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Interleukin-1b (IL-1b) plays a key role in autoinflammatory diseases, such as systemic juvenile idiopathic arthritis
(sJIA) or cryopyrin-associated periodic syndrome (CAPS). Canakinumab, a human monoclonal anti-IL-1b antibody, was
recently approved for human use under the brand name Ilaris� . Canakinumab does not cross-react with IL-1b from
mouse, rat, rabbit, or macaques. The crystal structure of the canakinumab Fab bound to human IL-1b was determined
in an attempt to rationalize the species specificity. The X-ray analysis reveals a complex surface epitope with an intricate
network of well-ordered water molecules at the antibody-antigen interface. The canakinumab paratope is largely pre-
organized, as demonstrated by the structure determination of the free Fab. Glu 64 of human IL-1b is a pivotal epitope
residue explaining the exquisite species specificity of canakinumab. We identified marmoset as the only non-human
primate species that carries Glu 64 in its IL-1b and demonstrates full cross-reactivity of canakinumab, thereby enabling
toxicological studies in this species. As demonstrated by the X-ray structure of the complex with IL-1b, canakinumab
binds IL-1b on the opposite side with respect to the IL-1RAcP binding site, and in an approximately orthogonal
orientation with respect to IL-1RI. However, the antibody and IL-1RI binding sites slightly overlap and the VH region of
canakinumab would sterically interfere with the D1 domain of IL-1RI, as shown by a structural overlay with the IL-1b:IL-
1RI complex. Therefore, direct competition with IL-1RI for IL-1b binding is the molecular mechanism of neutralization by
canakinumab, which is also confirmed by competition assays with recombinant IL-1RI and IL-1RII.

Introduction

Human IL-1b is a highly regulated, highly active pro-inflam-
matory cytokine that plays a key role in autoinflammatory and
autoimmune diseases.1-3 IL-1b signaling requires the sequential
assembly of a heterotrimeric complex comprising IL-1b and 2
transmembrane receptors, the type I IL-1 receptor (IL-1RI) and
the IL-1 receptor accessory protein (IL-1RAcP). The formation
of this complex brings the intracellular TIR (Toll-IL-1 receptor)
domains of the 2 receptor chains in close vicinity, ultimately
leading to activation of the transcription factor NF-kB and
stress-activated protein kinases.4 The IL-1 receptor antagonist
(IL-1Ra) and the decoy receptor IL-1 receptor type II are 2
important regulatory components of IL-1b signaling. All IL-1
family members, including IL-1b and IL-1Ra, consist of a single

structural domain that exhibits the so-called b-trefoil fold, which
is composed of 12 b-strands connected by loop regions.5,6 The
extracellular portion of the IL-1RI comprises 3 immunoglobu-
lin-like domains that wrap around the cytokine.7 Recently, the
structures of the ternary complexes of IL-1b with IL-1RAcP and
either IL-1RII or IL-1RI were elucidated, revealing a large bind-
ing interface between IL-1b and IL-1RI or IL-1RII, and a small
surface of interaction with IL-1RAcP, facilitating interaction of
both receptor chains.8,9 Neutralization of the IL-1b bioactivity
by an antibody targeting this cytokine could in principle be
achieved by interference with the binding of IL-1b to IL-1RI, or
with the interaction between IL-1b and IL-1RAcP, or with the
recruitment of IL-1RAcP into the IL-1b-IL-1RI complex.

Derived from genetically engineered mice carrying part of the
human antibody repertoire, canakinumab (previously known as
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ACZ885) is a human IgG1/k monoclonal antibody that binds
and neutralizes human IL-1b with high potency and selectivity.10

Canakinumab has demonstrated efficacy and safety in pivotal
clinical studies of patients suffering from cryopyrin-associated
periodic syndrome (CAPS), systemic juvenile idiopathic arthritis
(sJIA), and gouty arthritis.11-13 Canakinumab has received mar-
ket authorization for the treatment of CAPS and sJIA in the US
and EU, and for the treatment of gouty arthritis in a restricted
patient group in the EU.

Like many other antibodies directed against human cytokines,
canakinumab does not cross-react with rat, mouse, or rabbit IL-
1b. Surprisingly, it does not bind to rhesus or cynomolgus mon-
key IL-1b, in spite of the very high conservation of the amino
acid sequence (human IL-1b shares 96% sequence identity with
the rhesus and cynomolgus monkey cytokines). However, we
found that canakinumab fully cross-reacts with marmoset (Calli-
thrix jacchus) IL-1b (also 96% sequence identity to human IL-
1b), thereby enabling toxicological evaluation and preclinical
development.

We present here the molecular basis for this very narrow spe-
cies selectivity. We have determined the crystal structures of the
canakinumab Fab in the free and IL-1b-bound states. Our X-ray
analyses, corroborated by mutational and biochemical studies,
show that Glu 64 of human IL-1b plays a central role in anti-
body-antigen recognition and reveal new structural details in
comparison to a recently published structure.14 In contrast to
previous inferences,14 we show that canakinumab binding to
IL-1b largely obeys a lock-and-key type mechanism, with contri-
butions by all complementarity-determining regions (CDRs) and
without any large structural changes of the paratope. The canaki-
numab and IL-1RI binding surfaces on IL-1b overlap partially,
resulting in direct competition for cytokine binding. Hence, the
structural and biochemical data reported here provide a detailed
understanding of the molecular interactions between canakinu-
mab and its target antigen, and show how this antibody exerts its
pharmacological effect by preventing IL-1b from binding to its
receptor IL-1RI.

