a simple 1:1 Langmuir binding model, yielding an affinity of 7 nM. Analysis 
of XOMA 052 (E) and XMA005 (F) binding to human IL-1β by Kinetic Exclusion Assay (KinExA). This solution-based method yields equilibrium binding 
constants (KD) of 300 and 240 fM with 95% confidence intervals of 115 to 742 and 70 to 722 fM, for XOMA 052 and XMA005, respectively.
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Species cross-reactivity data (Figs. 1 and 2 and Table 1) sug-
gest that the epitope bound by XOMA 052 is in a region of IL-1β 
that is not completely conserved between mouse and other tested 
orthologs (human, rat, rhesus and rabbit). Figure 3C shows an 
alignment of the mouse, human, rhesus, rat and rabbit IL-1β 
protein sequences. Residues that are conserved among human,  
rhesus, rat and rabbit IL-1β, but which differ in the mouse 
ortholog, are C8, V41 and Q116. We examined the contribu-
tion of these residues to XOMA 052 binding, as well as some of 
the amino acid residues identified by PepSpot, using site-directed 
mutagenesis of the full length protein combined with SPR analy-
sis. The dissociation rates of all the mutants tested are summa-
rized in Table 2.

Two additional residues of note are P51 and S150, which while 
not completely conserved in other species, are different in mouse 
from the other species tested. For example, residue 150 is serine  
(a polar, uncharged amino acid) in the mouse sequence and 
phelylalanine or proline (basic non-polar amino acids), in other 
species. Because of its position at the C-terminus, a proline at 
this position is unlikely to cause broader structural change in the 
molecule. Residue 51, on the other hand, is non-conserved across 
species, with a proline (basic, non-polar) in mouse and threo-
nine (polar, uncharged) or glutamate (acidic) in the other species. 
Because of its location in the folded protein, the presence of a 
proline at this position in the mouse sequence could cause a shift 
in the geometry or folding of the loops, which in theory could 
contribute to the reduced affinity of XOMA 052 for the cytokine. 
However, because the amino acid change in the other species is 

12-mer peptides spanning the entire protein. The results showed 
that XOMA 052 specifically bound to a number of spots that 
cover the region from residues 83 to 105 of the mature protein 
(Fig. 3A). This region is larger than expected for a linear epitope 
that generally ranges between 4–8 residues, suggesting that the 
XOMA 052 epitope might be more complex. Because of the high 
affinity of XOMA 052 for its target, it is possible that a linear 
portion of the full discontinuous epitope could still be bound by 
XOMA 052 with an affinity that is sufficient to allow detection 
by western blot. To determine which residues contribute to bind-
ing, additional peptides, each containing a single alanine sub-
stitution, were re-probed by XOMA 052. Substitution of amino 
acids M95, E96 and K97 abolished binding to XOMA 052, while 
substituting R98 and N102 strongly reduced binding (Fig. 3B).

Figure 2. XOMA 052 cross-reacts with four species orthologs of IL-1β. Kinetic titration analysis of XOMA 052 binding to IL-1β from human (A), rhesus 
(B), rat (C) and mouse (D). Five concentrations of recombinant human, rhesus, rat and mouse IL-1β were injected in serial over XOMA 052 immobilized 
on a Biacore 2000 biosensor surface by aldehyde coupling. KD was determined by fitting data to a 1:1 Langmuir model using kinetic titration analysis 
with BIAevaluation software.

Table 1. Comparative binding affinities and kinetics of XOMA 052 
 binding to IL-1β from different species determined by Biacore

Species ka (M-1s-1) kd (s-1) KD (pM)

Human 1.7 x 106 ≤6.3 x 10-6 ≤4 ± 2*

Rhesus 8.5 x 105 ≤6.6 x 10-6 ≤8 ± 2*

Rat 1.5 x 106 ≤2.8 x 10-6 ≤2 ± 1*

Mouse 7.7 x 105 2.4 x 10-3 3000 ± 100
*The kinetics of the interaction between XOMA 052 and IL-1β from 
these three species are at the limit of measurement by Biacore, and 
therefore the KD values in this table represent upper limits of KD  

