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Introduction

Interleukin-6 (IL-6) is a pleiotropic cytokine that plays a cen-
tral role in immune regulation and inflammation.1,2 Its impor-
tance in moderating both innate and adaptive immune responses 
is evidenced by the broad array of cells that secrete this cyto-
kine, including monocytes, macrophages, T cells, and B cells.3,4 
IL-6 directs chemokine-regulated trafficking of leukocytes and 
induces proliferation and differentiation of T cells, as well as anti-
body production by B cells. IL-6 also contributes to the transi-
tion from innate to adaptive immunity through the regulation of 
leukocyte activation, differentiation, and proliferation.4,5

IL-6 interacts with two receptors, gp80 (also known as IL-6 
receptor [IL-6R], CD126) and the signal-transducing co-recep-
tor molecule gp130 (CD130),1 to form a hexameric signaling 
complex. Formation of this signaling complex is thought to be 
a stepwise process during which the IL-6 molecule first binds 
to gp80 at Site 1 to form a dimer, and subsequently to gp130 at 
Site 2 to form a heterotrimer. Two heterotrimers then combine 
to form the final active hexameric signaling complex (gp80:IL-
6:gp130)

2
 through interaction between Site 3 on IL-6 and 

domain 1 of gp130.6,7 The order of IL6:gp80 complex interac-
tions with gp130 is controversial, as the higher affinity of the 
Site 3 vs. Site 2 interaction suggests that heterotrimer formation 
may actually be driven via Site 3.8 The full hexameric complex is 
required for effective IL-6 signaling, and neither the IL-6:gp80 
dimer nor the gp80:IL-6:gp130 trimer is able to initiate signal 
transduction.

IL-6 signaling can be mediated via a signaling complex that 
incorporates either membrane-bound gp80 (cis-signaling) or 

a soluble form of gp80 (trans-signaling), which is produced as 
a result of proteolytic cleavage or alternative splicing.1,2,9 While 
gp130 is ubiquitously expressed, gp80 is present only on certain 
leukocyte subsets and hepatocytes.10 Soluble gp80-mediated 
trans-signaling therefore enables IL-6-driven stimulation of cells 
that do not express gp80, thereby expanding the range of cell 
types capable of responding to IL-6. In addition, some activated 
immune cells, such as T cells, progressively lose their ability to 
respond to IL-6 cis-signaling because they shed their membrane-
bound gp80; trans-signaling is thought to maintain these effec-
tor T cells in an activated state over prolonged periods of time.4

Both cis- and trans-signaling induce an intracellular signaling 
cascade following tyrosine phosphorylation on the cytoplasmic 
tail of gp130,1,2 with subsequent activation of downstream fac-
tors, including the Janus-activated kinases (JAK) and the signal 
transduction and activators of transcription (STATs).11 IL-6 also 
regulates the expression of acute phase proteins via Ras-Raf and 
subsequent phosphorylation of mitogen-activated protein kinase 
(MAPK).2

Given its critical immunoregulatory function, it is not surpris-
ing that IL-6 signaling is implicated in the progression of several 
autoimmune diseases, including rheumatoid arthritis (RA),12 
Crohn disease,13 and systemic lupus erythematosus.14,15 During 
acute inflammation in RA, IL-6 is released by monocytes, mac-
rophages, and endothelial cells.10 Stimulation of B cells by IL-6 
leads to increased levels of polyclonal γ-globulins and rheuma-
toid factor. T-cell activation by IL-6 in the presence of autoan-
tigens induces differentiation along the T

h
2 pathway2 and the 

activation of autoreactive T
h
17 cells.2,12 In the synovium, infil-

tration of inflammatory cells contributes to pannus formation 
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(an abnormal layer of fibrovascular tissue), ultimately leading to 
erosion of cartilage and adjacent bone.12 IL-6 also promotes the 
production of vascular endothelial cell growth factor (VEGF), 
which leads to angiogenesis and in turn drives further bone 
destruction.16

In patients with Crohn disease, high concentrations of IL-6 
are present in the serum and intestinal tissue.13 IL-6, in conjunc-
tion with other cytokines, upregulates endothelial expression of 
vascular cell-adhesion molecule 1 (VCAM1), very late antigen 4 
(VLA4), and intercellular adhesion molecule 1 (ICAM1) in the 
small intestine. This leads to recruitment of circulating effector 
inflammatory cells into the endothelium and potentiation of the 
inflammatory cycle.17 Concentrations of both IL-6 and soluble 
gp80 are strongly correlated with C-reactive protein, a marker of 
inflammation, and levels of this protein are higher in serum from 
patients with active disease than in those with inactive disease.18