Results

X-ray analysis

Overall structure of the canakinumab Fab
The crystal structure of the free canakinumab Fab was deter-

mined to 2.0 A
�
resolution from a monoclinic crystal with 4 Fab

molecules in the asymmetric unit (Figure S1). The final model
includes the complete light chain (214 amino-acids) and residues
1 to 218–224 of the heavy chain, with the exception of residues
132 to 138 in one of the 4 heavy chains (Table S1). The light
and heavy chain of canakinumab originates from the human Vk
6–21 and the human VH 3–33 germline genes, respectively.15,16

The observed conformations of the 3 light-chain CDRs matched
known canonical structures (L1:2A, L2:1 and L3:1, as defined by
Al-Lazikani et al17). Likewise, the H-CDR1 and H-CDR2 loops
formed the expected canonical structures (H1:1 and H2:3A). The

H-CDR3 loop of canakinumab is relatively short (9 residues
according to the Kabat18 definition, 7 according to Chothia’s
nomenclature19) and exhibits the typical bulged torso structure19

while its head adopts a twisted b-hairpin conformation with a
type I0 b-turn at its apex (Figure S2).

Overall structure of the Fab complex
The structure of the canakinumab Fab complex with IL-1b

was determined at 2.2 A
�
resolution from an orthorhombic crystal

with one complex per asymmetric unit (Table S1). Canakinu-
mab recognizes an extended, discontinuous epitope on human
IL-1b (Fig. 1 and Fig. S3). The binding interface is remarkably
flat, extensively hydrated, and very large. The shape complemen-
tarity statistic Sc20 is typical of other protein-antibody complexes
(0.707). Upon association, 1972A

� 2 of combined solvent-accessi-
ble surface are buried at the protein-protein interface.

Canakinumab paratope
All six CDRs of canakinumab contribute to antigen binding

with, in total, 19 Fab residues involved in direct intermolecular
contacts (Table 1 and Fig. S4). The heavy chain contributes 2/3
of the total buried surface on the antibody. The amino acid com-
position of the antigen-combining site is a balanced mix of
hydrophobic aromatic (25%), hydrophobic aliphatic (15%),
polar (40%) and charged residues (20%). A structural overlay
with the crystal structure of the free Fab shows that the canakinu-
mab paratope is largely pre-organized with minimal induced-fit
changes affecting the CDRs (Fig. 2A). In comparison to the free
Fab structure, the overall root-mean-square deviation (rmsd)
for all Ca atoms of the VH-VL domain (224 atoms) is only
0.60–0.80 A

�
.

Residues Val H31 and Asp H56, which differ from the
germline sequence, are in direct contact to the antigen. Two
more amino-acid differences with the germline sequence
are located within the framework b-sheet and appear to stabi-
lize H-CDR3 (Asn H35) and H-CDR2 (Ile H50). The para-
tope residues that stand out in terms of number of
intermolecular contacts to IL-1b are Arg H101, Trp H52,
Tyr H53, Tyr H32 and Tyr L50 (Figure S4). Arg H101 of
the H-CDR3 loop plays a particularly important role by
forming strong electrostatic interactions with the key epitope
residue Glu 64 (see infra). The sidechain of Tyr 50L of L-
CDR2, which was not described as being involved in IL-1b
binding,14 makes critical contacts to Glu 64, contributing
favorable anion¡p interactions and partially shielding the
Arg H101-Glu 64 salt bridge from bulk solvent.

IL-1b epitope
The IL-1b epitope is made of 5 distinct structural elements,

which form an extended, mostly planar and hydrophilic surface:
the b2-b3 b-hairpin (residues 19 to 27), the a-helical region of
the b3 to b4 loop (residues 32 to 39), the b5 to b6 loop (resi-
dues 63 to 66), the b7 to b8 loop (residues 86 to 88), and the
b10 to b11 loop (Asn 129) (Figures S3 and S5). In sharp con-
trast to the canakinumab paratope, the IL-1b epitope does not
include any aromatic residues or bulky hydrophobic residues
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(Fig. 1B). Rather, 70% (14 of 20)
of all epitope residues engaged in
direct contacts are either polar (1
serine, 2 asparagines, 4 gluta-
mines) or charged amino-acids (3
lysines, 2 aspartates, 2 gluta-
mates). These epitope residues
form direct H-bonded contacts
(Asp 35, Gln 34, Glu 37, Gln 38,
Lys 65, Asn 129) or salt-bridge
interactions (Lys 27, Glu 64) with
canakinumab (Fig. 3 and
Figure S6).