(i.e., lower limits of affinity). Error values reflect the range derived from 
replicate kinetic titration experiments.
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Figure 3. XOMA 052 epitope mapping. (A) The IL-1β PepSpotTM Peptide Array membrane probed with XOMA 052 reveals that XOMA 052 binds to 
peptide spots corresponding to amino acids 83–105 of the mature protein. (B) Alanine substituted peptides hybridized with XOMA 052. Sequences 
of the 16 peptides with the alanine substitution (in blue) are shown in the box below. Peptides 9–12 and 16 showed little or no binding by XOMA 052 
(WT, wild type). (C) Sequence alignment of mature forms of mouse (m), human (h), rhesus (rh), rat (r) and rabbit (ra) IL-1β are shown. Residues that are 
identical in human, rhesus, rat and rabbit and differ in mouse are shown in bold and underlined. (D) Supernatants from wild type and six mutants of  
IL-1β (E64A, K65A, M95A, E96A, K97A and Q116E) were injected over XOMA 052 immobilized on a ProteOn XPR sensor chip. The fits of the off-rate 
data are shown as red lines. Mutants E96A, K97A and Q116E showed off-rates increased by 1,000-fold. (E) Sensorgrams of wild type and IL-1β mutants 
binding to sRI show that the mutant proteins were expressed and folded properly.
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Four additional mutants of human IL-1β were constructed by 
substituting the residues at positions 8, 41, 116 and 150 with the 
amino acid found at the equivalent position of the mouse ortho-
log. The single mutations C8Y, V41I and F150S had no effect on 
dissociation rates as measured by SPR, but Q116E increased the 
dissociation rate from XOMA 052 at least 1,000-fold (Fig. 3D 
and Table 2) while having no effect on the dissociation from 
IL-1 sRI (Fig. 3E). Interestingly, the increased dissociation rate 
of Q116E recapitulates the dissociation rate seen with mouse 
IL-1β. The positions in the IL-1β crystal structure of the three 
residues identified by these analyses as critical for XOMA 052 
binding are illustrated in Figure 4.22 The clustering of three non-
contiguous IL-1β residues critical for XOMA 052 binding on the 
surface of the cytokine suggests that they may form part of a con-
formational epitope. However, the possibility that these residues 
play a structural role in forming the epitope rather than making 
direct contacts with XOMA 052 cannot be excluded, so addi-
tional studies are under way to unambiguously identify residues 
involved in the direct interaction between the two molecules.

XOMA 052 activity in MRC5 and whole blood bioassays. 
To test the inhibitory activity of XOMA 052, two bioassays based 
on the ability of IL-1β to induce cytokine expression following 
activation of the IL-1 pathway were used. The ability of XOMA 
052 to inhibit the expression of IL-6 was measured in the IL-1β-
treated MRC-5 human lung fibroblast cell line and compared to 
that of the murine parental antibody XMA005 and the recombi-
nant form of IL-1Ra, anakinra (Fig. 5A). In this assay, XOMA 
052 completely blocked the IL-1β-induced expression of IL-6 
with an IC

50
 of 4.9 pM. The potency of XOMA 052 was equiva-

lent to that of the parental antibody XMA005, with an IC
50

 of  
4.4 pM, demonstrating that Human EngineeringTM did not alter 
the target inhibitory activity of the parental murine antibody. 
This potency is ~10-fold more potent than that of anakinra, 
which has an IC

50
 of 45 pM. The IL-1β neutralizing activity 

of XOMA 052 also was assessed in a human whole blood bio-
assay where the IL-1β-mediated expression of IL-8 was measured  
(Fig. 5B). Similar to what was observed in the MRC-5 IL-6 release 
bioassay, the IL-1β neutralizing activity of XOMA 052 (IC

50
 =  

28 pM) was 20-fold more potent than anakinra (IC
50

 = 603 pM).
XOMA 052 in vivo activity (CBA and gout). To assess 

whether XOMA 052 could neutralize human IL-1β systemi-
cally, an in vivo cytokine biomarker assay (CBA) was used. In 
this assay, mice were pre-treated with XOMA 052, XMA005 or 
control IgG, then challenged with an exogenous dose of human 
IL-1β, and the induction of murine IL-6 was measured in the 
serum. XOMA 052 and XMA005 blocked the ability of human 
IL-1β to induce systemic IL-6 in the mouse, with 60–70% inhi-
bition at 0.15 mg/kg antibody (Fig. 6). In a previous experiment, 
this dose of XOMA 052 did not block exogenously administered 
murine IL-1β, and a higher dose (15 mg/kg) was required.17 
Thus, while the affinity of XOMA 052 for mouse IL-1β is over 
1,000-fold lower than for human IL-1β, a 100-fold higher dose 
is sufficient to neutralize its activity in vivo. This suggests that 
XOMA 052 could have significant efficacy in a murine disease 
model where IL-1β has a key role in the induction and mainte-
nance of pathology.

also non-conservative, it is unlikely to participate directly in the 
binding interaction with the antibody. For these reasons we gen-
erate and tested S150F, but not a mutation at residue 51.