In systemic lupus erythematosus, the exact mechanism by 
which IL-6 contributes to the disease pathology is not yet known; 
however, elevated serum IL-6 has been shown to correlate with 
B-cell hyperactivity and autoantibody production.19 Addition of 
anti-IL-6 monoclonal antibodies has been shown to reduce these 
effects.19,20

An increasing body of evidence suggests that trans-signaling is 
the crucial driver of IL-6-mediated pathology in autoimmune con-
ditions.9 For example, elevated concentrations of both IL-6 and 
soluble gp80 in the synovial fluid from patients with RA are cor-
related with the severity of inflammation and joint destruction.10 
The generation and activation of osteoclasts (critical mediators of 
bone erosion that are present in excess in RA synovium) have been 
shown to be stimulated by IL-6 in patients with RA.16 Osteoclast 
formation from fibroblast-like synovial cells requires the presence 

of both IL-6 and soluble gp80, indicating a crucial role for trans-
signaling in disease progression.16,21 Furthermore, both endothe-
lial cells and synoviocytes are implicated in synovial angiogenesis 
in RA; however, these cells do not express gp80.5,10,16,22,23 In addi-
tion, the observation that specific inhibition of soluble gp80 
leads to apoptosis in T cells from patients with Crohn disease, 
and improves intestinal inflammation in an experimental colitis 
model,24 is indicative of a role for trans-signaling in maintaining 
the adverse effects associated with these conditions. The critical 
role of IL-6 trans-signaling in mediating autoimmune pathology 
suggests that the modulation of IL-6 biology on the gp130 axis is 
a valid therapeutic approach to treat a range of diseases.

Biologic-based therapeutic strategies include targeting the 
IL-6 receptor, gp80 (tocilizumab,25 sarilumab26 and ALX-006127), 
targeting IL-6 itself (olokizumab,28 sirukumab,29 siltuximab,30 
clazakizumab,31 PF-0423692132 and the AMG-220 avimer33), 
and targeting both components with a gp130-Fc fusion protein 
(FE999301).34

Here, we present the discovery, characterization and in vivo 
performance of olokizumab, a therapeutic antibody that binds to 
IL-6 at Site 3 and neutralizes biological activity through blocking 
hexamer formation on the gp130 signaling axis.

Results

Discovery, humanization and characterization of olokizumab
Monoclonal anti-human IL-6 antibodies were generated from 

immunized rats by cloning variable region genes from isolated B 
cells (Fig. 1). Following rigorous screening of some 7 × 108 B cells, 
antibody 132E09 was selected for humanization from a panel of 20 

Figure 1. Generation of anti-IL-6 antibodies. (A) rats were immunized by subcutaneous injection of recombinant human IL-6. (B) Immune rat lym-
phocytes were cultured in 96-well plates. (C) Supernatants were screened for neutralizing anti-IL-6 antibodies in eLISA and cell assays. (D) Individual B 
cells secreting specific antibody were picked. (E) Heavy and light chain variable regions were cloned from single cells and transferred to an IgG format. 
(F) recombinant IgG antibodies were expressed.
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antibodies, based on sequence, affinity, and neutralization of the 
biological activity of IL-6. In order to retain full activity, residue 
49 of the rat heavy chain was retained in the humanized antibody. 
Alignments of the rat antibody (donor) sequence with the human 
germline (acceptor) frameworks are shown in Figure 2, together 
with the humanized sequence of olokizumab.

Olokizumab bound human IL-6 with an affinity (KD) of 10 
pM, (ka = 7.9 × 105 M-1 s-1 [n = 2]; kd = 7.7 × 10−6 s-1 [n = 4]) in 
a Biacore with captured antibody and solution phase IL-6. There 
was no discernible drop-off in the dissociation rate against cyno-
molgus IL-6.

Crystal structure of olokizumab/IL-6 complex
To determine the epitope and understand the mode of action 

of olokizumab further, the crystal structure of the Fab portion of 
the antibody in complex with IL-6 was determined. The structure 
(resolution 2.2Å; Fig. 3) shows a 1:1 complex between IL-6 and 
the Fab fragment of the antibody.

The epitope of olokizumab lies in the gp130-binding region 
of IL-6. The IL-6 residue trp157, which is known to be a critical 
mediator of the IL-6:gp130 domain 1 interaction,6 makes exten-
sive hydrophobic contacts with tyrosine and phenylalanine side 
chains from the heavy chain of the antibody (Fig. 3A).