The epitope residues that con-
tribute the largest number of
intermolecular contacts are Glu
64, Gln 38, Lys 65, Asp 35 and
Ser 21 (Figure S5). Worthy of
note, the sidechain of Glu 64,
presented by the b5 to b6 loop of
IL-1b, makes contacts to 4 CDRs
(L-CDR1, L-CDR2, L-CDR3
and H-CDR3). Its carboxylate
group is stacked onto the Tyr L50
aromatic ring and engaged in a
strong, largely buried salt bridge
interaction with Arg H101 of H-
CDR3, involving both the Nh2
and Ne nitrogen atoms of Arg
H101 (Arg H101 Nh2 – Glu 64
Oe1: 2.9 A

�
; Arg H101 Ne – Glu

64 Oe2: 2.8 A
�
) (Fig. 3 and

Figure S1D). In addition, the

Table 1. Epitope and paratope residues

IL-1b epitope Canakinumab paratope

Structural element Residues in direct contact to canakinumab Residues in direct contact to IL-1b Structural element

b2-b3 b-hairpin Val 19 Tyr H53 H-CDR2
Met 20 Trp H52, Tyr H53 H-CDR2
Ser 21 Trp H52, Tyr H53, Asn H57 H-CDR2
Gly 22 Trp H52 H-CDR2
Pro 23 Trp H52, Leu L94 H-CDR2, L-CDR3
Lys 27 Tyr H53, Asp H54, Asp H56 H-CDR2

b3 to b4 loop Gln 32 Thr H28 H-CDR1
Gln 34 Thr H28 H-CDR1
Asp 35 Thr H28, Val H31, Tyr H32 H-CDR1
Glu 37 Tyr H32, Leu H100, Arg H101 H-CDR1, H-CDR3
Gln 38 Val H31, Tyr H32, Leu H100, Arg H101 H-CDR1, H-CDR3
Gln 39 Arg H101 H-CDR3
Val 41 Arg H101 H-CDR3

b5 to b6 loop Glu 64 Arg H101, Ser L32, Tyr L50, Ser L91 H-CDR3, L-CDR1, L-CDR2, L-CDR3
Lys 65 Thr H102, Ser L91, Ser L92, Phe L96 H-CDR3, L-CDR3
Asn 66 Tyr H53, Asp H54, Ser L92, Ser L93 H-CDR2, L-CDR3

b7 to b8 loop Asp 86 Ser L28 L-CDR1
Pro 87 Ser L28 L-CDR1
Lys 88 Ser L28 L-CDR1

b10 to b11 loop Asn 129 Tyr H53, Asp H54 H-CDR2

Figure 1. Overall view of the canakinumab Fab complex with human IL-1b (A). The complex is shown in car-
toon representation with the Fab heavy and light chain in dark and light gray, respectively, and IL-1b in light
violet. The paratope residues are colored red (heavy chain) and orange (light chain), and epitope residues are
in green. Blue spheres represent water molecules at the antibody-antigen interface. (B). Open book view of
the antibody (lower picture)- antigen (upper picture) interface. Epitope and paratope residues are colored
according to their physico-chemical properties: large hydrophobic/aromatic (deep green), small hydrophobic
(light green), polar (blue) and charged (red).
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carboxylate group of Glu 64 is also engaged in water-mediated
H-bonded interactions with Arg H101 O, Tyr L50 Oh and Gln
L53 Oe1 (Fig. 3).

A structural overlay of IL-1b in the free (PDB entry 2I1B)
and canakinumab-bound state reveals several induced-fit changes
at the binding interface (Fig. 2B). Three epitope loops undergo
local conformational changes, namely the b3 to b4 loop (resi-
dues 32 to 39), the b5 to b6 loop (residues 63 to 66), and the
b7 to b8 loop (residues 86 to 88). The most pronounced

structural change involves the b5
to b6 loop that harbors Glu 64,
Lys 65 and Asn 66. Upon canaki-
numab binding, the peptide bond
between Lys 63 and Glu 64 is
flipped, and the position of the
Glu 64 Ca atom moves by 3.3A

�
.

The positions of the following epi-
tope residues Lys 65 and Asn 66
are also displaced by 1.5–2.0 A

�
. In

contrast to a previous report,14

however, the orientation of the
Leu 62 – Lys 63 peptide bond is
not affected (Figure S7).

Hydration of the binding
interface

The IL-1b epitope is almost
exclusively hydrophilic, and, as a
consequence, the antibody-antigen
interface has a pronounced
hydrophilic character. Our X-ray
analysis identifies many ordered

water molecules at the canakinumab / IL-1b interface that con-
tribute to recognition and binding (Fig. 1). In total, 27 waters
contribute to the H-bonded network that connects epitope and
paratope residues. Among these, 13 waters are in direct H-
bonded contacts to both proteins (using a distance cut-off of 3.5
A
�
). Examples of such water-mediated hydrogen-bonded interac-

tions can be found in Figure 3 and Figure S6.

Mutational analysis
The experimental structure predicts key residues of human IL-

1b for the interaction with canakinumab. To test whether these
residue are indeed critical for the binding to canakinumab, we
constructed different mutants of human IL-1b comprising key
residues or loops predicted to be involved or not involved in the
interaction with canakinumab. These mutants were expressed in
E. coli and probed for interaction with canakinumab by Western
blotting or surface plasmon resonance.