In total, 12 alanine substitution mutants of human IL-1β were 
generated and expressed transiently in HEK 293E cells (R4A, 
L6A, V40A, E50A, E64A, K65A, L67A, Y68A, K93A, M95A, 
E96A, K97A). The culture supernatant from each transfection 
was tested for binding to recombinant IL-1 sRI and XOMA 052 
in parallel by SPR. Substitution of either E96 or K97 with ala-
nine increases the off-rate from XOMA 052 by at least 1,000-
fold (Fig. 3D). Binding to sRI verified that these mutant proteins 
were expressed and properly folded (Fig. 3E). Four alanine sub-
stitutions of residues that belong to the same loop (E64A, K65A, 
L67A, Y68A) impacted the off-rate from XOMA 052 10-fold 
(Table 2). This slight decrease in off-rates most likely results from 
a destabilization of the IL-1β structure because a similar decrease 
was observed with control anti-IL-1β antibodies that bind to  
epitopes that do not overlap that of XOMA 052 (data not shown).

One basic residue located in the binding interface with the 
receptor was substituted to aspartate (R4D); not surprisingly, 
substitution with an acidic strongly affected binding to sRI, but 
it had no effect on binding of XOMA 052.

Table 2. Effect of single amino acid substitutions of human IL-1β  
on binding to sRI and XOMA 052

IL-1β mutant sRI binding (RU)* XOMA 052 kd (sec-1)**

wt 130 ± 26 ≤1 x 10-6

R4A† 121 ± 12 ≤1 x 10-6

R4D† 7 ± 5 ≤1 x 10-6

L6A 118 ± 2 ≤1 x 10-6

C8Y 114 ± 7 ≤1 x 10-6

V40A 134 ≤1 x 10-6

V41I 132 ± 7 ≤1 x 10-6

E50A 131 ≤1 x 10-6

E64A‡ 126 ≤1 x 10-5

K65A‡ 122 ≤1 x 10-5

L67A‡ 124 ± 10 ≤1 x 10-5

Y68A‡ 130 ± 3 ≤1 x 10-5

K93A 65 ± 20 ≤1 x 10-6

M95A 110 ± 6 ≤1 x 10-6

E96A 135 ± 1 3 x 10-3

K97A 132 ± 1 2 x 10-3

Q116E 145 ± 2 2 x 10-3

F150S 113 ± 13 ≤1 x 10-6

*Mean and range of multiple measurements for those mutants 
measured more than one time. **Dissociation rates ≤1 x 10-5 approach 
the limit of measurement in this experiment, which followed dissocia-
tion for only 10 min. The curves fit as 10-5 sec-1 could be distinguished 
qualitatively from those fit at 10-6 sec-1, but the difference cannot be 
quantitatively determined from these measurements. †This residue 
is located in the binding interface with sRI. ‡These residues belong to 
the same loop. The slight increase in off-rates most likely results from 
a destabilization of the IL-1β structure because a similar decrease was 
observed with control anti-IL-1β antibodies with non-overlapping 
epitopes to XOMA 052 (data not shown).
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greater when trying to address and meet patients’ needs for a safe, 
efficacious and convenient drug.

Several inhibitors of the IL-1 pathway have been developed 
and have provided important proof of concept to illustrate that 
this pathway has great potential for the development of new ther-
apeutic drugs. While providing proof of concept in many dis-
eases, these inhibitors require frequent or high dosing regimens 
to achieve and maintain efficacy, which is possibly due to their 
mechanism of inhibition together with their pharmacokinetic 
properties.7 This is particularly true for diseases like rheumatoid 
arthritis, where a therapeutic agent, in order to exert its inhibi-
tory effect, must penetrate the synovial compartment and main-
tain a steady-state of local efficacious levels.

To overcome these limitations, we sought to design and develop 
a “best-in-class” anti-IL-1β therapeutic antibody, XOMA 052. 
This high affinity antibody specifically inhibits IL-1β activity  
with a unique mechanism of action.18 Such specificity for IL-1β 
alone will have the added advantage of sparing both IL-1α, which 
could provide a safety margin for protection against potential 
infections and IL-1Ra, which is the natural antagonist of the IL-1 
signaling pathway. Indeed, inactivation of IL-1Ra would work 
against the very purpose of the therapeutic drug.