The interface between olokizumab and IL-6 is highly interdigi-
tated; most importantly, residue gln156 protrudes from the sur-
face of IL-6 into a pocket formed by the CDRs of the antibody. 
There are numerous direct contacts between IL-6 and olokizumab, 
including 19 hydrogen bonds,35 as well as several contacts medi-
ated by buried water molecules. These suggest that the interaction 
between olokizumab and IL-6 is both entropically and enthalpi-
cally driven.36

In the complex, the overall structures of both olokizumab and 
IL-6 are as expected, with IL-6 forming the four-helix bundle 
structure reported previously7 and olokizumab showing the typical 
immunoglobulin structure of antibodies. However, when we com-
pared the structure of IL-6 bound to olokizumab with that of IL-6 
in its signaling state,6 we found several unusual conformational 
differences (Fig. 3B), i.e., IL-6 residues arg104 and trp157 under-
went significant side chain rearrangements. Even more strikingly, 
IL-6 residues 50–60 went from a random coil conformation (in 
the receptor-bound signaling state, PDB 1P9M) to a helical con-
formation (in the antibody-bound state), with the light chain of 
olokizumab interacting with leu57 and asn60. As a result of these 
conformational differences, the gp130 receptor-binding pocket 
(located on IL-6 between trp157 and residues 50–60) is occluded 
and structurally closed when IL-6 is bound to olokizumab.

The crystal structure of the Fab portion of olokizumab in com-
plex with IL-6 strongly suggests that the mode of action of oloki-
zumab involves steric blockade of the interaction between IL-6 and 
domain 1 of gp-130.

Neutralization activity of olokizumab
Olokizumab exhibited potent neutralization of both cis- and 

trans- signaling of IL-6 (Fig. 4). Neutralization of cis signaling 
(Fig. 4A), with C-reactive protein (CRP) and serum amyloid 
A (SAA) readouts, was demonstrated in primary human hepa-
tocytes, which express membrane gp80, while neutralization of 
trans signaling (Fig. 4B) was shown in a human umbilical vein 
endothelial cell (HUVEC) system, in which soluble gp80 was 
required to be added for phosphorylation of STAT3 to occur. 
Neutralization was seen at close to stoichiometric equivalence.

Figure 2. Humanization of antibody 132E09 to generate olokizumab. (A) Humanization of the heavy chain variable region. The human VH3 1–4 
3–72 V-region with the JH4 J-region (V BASe, http://vbase.mrc-cpe.cam.ac.uk/) was chosen as the heavy-chain germline acceptor sequence. 132-VH = 
heavy-chain sequence of antibody 132e09; AC = human IgG γ4 acceptor sequence; oLK-VH = olokizumab heavy-chain sequence. (B) Humanization of 
the light-chain variable region. The human VK1 2–1-(1) o12 V-region with the JK2 J-region (V BASe, http://vbase.mrc-cpe.cam.ac.uk/) was chosen as 
the light-chain germline acceptor sequence. 132-VL = light-chain sequence antibody 132e09; AC = human α light-chain acceptor sequence; oLK-VL = 
olokizumab light-chain sequence.
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Olokizumab in primate arthritis model
To assess the in vivo efficacy of olokizumab, the antibody 

was tested in a cynomolgus collagen-induced arthritis model, 

which measures various signs and symptoms associated with dis-
ease severity (Fig. 5). Compared with the control, substantially 
reduced arthritis scores (Fig. 5A), and CRP levels (Fig. 5B), with 

Figure 3. Crystal structure of the Fab portion of olokizumab in complex with IL-6. (A) The crystal structure of the antibody:target complex. The 
heavy chain is shown in pink, the light chain is shown in blue, and IL-6 is shown in green. Critical interactions between the heavy chain and residues of 
IL-6 are highlighted in the left panel; important interactions between the light chain and IL-6 and shown in the right panel. (B) Conformational changes 
in IL-6 on binding olokizumab. The left panel shows IL-6 when bound to its receptors,6 the right panel shows IL-6 when bound to olokizumab. For clarity, 
IL-6 is shown in isolation (i.e., without bound receptors or antibodies). There are substantial conformational changes, especially residues 50–60 (which 
go from a random coil conformational to an α-helix conformation), residue trp157 (in which the indole ring flips ~180°), and residue arg104 (which adopts 
a different rotameric conformation). As a result of these conformational changes, the gp130 binding pocket, which is located between these residues, 
becomes occluded when bound to olokizumab.
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improvements in histology (Fig. 5C) and bone ero-
sion scores (Fig. 5D), were observed with a dose of 
20 mg/kg of olokizumab. These results indicated 
that olokizumab could potently suppress signs and 
symptoms of arthritis in vivo, and at the 20 mg/kg 
dose the reduction in arthritis score was statistically 
significant (Wilcoxon rank sum test).