The b3 to b4 epitope loop (residues 32 to 39) is well con-
served between human and non-human primate species. A qua-
druple mutant mimicking the mouse/rabbit amino-acid
sequences in this region impaired the interaction significantly,
but did not eliminate binding completely (Fig. 4). Close inspec-
tion of the crystal structure indicates that the observed reduction
in binding affinity can mainly be ascribed to the E37N change,
which eliminates favorable electrostatic interactions with Arg
H98, Lys L49 and Arg H101 (Figure S6B). Mutations in the
amino-terminal region (N7H, S13A, Q15L), or of residues 76
(D76G) and 77 (K77T) did not affect binding, as predicted
from the lack of involvement of these residues in canakinumab
binding. Replacement of the [125–130] loop had a small effect
that can be explained by the N129D mutation, which main-
tained the H-bonded interaction to Tyr H53 but replaced the
H-bonded interaction to Asp H54 by a repulsive electrostatic

Figure 2. Comparison of the free and bound states of canakinumab and IL-1b (A). Structural overlay show-
ing the Ca backbone of canakinumab’s VH-VL domain, with the bound state in red and the 4 independent
copies present in the asymmetric unit of the crystal of the free Fab colored in shades of blue (heavy chain)
or green (light chain). (B). Structural overlay showing the Ca backbone of human IL-1b in the free (black;
PDB entry 2I1B) and canakinumab-bound state (orange). Epitope loops are highlighted in green.

Figure 3. Close-up view of binding interactions involving the key epi-
tope residue Glu 64. Heavy- and light-chain paratope residues are in
black and light-gray sticks, respectively, while epitope residues are in
orange. Light-blue spheres denote water molecules, dashed lines close
contacts. Note the double interaction of the Glu 64 carboxylate group
with Arg H101, the interaction with Tyr L50 and the water-mediated H-
bonded contact to Gln L53.
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interaction (see Figure S6C). In sharp contrast to all previous
mutations, converting the key epitope residue Glu 64 to alanine
largely abrogated binding by canakinumab, underscoring the
pivotal role played by this epitope residue.

Reactivity of canakinumab with human, mouse, rat, rabbit,
cynomolgus monkey, and marmoset IL-1b

Interaction of canakinumab with recombinant IL-1b from
different mammalian species was assessed by surface plasmon res-
onance measurements. No binding was detected with mouse, rat,
or rabbit IL-1b (data not shown). Neither was any cross-

reactivity observed with cynomolgus monkey or rhesus monkey
IL-1b, despite the high sequence identity (96%) to human IL-1b
(Fig. 4 and Table 2). Both macaque species have all epitope resi-
dues conserved except for an alanine in position 64 of their
respective IL-1b protein, which does not support a strong inter-
action with canakinumab. In an attempt to identify a non-human
primate species neutralized by canakinumab and suitable for toxi-
cological studies, we amplified marmoset (Callithrix jacchus)
cDNA for mature IL-1b by PCR from spleen samples and pro-
duced the corresponding recombinant protein, which also shares
96% sequence identity to human IL-1b (only 5 of 133 amino
acid differ; see Figure S8). Binding studies revealed full cross-
reactivity with equilibrium binding constants of 30.5 pM and
22.8 pM for human and marmoset IL-1b, respectively (Table 3).
To confirm full cross-reactivity to marmoset IL-1b, we tested the
ability of canakinumab to neutralize natural and recombinant
human or marmoset IL-1b in a cell-based bioassay. For this pur-
pose, marmoset peripheral blood mononuclear cells were treated
with lipopolysaccharide, and the IL-1b containing culture super-
natant was used to stimulate IL-6 production in primary human
dermal fibroblasts. IL-6 production was highly dependent on the
presence of IL-1b in the unfractionated supernatant in this assay
system, and addition of canakinumab repressed IL-6 production
in a dose-dependent manner (Table 4).

Our site-directed mutagenesis data, combined with the
observed species selectivity of canakinumab, are fully consistent
with the structural results and emphasize the critical role of the
epitope residue Glu 64. The comparison of the cynomolgus, rhe-
sus and marmoset sequences demonstrates that the lack of cross-
reactivity toward rhesus and cynomolgus IL-1b can be entirely
ascribed to the Glu 64 change to alanine, as this is the only amino-
acid difference within the canakinumab epitope (Table 2).

Canakinumab competes with IL-1RI and IL-1RII for binding
IL-1b

Inspection of the crystal structure of the human IL-1b com-
plex with the soluble type I IL-1 receptor7 revealed some, albeit

Figure 4. Mutational analysis of IL-1b proteins. (A) The sensorgrams of
the binding kinetics of recombinant human IL-1b and muteins to immo-
bilized canakinumab are shown. The signal values (RU) are reported as
arbitrary units. (B) Western blot of E.coli expressed human, rabbit, and
cynomolgus monkey IL-1b and muteins. For loading control, the blot
was stripped and reprobed with a different human anti-IL-1b antibody
directed against an epitope in the amino-terminus. Individual sensor-
grams and lanes of the Western blot are identified by numbers which
refer to the respective mutations indicated in the legend next to the sen-
sorgrams. Abbreviations used: hu, human; rb, rabbit; cy, cynomolgus.