Additionally, because circulating levels of IL-1β in disease are 
in the pM range,7,25 inhibiting the IL-1β pathway by blocking 

We tested XOMA 052 in a mouse model of acute gout, mono-
sodium urate (MSU) crystal-induced acute peritonitis. In this 
model, injection of MSU crystals leads to a rapid influx of inflam-
matory cells, in an IL-1-dependent manner.23 Due to its lower affin-
ity for mouse IL-1β, XOMA 052 was administered at a relatively 
high dose of 10 mg/kg. At this dose, XOMA 052 blocked infil-
tration of both neutrophils (Fig. 7A) and macrophages (Fig. 7B)  
in this murine model, and peritonitis induced by the MSU crys-
tals was reduced by 84% relative to isotype control (p < 0.05, 
unpaired t-test).

Discussion

IL-1β is a potent mediator of inflammation that functions at the 
initiation of the inflammatory cascade. This pathway must main-
tain a delicate balance between beneficial and disease-related 
effects, as evidenced by the role that IL-1β plays in the devel-
opment of many inflammatory, autoimmune, metabolic and 
oncological diseases.1 IL-1β is believed to act locally, rather than 
systemically, and is very potent, requiring less than 5% of receptor 
occupancy to induce maximum response.7,24 Effectively modulat-
ing an early, locally acting, potent and short-lived inflammatory 
cytokine with a potent inhibitor has been a common challenge 
for all existing IL-1 pathway inhibitors. The challenge is even 

Figure 4. XOMA 052 epitope as predicted by PepSpotTM and alanine scan analyses. Figure shows the ribbon representation of the structure for the 
human IL-1β/IL-1RI complex22 using Pymol visualization software (DeLano Scientific LLC, San Carlos, CA). Receptor domains I, II and III are depicted in 
green, yellow and orange respectively and IL-1β depicted in blue. The side chains of E96, K97 and Q116 identified as critical for binding to XOMA 052 
are shown in red. Center: front view, left: a 90° rotation view to the left, right: a 90° rotation view to the right.
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XOMA 052 has an in vitro potency that is >10-fold higher than 
anakinra, and an in vitro binding affinity for IL-1β of 300 fM.  
The antibody binding affinity for the mouse IL-1β is 3 nM, 
which is sufficiently high to allow testing XOMA 052 efficacy in 
a variety of disease models in mice. It was therefore not necessary 
to develop a surrogate antibody or to rely exclusively on the abil-
ity of XOMA 052 to neutralize the effects of exogenous human 
IL-1β injected systemically in mice. We have recently reported 
that specific inhibition of IL-1β with XOMA 052 can treat the 
chronic inflammation of diet-induced obesity in a mouse model 
of Type 2 diabetes.17

Recent studies in humans have shown that inhibition of the 
IL-1 pathway can be an effective therapy for acute gout.28-30 In 
the present study we have shown that XOMA 052 is functionally 
active in a murine model of acute gout, blocking both neutrophil 
and macrophage influx triggered by MSU crystals. Production 
of IL-1 in response to MSU crystals has been reported to occur 
in resident macrophages, rather that infiltrating monocytes or 
neutrophils.23 Thus we envision that recurrent accumulation of 
MSU in an affected joint would lead to recurrent production of 
IL-1β. XOMA 052 with its long half-life would be able to neu-
tralize recurrent flares. We show in this report that there was no 
significant difference between treatment with 10 mg/kg XOMA 
052 and 30 mg/kg anakinra in a mouse model of acute gout, 
thus confirming its in vivo efficacy in a new class of auto-inflam-
matory diseases that result from inappropriate activation of the 
innate immune system.31

Gout is one of several diseases that can now be classified as 
auto-inflammatory, involving activation of the “inflamma-
some,” which results in processing of pro-IL-1β to active IL-1β. 
Included in these diseases are NOMID, MWS, PAPA syndrome 
and FMF.32 Interestingly, a recent study described the role of 
cholesterol crystals in activating the inflammasome, leading to 

Figure 5. XOMA 052 neutralizes human IL-1β activity in vitro.  
(A) Inhibition of IL-1β-induced IL-6 release in MRC5 human fibroblast 
cells. Cells were stimulated with 5.8 pM of IL-1β in the presence of 
XMA005, XOMA 052, anakinra or a control IgG2 Ab. XMA005 and XOMA 
052 had an IC50 of 4.9 and 4.4 pM respectively, while anakinra had an 
IC50 of 45 pM. (B) Inhibition of IL-1β induced IL-8 expression in a human 
whole blood assay. Whole blood was stimulated with 100 pM of IL-1β 
in the presence of XOMA 052, anakinra or a control IgG2 Ab. XOMA 052 
has an IC50 of 28 pM, while recombinant human IL-1Ra anakinra has an 
IC50 of 603 pM.