Discussion

Data from molecular structural studies, cell 
assays and in vivo models indicate that targeting the 
IL-6:gp130 axis by blockade of Site3 on IL-6 repre-
sents a favorable point of pharmaceutical interven-
tion in autoimmune disease, and strongly support 
the ongoing clinical evaluation of olokizumab.

The 132E09 antibody variable region was selected 
following an ultra-high throughput screening cam-
paign, in which antibodies from up to one billion 
B cells from immunized animals were assessed for 
potency and ability to modulate the biological activ-
ity of IL-6. By screening in this manner, with no 
pre-conceived notions about an optimal point of 
intervention, and by incorporating information 
from structural studies of antibody/IL-6 complexes 
at an early stage, we found that the data were guiding 
us to Site 3.

Historically, drug discovery has focused on the 
identification and validation of molecular targets.37 
However, our work illustrates that, even for well-val-
idated targets such as IL-6, there is scope for further 
refinement in the choice of therapeutic axis, which 
may be critical in the context of disease outcome. 
As biopharmaceuticals are used to target ever more 
complex biologic processes (e.g., disrupting multi-
receptor systems; simultaneously modulating mul-
tiple signaling pathways; tackling novel classes of 
targets), identifying not just the target but the opti-
mal axis on the target can be expected to become 
increasingly important.38 Combining a molecular 
and structural perspective with in vivo pharmacology 
is a particularly powerful approach in this endeavor.

Our work shows that the ability of antibodies to 
bind to proteins (and the consequences of that binding) can be 
dependent on the conformational structure of both binding part-
ners. A recent study has shown that antibodies can undergo sub-
stantial conformational changes when binding to target proteins.39 
It has also been suggested that antibodies induce conformational 
changes, causing functional modification of target proteins (both 
inhibition and enhancement).40 However, only a few studies41,42 
have so far provided direct evidence of such conformational 
changes. Our study has shown that the conformational structure 
of IL-6 in complex with olokizumab is substantially different 
to that of IL-6 bound to gp130,6 which may provide additional 
rationale for the potent anti-inflammatory effects of olokizumab.

Materials and Methods

Discovery and humanization of olokizumab
Anti-IL-6-binding antibodies were isolated using UCB’s pro-

prietary antibody discovery platform,43,44 which is outlined in 
Figure 1. Rats were immunized by subcutaneous injection of 
recombinant human IL-6 (Peprotech, catalog number 200–06). 
Spleens were harvested 1–2 wk after the last immunization, and 
single-cell suspensions were prepared. Immune rat lymphocytes 
were cultured in the presence of irradiated mouse thymoma EL4 
cells and rabbit T-cell-conditioned media for 1 wk in 96-well 
microtiter plates (in total, 1,500 such plates were set up, with 

Figure  4. Olokizumab in cell assays to assess neutralization of IL-6 activity. (A) 
Cis-signaling: Primary human hepatocytes were cultured in collagen-coated plates and 
stimulated with IL-6 (12.5 ng/mL) in the presence or absence of olokizumab (titration 
from 10 µg/mL) for 72 h. Cell supernatants were analyzed for acute phase proteins CrP 
and SAA using a Luminex kit. Data are plotted with standard errors of means from tripli-
cate determinations in three experiments. (B) Trans-signaling: Different concentrations 
of olokizumab were pre-incubated with IL-6 at 25ng/mL followed by addition of soluble 
IL-6 receptor gp80 at 125 ng/mL. This complex was added to prepared HUVeC cells and 
incubated at 37 °C for 20 min to allow IL-6-induced STAT-3 phosphorylation to occur. 
The activation was stopped by the addition of ice-cold lysis buffer, and cell supernatants 
were analyzed for STAT3 phosphorylation using a MSD STAT-3 kit. Data are plotted with 
standard errors of means from triplicate determinations in two experiments.
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some 5000 B cells/well). Supernatants were screened for the pres-
ence of antibodies specific for human IL-6 in an enzyme-linked 
immunosorbent assay (ELISA), in which ~2500 wells showed 
antibody binding. These antibodies were further screened for 
the ability to neutralize both cis- and trans- biological effects of 
human IL-6 in a T1165-based bioassay, leading to the identifica-
tion of ~250 positive candidates.45

Approximately 250 individual, specific B-cells were isolated 
from microtiter wells, and heavy and light chain variable region 
genes were cloned from each. Variable regions were expressed 
in recombinant IgG format, and recombinant antibodies were 
tested for binding affinity to IL-6 in surface plasmon resonance 
experiments (General Electric Biacore instrument).

Antibody 132E09 was selected for humanization by graft-
ing the sequence of the complementarity-determining regions 
(CDRs) onto human IgG-γ4 germline frameworks.