Table 2. Conservation of the canakinumab epitope on IL-1b across species

SpecieSpecies 19 23 27 31 32 35 37 39 41 63 66 86 88 129129

HumaHuman IL-1IL-1 V MS G P y E I K a L H L Q g QDm E QQ V V K
MarmosetMarmoset V MS G P y E I K a L H L Q g QD l E QQ V V K
RhesusRhesus V MS G P y E I K a L H L Q g QD l E QQ
CynomolgusCynomolgus V MS G P y E I K a L H L Q g QD l E QQ
MouseMouse V L S D P y E I K a L H L N g QD i N QQ
RatRat V L S D P c E I K a L H L N g QD
RabbitRabbit V L S G T y E I K a L H L N a E N
PigPig V L A G P hM I K a L H L L t G D

i S QQ
l N QQ
l K R E

V V K
V V K
V I K
V V K
V V R
V V K

E K N D P K N
E K N D P K N
A K N D P K N
A K N D P K N
G K N D P K H
G L N D P K H
G K N D P N Y
G K N D P K Q

β

Conservation of the canakinumab epitope on IL-1b. The amino acid sequences of the 5 structural elements forming the epitope in human IL-1b are shown,
together with the corresponding residues in several other species. Amino acid listed in bold upper case are involved in direct contacts to the antibody (3.9A

�

distance cut-off), while those in normal upper case have reduced solvent-accessibility upon complex formation but do not meet the 3.9A
�
distance cut-off.

Intervening residues are shown in lower case. Non-conserved residues are shown on a gray background. Mutations which are expected to affect binding,
on the basis of the X-ray structure, are shown in underlined, bold uppercase.
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limited, overlap with the canakinumab epitope on IL-1b. In par-
ticular, several amino acids of the first (Lys 27), second (Gln 32,
Gln 34, Asp 35, Gln 38) and third (Asn 129) structural compo-
nents of the IL-1b epitope are also involved in direct contacts to
IL-1 RI (Figure S9). Moreover, the superposition of these 2 IL-
1b complexes provided evidence for severe steric hindrance
between the VH domain of the antibody and the D1 domain of
IL-1 RI, which would preclude simultaneous binding to the cyto-
kine (Fig. 5). Hence, canakinumab directly competes with IL-
1RI for IL-1b binding. Structural overlays with the trimeric com-
plexes of IL-1b with IL-1RAcP and IL-1RI8 or IL-1RII9 reveal
that canakinumab binds on the opposite side of IL-1b with
respect to the IL-1RAcP binding surface (Fig. 5). Hence, the
antibody does not interfere with the binding of IL-1RAcP to the
IL-1b binary complex with either IL-1RI or IL-1RII. The pre-
dicted interference with binding of IL-1b to IL-1RI was tested in
a competitive binding assay, which confirmed that recombinant
soluble IL-1RI and IL-1RII effectively compete with
canakinumab for binding to IL-1b (Fig. 6).

Discussion

The crystal structures of the canakinumab Fab in the free and
IL-1b-bound states reported here were determined from crystal
forms that were distinct from those recently reported.14 Never-
theless, the refined structures are remarkably similar overall, as
indicated by an rmsd of only 0.72 A

�
when the 2 IL-1b complexes

with the canakinumab VH-VL domain are compared (371 equiv-
alent Ca atoms), and of only 0.55–0.76 A

�
when the variable

domain of the published free Fab structure (PDB entry 4G5Z;
224 equivalent Ca atoms) is compared to each of the 4 indepen-
dent copies present in the asymmetric unit of our free Fab crystals
(pairwise comparisons of the latter show an rmsd range of 0.39–

0.61 A
�
). Importantly, the main conclusions regarding the mode

of neutralization of IL-1b are in agreement. Our X-ray analyses,
however, reveal new, significant structural details and do not con-
firm previous inferences regarding dramatic conformational
changes of the canakinumab paratope upon IL-1b binding.
Rather, the structural overlay presented here proves that the cana-
kinumab VH-VL domain binds its antigen essentially as a rigid
body, which is typical of affinity-matured antibodies.21 To eluci-
date the reason for this discrepancy, we superimposed the pub-
lished free Fab structure (PDB entry 4G5Z) onto the published
Fab complex (PDB entry 4G6J) and found no evidence for the
reported dramatic conformational changes, with an rmsd for all
Ca atoms of the VH-VL domain (224 atoms) of only 0.66A

�

instead of the reported value of 3.12 A
�
,14 indicating that the pre-

vious analysis was misled by a flawed superposition.
Furthermore, our work shows that L-CDR2 is involved in

antigen binding, with Tyr L50 contributing to the recognition
and binding of the critical epitope residue Glu 64. This impor-
tant interaction is also present in PDB entry 4G6J but was appar-
ently not recognized in the description of the structure. The
refined conformation of Arg 101H presented here reveals the
engagement of 2, rather than only one,14 guanidinium nitrogen
atoms in short electrostatic contacts with the Glu 64 carboxylate
group. Electron-density maps calculated with PDB entry 4G6J
and the deposited structure factors show residual difference peaks
consistent with our interpretation. Taken together, these new
structural details account better for the pivotal role played by
Glu 64, which is clearly identified as a hot spot of the canakinu-
mab-IL-1b interface by our mutagenesis data and by the cross-
reactivity profile of this therapeutic antibody toward closely-
related monkey IL-1b orthologues. In this context, the pro-
nounced induced-fit of the “Glu 64 loop” (b5 to b6 loop) is
undoubtedly an intriguing, salient feature of IL-1b recognition
by canakinumab. A change in the conformation of this loop
upon canakinumab binding has already been noted,14 but the
extent of the change and how it affected the position of Glu 64
was not fully clear. The conformation reported here is identical
to that observed in PDB entry 4G6J except for the orientation of
the Leu62-Lys63 peptide bond. Electron-density maps calculated
with PDB entry 4G6J and the associated X-ray data support our
model, which has this peptide linkage in approximately the same
orientation as in free IL-1b.