Figure 6. XOMA 052 inhibits IL-6 expression in IL-1β treated mice. Mice 
(n = 8 per treatment group) were injected with XMA005 parent, XOMA 
052 or IgG control and treated 24 h later with 1 μg/kg of recombinant 
human IL-1β as described in Materials and Methods. Two hours later 
mice were sacrificed and neutralization activity of the antibodies 
was calculated by measuring the levels of IL-6 in the mouse serum. 
Percent neutralization was calculated using the mean of the IgG control 
treatment group as 100%. Both antibodies inhibited IL-6 stimulation in 
a dose-dependent manner with comparable potency. Values are mean 
percent neutralization, and error bars show standard error of the mean. 
The difference between XMA005 and XOMA 052 is not significant as 
measured by unpaired two-tailed t-test (p = 0.17, 0.41 and 0.36 for 0.15, 
0.05 and 0.015 mg/kg doses, respectively).

IL-1β-specific activity is predicted to be a better strategy than 
blocking the activating receptor, IL-1RI, which is ubiquitously 
expressed on all nucleated cells and could lead to increased clear-
ance of antibody from circulation. In addition to specifically 
inhibiting IL-1β, XOMA 052 has desirable pharmacokinetic 
properties. In humans, humanized antibodies generally have a 
half-life of 14–21 days and our initial Phase 1 studies in Type 2 
diabetes have shown that XOMA 052 exceeds this range with a 
half-life of approximately 23 days.26

In vitro characterization studies have shown that two of the 
residues of IL-1β that are important for XOMA 052 binding 
(E96, K97) are located in loop G of the mature IL-1β protein. 
The crystal structure of IL-1β complexed to its receptor shows 
that loop G is adjacent to the region that contacts the receptor,22 
and part of loop G has been shown to be important for receptor 
binding.27 The third residue important for XOMA 052 binding, 
(Q116), while not a part of loop G, is located near this loop in 
the folded protein, as shown in crystal structure of IL-1β. XOMA 
052 is the first reported example of a therapeutic antibody bind-
ing to this region. Because the epitope of XOMA 052 is proximal 
to, but does not overlap the receptor/ligand interface, binding by 
XOMA 052 may interfere with assembly of the active signaling 
complex in a manner different from simple competitive binding. 
This is consistent with the novel mechanism of action of XOMA 
052 for neutralization of IL-1β previously described.18
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a corresponding human residue.16 For the Human EngineeringTM 
of the lead antibody candidate, the heavy and light variable 
region sequences of XMA005 parental antibody were humanized 
based on consensus sequences from the Kabat database of human 
antibody sequences. For the light chain, nine low risk and two 
moderate risk residues were modified to match a human VK1 
sequence template; for the heavy chain, nine low risk and three 
moderate risk residues were modified to match a human VH2 
sequence template. Human EngineeredTM light and heavy chain 
variable region sequences were cloned into modular expression 
vectors containing human k and g-2 constant region sequences 
respectively. Four humanized antibody variants were generated. 
The antibody variant with the highest human content, 97% based 
on V-regions humanized to Kabat human consensus sequences, 
XOMA 052, was chosen as the lead for therapeutic development.

Expression and purification of recombinant antibodies. 
Parental and Human EngineeredTM antibody variants were 
transiently expressed in HEK293E cells. Briefly, a total of 40 μg  
of heavy chain (HC) and light chain (LC) vector (1:2 HC to 
LC) was transfected into 40 ml of HEK293E at a density of  
8 x 105 cells/ml. Cells were incubated for seven days at 37°C 
at which time supernatant was harvested and batch purified 
using Protein A-Sepharose CL-4B (GE Amersham, Uppsala, 
Sweden). Protein A-Sepharose suspension was added to the cell 
supernatant and the mixture incubated at 4°C for 2 h. Protein 
A-Sepharose beads were separated from the supernatant, washed 