The CDRs were grafted from the donor to the acceptor 
sequence according to the definition of Kabat et al.,46 with the 
exception of CDR-H1 for which the combined Chothia/Kabat 
definition was used.47 In order to retain full activity, donor resi-
due 49 was retained in the humanized heavy chain. The resulting 
humanized antibody was referred to as CDP6038 during devel-
opment and is now known as olokizumab.

Crystallization and structure determination of the Fab por-
tion of olokizumab in complex with human IL-6

To understand the binding and likely mode of action of oloki-
zumab, we determined the crystal structure of the Fab portion of 
the antibody in complex with IL-6. Human IL-6 was expressed 
in E. coli Origami B cells (catalog number 71408, Novagen) and 
purified using a combination of affinity and size-exclusion chro-
matography. The Fab portion of olokizumab was expressed tran-
siently in mammalian cells via established protocols,48 and was 

Figure 5. olokizumab in a cynomolgus monkey collagen-induced arthritis model. Arthritis was induced in female monkeys by two sensitizations with 
bovine type II collagen in Freund’s complete adjuvant separated by a period of 3 wk. There were six monkeys in the PBS group, five in the oLK 1 mg/
kg group and six in the oLK 10 mg/kg group. (A) Arthritis score. Arthritis score was assessed in a blinded manner by examination of the swelling of the 
metacarpophalangeal, proximal interphalangeal, distal interphalangeal joints, the wrist, ankle, elbow, and knee joints. each joint was given a score from 
0 (no abnormality) to 4 (rigidity of the joints). Arthritis score for each animal was the total of the joint scores. The following scale was used to score the 
arthritis disease progression in joints: 0 = no abnormality; 1 = swelling not visible, but can be determined by touch; 2 = swelling just visible and can be 
confirmed by touch; 3 = swelling clearly visible; and 4 = rigidity of the joints. The maximum score per animal was 256. The reduction in arthritis score 
in the 20mg/kg group was statistically significant (P < 0.01 [**], and P < 0.05 [*]; Wilcoxon rank sum test). (B) effect of olokizumab on C-reactive protein. 
CrP was measured by latex-enhanced turbidimetric immunoassay in an automatic analyzer. (C) Histology score. Hyperplasia, granulation tissue, fibrosis, 
and cartilage and bone destruction were assessed after treatment with olokizumab to determine a composite histology score. right carpal joint and PIP 
joints of right limb (total 5 joints) were examined. Paraffin embedded tissue, was cut and stained with hematoxylin-eosin and safranin-o. each joint was 
scored for synovial hyperplasia (0–2), granulation tissue (0–2), fibrosis (0–2) degeneration of joint cartilage (0–0.5), osteoclasia (0–2) and osteogenesis 
(0–1). Histology score for each animal was the total of all the joint scores. The errors are interquartile ranges about the median. (D) X-ray score of bone 
erosion. effect of olokizumab on joint degradation in collagen-induced arthritis model. A total of 48 joints were examined for signs of erosion after treat-
ment with olokizumab. Joints were scored accordingly; sign of joint erosion = 1 and no erosion = 0.The total number of joints in the proximal, middle and 
distal digital phalanges of the forelimb and hindlimb (second, third, fourth, and fifth digits) were assessed. When bone erosion was noted, 1 point was 
added to the score. The X-ray score for each animal was the total of the joint scores. The errors are interquartile ranges about the median.
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purified using KappaSelect resin (GE Healthcare, catalog num-
ber 17–5458–11). Purified IL-6 and the Fab portion of oloki-
zumab were mixed at a stoichiometry of 1:1, and the complex was 
purified by size-exclusion chromatography before concentration. 
Diffraction quality crystals grew within 8 d in 800 nL sitting 
drops (containing 4 mg/mL complex, 0.1 M ammonium sulfate, 
50 mM MES buffer pH 6.5, 11% polyethylene glycol 8000) 
equilibrated against a reservoir solution of 0.2 M ammonium sul-
fate, 100 mM MES pH 6.5, and 22% polyethylene glycol 8000. 
Crystals were harvested, transferred to cryoprotection buffer 
consisting of 80% reservoir solution mixed with 20% glycerol, 
and flash frozen in liquid nitrogen (–180 °C). Diffraction data 
to 2.2 Å resolution were collected at Diamond Light Source, and 
processed using the computer programs MosFlm and Scala.49 
Crystallographic data collection and processing statistics are 
shown in Table 1. The structure was solved by molecular replace-
ment using the program Phaser.50 Rebuilding and refinement 
were performed using the CCP4 suite of programs (Collaborative 
Computational Project Number 4 1994), Refmac51 and Coot.52 
Molecular visualizations were generated with PyMOL.53 The 
final model had an R-factor of 17.6% and a free R-factor of value 
of 21.5%. Table 1 shows full refinement and model-building 
statistics.