Our analysis also reveals the important role played by water at
the canakinumab-IL-1b interface. The importance of water mol-
ecules located at protein-protein interfaces has long been recog-
nized. These contribute to the shape and physico-chemical
complementarity of the 2 protein partners, improving the
close-packing of atoms at the protein interface and mediating
polar intermolecular interactions.22 Their influence on the ther-
modynamic profile of antibody-antigen complexes has also been
pointed out: the solvation at the protein-protein interface weak-
ens hydrophobic effects, enhances the enthalpic component of
the association equilibrium and thus also the selectivity of the
binding.23

The structural insights provided by our X-ray analyses were
further corroborated by site-directed mutagenesis of selected

Table 3. Apparent KD of canakinumab for human and marmoset IL-1b

kon [10
5/Ms] koff [10

¡5/s] KD [pM]

Human IL-1b 11.0 § 0.24 3.30 § 0.29 30.5§ 2.6 nD22
Marmoset IL-1b 15.4 § 0.37 3.46 § 0.35 22.8§ 2.5 nD20

Association (kon) and dissociation (koff) rate constants and equilibrium bind-
ing constant (KD) were determined by surface plasmon resonance. Values
represent mean § SD (standard deviation), n denotes the number of inde-
pendent evaluations.

Table 4. Neutralization of the biological activity of IL-1b by canakinumab

IC50 Canakinumab [pM] IL-1Ra [pM]

Human IL-1b 43.6 § 5.5 109.2 § 13.9
Marmoset IL-1b 40.8 § 5.6 120.3 § 15.3

Human dermal fibroblasts were stimulated with recombinant human IL-1b
or cell derived marmoset IL-1b in the presence of canakinumab (range 0–
7 nM) or recombinant human IL-1Ra (range 0–6 nM). Inhibition of IL-6 pro-
duction was determined, and IC50 values are shown as mean §SEM (stan-
dard error of mean) for n = 5 experiments.

1156 Volume 7 Issue 6mAbs



epitope residues. For example,
mutations within the b3 to b4
epitope loop (Q32N D35N M36I
E37N) led to a significantly
reduced, albeit not abolished
interaction with canakinumab
(Fig. 4). On the basis of the crys-
tal structure, this effect could be
ascribed mainly to the E37N
change, which led to the loss of
beneficial electrostatic interactions
to H-CDR3 and L-CDR2, while
the other 3 mutations are
expected to have little, if any,
influence on IL-1b binding. In
contrast, the replacement of Glu
64 by an alanine almost
completely abrogated binding by
canakinumab, again in line with
the X-ray analysis showing that
the Glu 64 sidechain plays a central role in canakinumab bind-
ing: among all epitope residues, Glu 64 contributes the largest
number of intermolecular contacts, mainly to Arg H101 of H-
CDR3 and Tyr L50 of L-CDR2. Worthy of note, these para-
tope residues are also the top contributors, in terms of intermo-
lecular contacts, of the antibody heavy- and light-chain,
respectively. By cutting the Glu 64 sidechain down to an ala-
nine sidechain, the strong, largely shielded electrostatic interac-
tions to Arg H101 of H-CDR3 and the anion-p interactions
with Tyr L50 are lost.

The lack of binding to the Ala 64 mutant is most likely
explained by the loss of these strong interactions, rather than by
a change in the loop conformation which would, in turn, affect
the position of neighboring epitope residues, notably Lys 65
that forms H-bonded interactions to L-CDR3 and H-CDR3.
In support of this view, it should be noted that human and
mouse IL-1b differ in their amino-acid sequence within the b5
to b6 epitope loop region only at position 64, where a glycine
is found in the murine cytokine instead of glutamate in the
human orthologue. Two independently-determined crystal
structures of mouse IL-1b are available,24,25 and structural over-
lays with the human form clearly show that the removal of the
Glu 64 sidechain does not alter the loop conformation in any
way. Glu 64 is a relatively unique residue in the otherwise well
conserved IL-1b from different species, and it is not part of the
IL-1RI or IL-1RAcP binding sites.10 Interestingly, only the large
primates, chimpanzee, gorilla, orangutan, and some smaller
non-human primate species, including marmoset, share Glu 64,
while most other mammalian species have alanine or glycine in
this position. In line with our binding data on the E64A mutant
of human IL-1b, canakinumab does not recognize cynomolgus
monkey IL-1b, which has all epitope residues except Glu 64
conserved, compared to human IL-1b. Canakinumab exhibits
full cross-reactivity and neutralizing capacity toward marmoset
IL-1b, as all critical contact residues are identical to human
IL-1b.