atherogenesis.33 Thus, diseases previously consid-
ered unrelated could now potentially be treated 
by targeting a common mechanism. For example, 
while the role of IL-1β in type 1 diabetes has long 
been acknowledged,34 recognition of its role in 
development of type 2 diabetes is a more recent 
development.10 In addition, IL-1β has long been 
implicated in the cause and pathogenesis of autoim-
mune diseases such as psoriasis, multiple sclerosis, 
asthma, inflammatory bowel disease and rheuma-
toid arthritis.35 Although anakinra has only shown 
modest effects in rheumatoid arthritis,36,37 we 
hypothesize that XOMA 052 could have increased 
efficacy due to its higher affinity for IL-1β and 
longer half-life. Indeed, in the collagen-induced 
arthritis mouse model, XOMA 052 was effective 
in preventing and treating joint inflammation, 
at lower and less frequent doses than anakinra.38 
Furthermore, the role of chronic inflammation is 
increasingly recognized in cardio-metabolic dis-
eases, including diabetes and atherosclerosis, even 
in the absence of measurable increases in serum 
levels of IL-1β. Results for another anti-IL-1β anti-
body that inhibited IL-1β-mediated joint inflam-
mation in preclinical models and was associated 
with treatment effects and clinical improvement 
in a subset of RA patients with weekly dosing in a 
small proof of concept study have been reported.39 
This study further validates the approach of target-
ing IL-1β with specific antibodies for the treatment 
of autoimmune diseases.

As XOMA 052 is more potent against human IL-1β than 
the murine homolog,17 its activity in mouse models of several 
classes of inflammation driven diseases suggests that this anti-
body could be a highly effective treatment for a wide variety of 
human inflammatory diseases and conditions. Because of its 
unique biophysical, pharmacokinetic and functional properties, 
as well as its unique mechanism of action, XOMA 052 may offer 
advantages compared with other inhibitors of the IL-1 pathway. 
This antibody has potential as a novel approach to addressing the 
need for a potent inhibitor while also acting as an efficacious and 
safe therapeutic that can be administered at low and infrequent 
doses. XOMA 052 is currently in Phase 2 clinical trials in Type 2  
diabetes, and is being evaluated as a treatment for a number of 
other IL-1β-mediated diseases.

Material and Methods

Human EngineeringTM. Human EngineeringTM does not require 
modeling; rather, it is based on the alignment of the parental 
non-human variable region sequences to either Kabat or germline 
consensus human sequences. Briefly, surface exposed variable 
region amino acids are assigned a “low,” “moderate” or “high” 
risk that if changed to human would adversely affect the anti-
body binding activity. The non-human residues with “low” and 
“moderate” risk assignment are candidates for being changed to 

Figure 7. XOMA 052 blocks inflammation in a model of acute gout. (A) Number of 
infiltrating neutrophils in the peritoneal lavage, 6 h after MSU injection. (B) Number of 
infiltrating macrophages in the peritoneal lavage, 6 h after MSU injection. n = 6 mice/
group. *p < 0.05 for XOMA 052 10 mg/kg vs. IgG2 control or anakinra vs. PBS using an 
unpaired t-test.
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of a plot of % free antibody versus IL-1β concentration to a 1:1 
binding model using KinExA software (Version 2.4; Sapidyne).

Epitope mapping. Mapping of the IL-1β epitope bound by 
the XOMA 052 paratope was carried out using a combination 
of PepSpotTM peptide array (JPT Peptide Technologies, Berlin, 
Germany), alanine mutagenesis and comparative binding with 
IL-1β from different species. A series of 12-mer peptides span-
ning the entire IL-1β amino-acid sequence, each with a one 
amino acid offset from the next, was synthesized directly on a 
membrane. The membrane was probed with XOMA 052 at a 
concentration of 2 μg/ml for 2 h at room temperature. Binding 
of XOMA 052 was detected using a secondary horseradish perox-
idase-conjugated goat anti-human antibody and visualized using 
enhanced chemiluminescence (ECL) substrate (PerkinElmer, 
Waltham, MA). Each amino acid in the peptide found by 
PepSpotTM analysis to bind XOMA 052 was substituted individu-
ally with alanine and the resulting peptides were re-probed by 
immunoblotting with XOMA 052.

Vectors encoding mutants of full-length mature IL-1β 
were constructed using oligonucleotide-mediated site-directed 
mutagenesis (Quickchange II XL Site-Directed Mutagenesis, 
Stratagene). The following single amino acid substitutions were 
generated: R4A, R4D, L6A, C8Y, V40A, V41I, E50A, E64A, 
K65A, L67A, Y68A, K93A, M95A, E96A, K97A, Q116E and 
F150S. All mutants were sequence-confirmed and transfected 
transiently into HEK293-EBNA cells (Invitrogen cat # R620-07)  
using Lipofectamine (LipofectamineTM 2000, Invitrogen) 
and tested for production of secreted, active mature IL-1β 
protein. HEK293-EBNA cells were maintained in Hyclone 
SFM4Transfx-293TM medium containing 1% FBS + 250 ug/ml  
G418 in a 37°C incubator with 5% CO