Database accession codes
Coordinates and structure factors of the Fab portion of oloki-

zumab in complex with human IL-6 have been deposited in the 
Protein Data Bank (PDB) with accession code 4CNI.

Neutralization activity of olokizumab
Cis signaling
Primary human hepatocytes (Life Technologies, catalog 

number HMCSPL) were allowed to adhere to collagen-coated 
plates (Invitrogen, catalog number A1142803) in Williams 
media (Invitrogen, catalog number 12551032) with Glutamax 
(Invitrogen, catalog number 32551020), 10% fetal calf serum 
and antibiotics for 24 h, before addition of IL-6 (Peprotech) or 
olokizumab, followed by further culture for 72 h. Cell superna-
tants were analyzed for acute phase proteins CRP and SAA using 
a Luminex kit (Millipore, catalog number HCVD2–67BK-03).

Trans signaling
Anti-IL-6 antibody at 12.5ng/ml was pre-incubated with IL-6 

(R&D Systems, catalog number 206-IL-050) @ 25ng/mL for 20 
min at room temperature, followed by addition of soluble IL-6 
receptor gp80 (R&D Systems, catalog number 227-SR-025) at 
125 ng/mL. This complex was then added to prepared HUVEC 
cells and incubated at 37 °C for 20 min to allow IL-6-induced 
STAT-3 phosphorylation to occur. The activation was stopped 
by the addition of ice-cold lysis buffer, and cell supernatants were 
analyzed for STAT3 phosphorylation with Sulfo-tagged™ anti-
STAT-3 antibody (Meso Scale, catalog number K150SVD) using 
a MSD SECTOR™ Imager 6000 reader.

For both assays, an absolute IC
50

 calculation was used and the 
X data was log transformed before IC

50
s were calculated. Fifty = 

50, Top = 100, Y = Bottom + (Top-Bottom)/(1+10^[{LogIC
50

 – 
X}*HillSlope + log{Top-Bottom}/{Fifty-Bottom} − 1]).

All calculations were performed using Graphpad Prism ver-
sion 6.1.

Collagen-induced arthritis model in cynomolgus monkeys
This study was performed at SNBL in Japan. Arthritis was 

induced in female monkeys by two sensitizations with bovine 
type II collagen in Freund’s Complete Adjuvant, separated by 
a period of 3 wk. Olokizumab was administered intravenously 
once a week at 1 or 20mg/kg.

Arthritis score
Arthritis score was assessed in a blinded manner by examina-

tion of the swelling of the metacarpophalangeal, proximal inter-
phalangeal, distal interphalangeal joints, the wrist, ankle, elbow, 
and knee joints. Each joint was given a score from 0 (no abnor-
mality) to 4 (rigidity of the joints). Arthritis score for each animal 
was the total of the joint scores. Wilcoxon rank sum statistical 
analysis was performed.

Table 1. Data collection and refinement statistics

Data collection and processing statistics

experiment type Single-wavelength

X-ray source
Diamond light source, beamline 

I02

Wavelength (Å) 0.9795

resolution limits (Å) 35.00–2.20 (2.32–2.20)

Space group P6

Unit cell parameters (Å,°)
a = b = 241.99 c = 76.59

α = β = 90 γ = 120

Number of unique reflections 126842 (18445)

Completeness (%) 98.1 (98.0)

I/σ (I) 10.8 (4.2)

Rmerge (%)* 11.9 (33.8)

Refinement statistics

resolution limits (Å) 30.00–2.20 (2.26–2.20)

R-factor (%) 17.6

Free R-factor (%) 21.5

Number of non-H atoms† 9396 (protein), 1578 (water), 25 
(ions)

r.m.s.d. bond length (Å) 0.008

r.m.s.d. bond angles (°) 1.115

Mean B value (Å2) 23

Ramachandran plot‡

residues in allowed region (%) 99.7

residues in disallowed region (%) 0.3

Values in parentheses refer to the highest resolution shell. The crystals of 
the olokizumab-Fab:IL-6 complex diffracted well, as indicated. However, 
they proved to be sensitive to X-ray radiation damage – this is not uncom-
mon in crystals of antibody Fab fragments. To take account of the radiation 
damage, the atoms most affected (mainly sulfur atoms, which form part of 
cysteine residues) were modeled to reduced occupancy, as suggested in 
the literature.54 *Rmerge = å|Ij – < I > | / Ij, where Ij is the intensity of an indi-
vidual observation of a reflection and < I > is the average intensity of that 
reflection. †The crystallographic asymmetric unit contains two copies of the 
olokizumab-Fab:IL-6 complex. ‡Calculated using the program MolProbity.55 
r.m.s.d. = root mean squared deviations.
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Histology score
Right carpal joint and PIP joints of right limb (total 5 joints) 

were examined. Paraffin embedded tissue was cut and stained 
with hematoxylin-eosin and safranin-O. Each joint was scored 
for synovial hyperplasia (0–2), granulation tissue (0–2), fibrosis 
(0–2), degeneration of joint cartilage (0–0.5), osteoclasia (0–2), 
and osteogenesis (0–1). Histology score for each animal was the 
total of all the joint scores.