The crystal structure in conjunction with the binding data
provided a solid rationale and argument for the selection of
marmoset as the non-human primate species for toxicological
evaluation of canakinumab. Marmoset is not a well-explored
species for toxicological evaluation of antibodies, and, in par-
ticular, reproductive and immuno-function toxicological stud-
ies are more difficult to conduct in marmosets compared to
the well-established macaque toxicological model. Though
several candidate antibodies, some of which had cross-reactiv-
ity to macaque IL-1b, were derived from the immunization
of genetically engineered HuMab mice, canakinumab was

Figure 6. Canakinumab competes with IL-1RI and IL-1RII for the binding
to human IL-1b. Human IL-1b (1nM) was incubated with the indicated
concentrations of recombinant human soluble IL-1RI (solid line) or IL-1RII
(dashed line). Binding of human IL-1b to immobilized canakinumab was
determined by surface plasmon resonance measurement. Shown is the
standard error of the mean obtained from 4 independent
measurements.

Figure 5. Mechanism of IL-1b neutralization by canakinumab. Structural overlay of the IL-1b - canakinumab
complex with the IL-1RI – IL-1RAcP – IL-1b ternary complex (PDB entry 4DEP). (A). IL-1b (green) and the IL-
1RAcP (light magenta) are shown in surface representation. The IL-1RI extracellular domains (light violet)
and the canakinumab Fab (dark and light-gray) are shown in cartoon representation. (B). Close-up view
showing the steric hindrance between the D1 domain of IL-1RI and the VH domain of canakinumab, notably
the H-CDR1, H-CDR2 and outer loop regions.
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selected as a clinical candidate based on its high affinity.
While the determination of the molecular structure of the
target-antibody complex is not required for selecting a species
for toxicological evaluation of therapeutic antibodies, insight
into features of the target epitope greatly facilitate the selec-
tion of potential cross-reactive species by simple database
searches. Final proof for cross-reactivity must then come
from biochemical and cellular assays. The equilibrium bind-
ing constants and on- and off-rates for canakinumab toward
recombinant human and marmoset IL-1b are similar, as pre-
dicted by the X-ray analysis. In a cell-based assay system, not
only recombinant marmoset IL-1b derived from PCR-based
molecular cloning (data not shown), but also IL-1b produced
from marmoset immune cells were neutralized with a similar
IC50 as human recombinant IL-1b (Table 4), demonstrating
that marmoset monkey is indeed a valid toxicological species
for the assessment of preclinical safety for canakinumab.

Regarding the mechanism of action, our results indicate that
canakinumab inhibits the first step in the assembly of the IL-1
receptor ternary complex, the association of IL-1b with IL-1RI.9

The other potential mechanisms of action, interference with the
interaction of IL-1RAcP with either IL-1b or IL-1RI are not sup-
ported by the X-ray structure.

Materials and Methods

Recombinant proteins and cDNA expression
Human, mouse and rat recombinant IL-1b were purchased

from R&D Systems (#s 201-LB-025/CF, 401-ML-025, 501-RL-
050, respectively). Cynomolgus monkey, rabbit and marmoset
IL-1b cDNA were isolated from spleen RNA by PCR. A syn-
thetic cDNA for human IL-1b cloned into the pET17 expression
vector served as a template for site-directed mutagenesis, which
was conducted using the QuikChange site-directed mutagenesis
kit, according to the manufacturer’s instructions (Stratagene).
Recombinant IL-1RI and IL-1RII were purchased from
R&DSystems (#s 269–1R-100/CF and 263–2R-050/CF,
respectively).

Purification of human, rabbit, cynomolgus monkey, and
marmoset IL-1b

Recombinant IL-1b was expressed in E. coli BL21(DE3) cells
using a pET17 vector (Novagen # 69664–3). Cell pellets were
lysed with a French press in 50 mM Tris-HCl pH 8.0, 5 mM
benzamidine-HCl, 5 mM EDTA, 5 mM DTT. The lysate was
spun for 40 min at 48,000 g at 4�C, and after 2-fold dilution
with 50 mM Tris-HCl pH 8.5, 5 mM DTT, the supernatant
was loaded on a XK26/10 Q-Sepharose HP column. The flow-
through peaks were pooled and subjected to ammonium sulfate
fractionation. Following dialysis against 20 mM MES pH 5.7,
5 mM DTT, the material was sterile filtered, loaded on a SP-
Sepharose 26/10 column, and eluted with a 0.0–1.0M NaCl gra-
dient. The IL-1b fractions were identified by HPLC analysis,
pooled and further purified over a Superdex 75 (26/60) size-
exclusion column in PBS buffer, pH 7.2.

Purification of the canakinumab Fab
The Fab fragment of canakinumab was prepared by papain

digestion of the full-length monoclonal antibody in 100 mM
sodium acetate, pH 5.5, 2 mM EDTA, 0.3 mM cysteine. The
digestion was performed with 0.5% (w/w) papain (Roche
Applied Sciences, #10108014001) for 23 hours at 37�C and
stopped with 50 mM of the papain inhibitor E64 (Roche
Applied Sciences # 1087452300). The Fab was separated from
the Fc fragment by Protein A chromatography and was then fur-
ther purified by SEC on a 10/30 Superdex-75 column in 10 mM
Tris-HCl pH 7.4, 25 mM NaCl.