2
 on a shaking plat-

form. Prior to transfection HEK293-EBNA cells were diluted to  
8 x 105 cells/ml in 20 ml of growth medium, and then incu-
bated 48 h with 20 μg plasmid DNA + 20 μg Lipofectamine 
2000 (Invitrogen). Supernatants were collected and cleared by 
centrifugation followed by filtration through a 0.22 micron filter. 
Supernatants were tested by SPR using the ProteOnTM XPR36 
(Bio-Rad Laboratories) for binding to biotinylated XOMA 052 
and IL-1 Receptor I (sRI) (R&D Systems, Minneapolis, MN) 
captured on a NeutrAvidin coated chip (NLC chip cat # 176-
5021). Samples were diluted 10-fold in HBS-EP buffer and 
injected for 200 seconds at 30 μL/min over captured XOMA 
052 and IL-1 RI. Dissociation was followed for 10 min and the 
curves were fit with Scrubber2.

MRC5 assay. MRC-5 human lung fibroblast cells (ATCC, 
Manassas, VA) were used to assess IL-1β inhibitory activity 
as described.40 Briefly, MRC-5 cells were seeded in a 96-well 
plate at 5,000 cells per well in MEM complete growth medium 
with 10% fetal bovine serum. After an overnight incuba-
tion at 37°C with 6.5% CO

2
, supernatants were removed 

and replaced with growth medium containing control anti-
bodies, XOMA 052 or recombinant human IL-1ra anakinra  
(Amgen, Thousand Oaks, CA) at concentrations ranging from 
10 fM to 10 nM. Recombinant human IL-1β (Roche Applied 
Sciences, Indianapolis, IN) was added to a final concentra-
tion of 5.8 pM. As a negative control, rhIL-1β treated cells 

with phosphate-buffered saline (PBS) and antibody eluted with 
200 μl 0.2 M glycine-HCl, pH 2.5. Eluted antibody was neu-
tralized with 1 M Tris-HCl, pH 9 and dialyzed against PBS 
overnight.

Binding affinity determination. Recombinant IL-1β was 
obtained from the following sources: human, Peprotech Inc., 
Rocky Hill, NJ or R&D Systems, Minneapolis, MN; rhesus, rat 
and mouse, R&D Systems. Binding kinetics of four orthologs 
of recombinant IL-1β, including human, rhesus, rat and mouse 
to immobilized XOMA 052 were measured using a surface plas-
mon resonance (SPR) method employing two immobilization 
approaches on a Biacore® 2000. All experiments were performed 
at 25°C using running buffer containing 10 mM HEPES, pH 7.4,  
150 mM NaCl, 0.005% P20 and 3 mM EDTA, (HBS-EP, 
Biacore, Piscataway, NJ). In the first approach, the antibody 
was captured using Protein A/G immobilized on a CM-5 sen-
sor surface. Protein A/G was immobilized onto flow cells 1 and 
2 using amine-coupling chemistry using a standard procedure. 
XOMA 052 was captured on flow cell 2 at density of 200 RU. 
Recombinant mouse or human IL-1β was diluted in running 
buffer to six concentrations (23 pM–57.8 nM) and injected in 
triplicate for 2 min at 20 μL/min over the captured antibody 
and the reference flow cells. For the mouse ortholog, an addi-
tional injection of 300 nM IL-1β was added. Dissociation was 
measured for 10 min. Control experiments (not shown) verified 
that this system is not mass transport-limited at this flow rate. 
In a separate experiment, three injections of 57.8 nM IL-1β were 
followed for a dissociation time of 4 h. The surfaces were regen-
erated between cycles with one 30 sec injection each of 10 mM  
Glycine pH 2.0 (Biacore) and running buffer at 100 μL/m. 
The sensorgrams were double-referenced against the reference 
flow cell and a buffer injection and fit globally to a 1:1 bind-
ing model to generate kinetic rate constants using Scrubber2 
software (Biologic Software, Campbell, Australia). The second 
approach utilized a kinetic titration protocol21 over XOMA 052 
immobilized by aldehyde coupling to a CM-5 sensor chip. Five 
concentrations of recombinant human, rhesus, rat and mouse 
IL-1β (R&D Systems) were injected in a series over XOMA 052 
and a reference surface, and regenerated at the end of each cycle. 
For human and rhesus IL-1β, each cycle was repeated once, 
for a total of two replicate injections. Rat IL-1β data included 
three and mouse IL-1β five, replicate cycles. The binding 
responses were fit using a simple 1:1 Langmuir binding model 
with BIAevaluation software using kinetic titration analysis to 
yield on-rate (k-on) and off-rate (k-off) parameters. The kinetic 
parameters were subsequently used to calculate the equilibrium 
dissociation constant (K