X-ray score of bone erosion
The total number of joints in the proximal, middle and distal 

digital phalanges of the forelimb and hindlimb (second, third, 
fourth, and fifth digits) were assessed. When bone erosion was 

noted, 1 point was added to the score. The X-ray score for each 
animal was the total of the joint scores.

Disclosure of Potential Conflicts of Interest

S.S., T.B., B.C., A.H., A.P., T.B., S.R., D.M., A.M. and A.L. 
hold shares and/or share options in UCB.

Acknowledgments

The authors would like to thank Boris Gelfenbeyn for clon-
ing antibody variable regions, Lisa Connell-Crowley for anti-
body expression and purification, Mitra Singhal and Richard 
(Yi) Zhang for establishing and optimizing neutralization assays, 
and Ali Hussein for providing protein expression and crystalliza-
tion support. The primate CIA study was performed at SNBL in 
Japan. Olokizumab is licensed to R-Pharm.



782 mAbs Volume 6 Issue 3

29. Hsu B, Sheng S, Smolen J, Weinblatt M. Results 
from a 2-part, proof of concept, dose-ranging, ran-
domized, double-blind, placebo-controlled, phase 
2 study of sirukumab, a human anti-interleukin-6 
monoclonal antibody, in active rheumatoid arthri-
tis patients despite methotrexate therapy. Arthritis 
and Rheumatoid 2011; Abstract 2631, 75th Annual 
Meeting of ACR/ARHP, 5-9th November, Chicago.

30. Fizazi K, De Bono JS, Flechon A, Heidenreich A, 
Voog E, Davis NB, Qi M, Bandekar R, Vermeulen 
JT, Cornfeld M, et al. Randomised phase II study 
of siltuximab (CNTO 328), an anti-IL-6 monoclo-
nal antibody, in combination with mitoxantrone/
prednisone versus mitoxantrone/prednisone alone in 
metastatic castration-resistant prostate cancer. Eur J 
Cancer 2012; 48:85-93; PMID:22129890; http://
dx.doi.org/10.1016/j.ejca.2011.10.014

31. Mease P, Strand V, Shalamberidze L, Dimic A, 
Raskina T, Xu LA, Liu Y, Smith J. A phase II, 
double-blind, randomised, placebo-controlled 
study of BMS945429 (ALD518) in patients with 
rheumatoid arthritis with an inadequate response 
to methotrexate. Ann Rheum Dis 2012; 71:1183-
9; PMID:22328739; http://dx.doi.org/10.1136/
annrheumdis-2011-200704

32. Katzka DA, Loftus EV Jr., Camilleri M. Evolving 
molecular targets in the treatment of nonmalig-
nant gastrointestinal diseases. Clin Pharmacol Ther 
2012; 92:306-20; PMID:22828717; http://dx.doi.
org/10.1038/clpt.2012.77

33. Silverman J, Liu Q, Bakker A, To W, Duguay A, Alba 
BM, Smith R, Rivas A, Li P, Le H, et al. Multivalent 
avimer proteins evolved by exon shuffling of a fam-
ily of human receptor domains. Nat Biotechnol 
2005; 23:1556-61; PMID:16299519; http://dx.doi.
org/10.1038/nbt1166

34. Mees ST, Toellner S, Marx K, Faendrich F, Kallen 
KJ, Schroeder J, Haier J, Kahlke V. Inhibition of 
interleukin-6-transsignaling via gp130-Fc in hemor-
rhagic shock and sepsis. J Surg Res 2009; 157:235-
42; PMID:19589542; http://dx.doi.org/10.1016/j.
jss.2008.08.035

35. Krissinel E, Henrick K. Inference of macromo-
lecular assemblies from crystalline state. J Mol Biol 
2007; 372:774-97; PMID:17681537; http://dx.doi.
org/10.1016/j.jmb.2007.05.022