Preparation of the Fab complex with IL-1b
The complex was prepared by mixing the canakinumab Fab

with a 1.5-fold molar excess of human IL-1b, followed by purifi-
cation over a Superdex-75 SEC column in 10 mM Tris-HCl,
25 mM NaCl, pH 7.4.

Surface plasmon resonance analysis
Determination of kinetic binding parameters and levels of

cross-reactivity as well as competition studies were done by surface
plasmon resonance measurements using BIAcore 2000 (BIAcore
AB). Canakinumab was coupled non-covalently via attachment to
an anti-human-Fcg antibody (Jackson Immunochemicals, #109-
005-098), and sensorgrams were recorded with varying concentra-
tions of IL-1b, ranging between 0.5 nM and 4 nM. Equilibrium
binding constants were calculated from a 1:1 Langmuir binding
model using the BIAevaluation 3.0 software (BIAcore AB). Com-
petition with IL-1RI and IL-1RII was conducted with immobi-
lized canakinumab as above, 1 nM IL-1b and concentrations of
soluble receptors ranging from 0 to 12 nM. Resonance units were
recorded at 1000 s, converted to % binding, and IC50 values
were determined by sigmoidal curve fit.

Cellular assays
Human dermal foreskin fibroblasts were obtained from

Lonza. Cells were stimulated with 100 pg/ml of recombinant
human IL-1b (R&D Systems, #201 LB). Canakinumab or
recombinant human IL-1Ra (R&D Systems, # 280-RA-050) at
various concentrations was added to the cultures and supernatant
was taken 16–17 h after stimulation. The amount of released IL-
6 was determined by a fluorescence resonance energy transfer
assay (Cisbio), and the IC50 was obtained by sigmoidal curve fit-
ting with the Origin 8.0 software (OriginLab Corp).

Crystallization
Crystallization conditions were identified by screening at

19�C with the vapor diffusion in sitting drop technique in Corn-
ing 96-well microtiter plates. Crystals were subsequently opti-
mized in Hampton VDX plates using the technique of vapor
diffusion in hanging drops. Well-diffracting crystals of the free
canakinumab Fab were obtained at 60 mg/ml in 10 mM Tris-
HCl pH 7.4, 25 mM NaCl from 12% PEG MME 5000,
0.05 M sodium citrate pH 5.0. Initial crystallization conditions
for the Fab-IL-1b complex were identified with the PACT crys-
tallization screen (Qiagen). These conditions (0.1 M MIB buffer
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pH 5.0 (2:3:3 mix of malonic acid, imidazole and boric acid),
25% (w/v) PEG 1,500) were then optimized using the OptiSalts
screen (Qiagen). The crystal used in this study grew from a 9:1
mix of the initial crystallization solution with 0.1 M Tris pH
8.5, 4.0 M LiCl. Protein stock was 26.8 mg/ml Fab complex in
10 mM Tris-HCl pH 7.4, 25 mM NaCl. Crystallization drops
were set-up by mixing 1.0 ml protein stock with 1.0 ml reservoir
solution.

Structure Determination

Free canakinumab Fab
X-ray data were collected at the Swiss Light Source, beamline

XS06A, with a Mar CCD 165 mm detector. In total 465 diffrac-
tion images of 0.5� oscillation each were recorded. The diffrac-
tion extended beyond 2.0 A

�
, but only 2.0 A

�
data were recorded

in order to avoid reflection overlap. The structure was deter-
mined by molecular replacement with the program AMORE26

and refined with CNX27 using cycles of torsion angle dynamics
and energy minimization, interspersed with model rebuilding
steps using O.28

Canakinumab Fab complex
Diffraction data were collected at 100K with a FR-E rotating

anode X-ray generator equipped with a MAR 345 DTB imaging
plate detector. In total, 360 images of 0.5� oscillation each were
recorded at a crystal-to-detector distance of 200 mm, and proc-
essed with HKL2000.29 The structure was determined by molec-
ular replacement with the program Phaser,30 using PDB entry
2I1B for human IL-1b4 and the structure of the free canakinu-
mab Fab.

Initial refinement was performed with the programs CNX27

and O28 as before. Final refinement was carried out with Auto-
buster (BUSTER version 2.11.2, Global Phasing Ltd) and
Coot.31

Solvent accessible surfaces were calculated with the program
AREAIMOL of the CCP4 program suite,32 using a probe radius

of 1.4A
�
and standard van der Waals radii. Shape complementar-

ity was quantified with the program SC.20 Pairwise contacts were
generated with the CCP4 program NCONT, using a distance
cut-off of 3.9 A

�
. All figures were made with PyMOL

(Schr€odinger, LLC).

Accession number
The atomic coordinates and observed structure factors of the

free canakinumab Fab and of its IL-1b complex were deposited
with the Protein Data Bank under accession numbers 5BVJ and
5BVP, respectively.
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