D
). Due to the extremely slow dissocia-

tion rates, the kinetics of the interaction between XOMA 052 
and IL-1β from human, rhesus and rat species approach the 
limit of measurement by Biacore®, and therefore the equilibrium 
binding affinities of XOMA 052 and its parent XMA005 bind-
ing to human IL-1β were determined accurately by a solution 
equilibrium method. Antibodies were incubated with increasing 
concentrations of ligand (0.04–80 pM) and free antibody was 
measured using KinExATM (Sapidyne, Boise, ID). The equilib-
rium binding constants (K

D
) were derived from fitting the curve 
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IL-6 levels were measured using a Quantikine ELISA kit  
(R&D Systems, Minneapolis, MN) according to the manufac-
turer’s protocol.

Monosodium urate (MSU) crystal-induced acute perito-
nitis. Studies were performed at Bio-Quant (San Diego, CA). 
Peritonitis was induced as described23 by injecting 0.5 mg of 
MSU crystals into the peritoneal space of Balb/c mice. Mice 
were treated 2 h earlier with intraperitoneal injection of isotype 
control antibody or XOMA 052. For comparison, one group 
of mice received IL-1Ra (anakinra) at the same time as MSU 
injection. After 6 h, peritoneal lavage was performed and the 
lavage fluid was centrifuged to collect cells. Cells were counted 
and a fraction was used for cytospin and leukocyte differential 
counts. Peritonitis was measured by calculating the number of 
neutrophils in the lavage. The number of neutrophils is deter-
mined by multiplying the total cell count in the lavage by the 
percentage of neutrophils in the differential count. The same 
method was used to calculate the number of macrophages in 
the lavage fluid.
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were incubated with 10 nM anti-Keyhole Limpet Hemocyanin 
(KLH)-specific isotype control antibody (clone KLH8.G2, 
XOMA). Following 20-h incubation at 37°C with 6.5% CO

2
, 

supernatants were assayed in triplicate for human IL-6 by ELISA 
(Quantikine human IL-6 ELISA, R&D Systems, Minneapolis, 
MN) according to the manufacturer’s instructions.

Whole blood assay. Whole blood collected from healthy 
donors was distributed at 200 μl/well into a round-bottom 
96-well plate. XOMA 052 or anakinra was added to final con-
centrations ranging from 1 pM to 10 nM. Recombinant human 
IL-1β (Roche Applied Sciences, Indianapolis, IN) was then 
added to a final concentration of 100 pM. KLH8.G2 antibody 
was used as the isotype control.

The assay plate was incubated at 37°C with 6% CO
2
 for 6 h.  

After incubation, 50 μl/well of 2.5% Triton X-100 (Sigma-
Aldrich, Saint Louis, MO) was added to each well and mixed 
thoroughly to generate whole blood lysates with a final detergent 
concentration of 0.5%. The sample plate was then centrifuged 
for 5 min at 2,000 rpm to pellet debris and cleared lysates were 
transferred to a polypropylene, V-bottom 96-well plate and stored 
overnight at -80°C. The following morning, lysates were quickly 
thawed at 37°C, centrifuged for 5 min at 2,000 rpm to ensure 
lysate clarity, diluted and assayed in triplicate for human IL-8 by 
ELISA (Human IL-8 Quantikine, R&D Systems, Minneapolis, 
MN) according to the manufacturer’s instructions. The experi-
ment was repeated three times, using the same donor for each 
experiment.

Cytokine biomarker assay. Male C57BL/6 mice (Jackson 
Laboratory, Bar Harbor, ME) were injected intraperitone-
ally with IL-1β neutralizing antibody or control IgG (Jackson 
Immuno Research Laboratories, West Grove, PA) at 0, 0.015, 
0.05 or 0.15 mg/kg (n = 8 mice per treatment group). Twenty-
four hours after antibody injection, mice were injected sub-
cutaneously with recombinant human IL-1β (PeproTech 
Inc., Rocky Hill, NJ) at a dose of 1 μg/kg. Two hours post 
rhIL-1β injection (peak IL-6 response time), mice were eutha-
nized and blood collected via cardiac puncture. Serum mouse 
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