36. Bhat TN, Bentley GA, Boulot G, Greene MI, Tello 
D, Dall’Acqua W, Souchon H, Schwarz FP, Mariuzza 
RA, Poljak RJ. Bound water molecules and conforma-
tional stabilization help mediate an antigen-antibody 
association. Proc Natl Acad Sci U S A 1994; 91:1089-
93; PMID:8302837; http://dx.doi.org/10.1073/
pnas.91.3.1089

37. Lindsay MA. Target discovery. Nat Rev Drug Discov 
2003; 2:831-8; PMID:14526386; http://dx.doi.
org/10.1038/nrd1202

38. Chames P, Van Regenmortel M, Weiss E, Baty 
D. Therapeutic antibodies: successes, limitations 
and hopes for the future. Br J Pharmacol 2009; 
157:220-33; PMID:19459844; http://dx.doi.
org/10.1111/j.1476-5381.2009.00190.x

39. Sela-Culang I, Alon S, Ofran Y. A systematic com-
parison of free and bound antibodies reveals bind-
ing-related conformational changes. J Immunol 
2012; 189:4890-9; PMID:23066154; http://dx.doi.
org/10.4049/jimmunol.1201493

40. Cepica A, Yason C, Ralling G. The use of ELISA for 
detection of the antibody-induced conformational 
change in a viral protein and its intermolecular spread. 
J Virol Methods 1990; 28:1-13; PMID:2112149; 
http://dx.doi.org/10.1016/0166-0934(90)90082-Q

41. Cho HS, Mason K, Ramyar KX, Stanley AM, 
Gabelli SB, Denney DW Jr., Leahy DJ. Structure of 
the extracellular region of HER2 alone and in com-
plex with the Herceptin Fab. Nature 2003; 421:756-
60; PMID:12610629; http://dx.doi.org/10.1038/
nature01392

42. Oyen D, Srinivasan V, Steyaert J, Barlow JN. 
Constraining enzyme conformational change by an 
antibody leads to hyperbolic inhibition. J Mol Biol 
2011; 407:138-48; PMID:21238460; http://dx.doi.
org/10.1016/j.jmb.2011.01.017

43. Babcook JS, Leslie KB, Olsen OA, Salmon RA, 
Schrader JW. A novel strategy for generating monoclo-
nal antibodies from single, isolated lymphocytes pro-
ducing antibodies of defined specificities. Proc Natl 
Acad Sci U S A 1996; 93:7843-8; PMID:8755564; 
http://dx.doi.org/10.1073/pnas.93.15.7843

44. Tickle S, Adams R, Brown D, Griffiths M, Lightwood 
D, Lawson A. High-throughput screening for high 
affinity antibodies. J of Laboratory Automation 
2009; 14:303-7; http://dx.doi.org/10.1016/j.
jala.2009.05.004

45. Nordan RP, Potter M. A macrophage-derived fac-
tor required by plasmacytomas for survival and 
proliferation in vitro. Science 1986; 233:566-
9; PMID:3726549; http://dx.doi.org/10.1126/
science.3726549

46. Kabat E, Wu T, Reid-Miller M, Perry H, Gottesman 
K. Sequences of proteins of immunological inter-
est. US Dept of Health and Human Services, Public 
Health Service National Institutes of Health; 1987.

47. Adair JR. Engineering antibodies for therapy. 
Immunol Rev 1992; 130:5-40; PMID:1286872; 
ht tp : //dx.doi.org /10.1111/j.1600-065X.1992.
tb01519.x

48. Mason M, Sweeney B, Cain K, Stephens P, Sharfstein 
ST. Identifying bottlenecks in transient and stable 
production of recombinant monoclonal-antibody 
sequence variants in Chinese hamster ovary cells. 
Biotechnol Prog 2012; 28:846-55; PMID:22467228; 
http://dx.doi.org/10.1002/btpr.1542

49. Leslie AG. Integration of macromolecular dif-
fraction data. Acta Crystallogr D Biol Crystallogr 
1999; 55:1696-702; PMID:10531519; http://dx.doi.
org/10.1107/S090744499900846X

50. McCoy AJ, Grosse-Kunstleve RW, Adams PD, 
Winn MD, Storoni LC, Read RJ. Phaser crystallo-
graphic software. J Appl Crystallogr 2007; 40:658-
74; PMID:19461840; http://dx.doi.org/10.1107/
S0021889807021206

51. Murshudov GN, Vagin AA, Dodson EJ. Refinement 
of macromolecular structures by the maximum-like-
lihood method. Acta Crystallogr D Biol Crystallogr 
1997; 53:240-55; PMID:15299926; http://dx.doi.
org/10.1107/S0907444996012255

52. Emsley P, Cowtan K. Coot: model-building tools 
for molecular graphics. Acta Crystallogr D Biol 
Crystallogr 2004; 60:2126-32; PMID:15572765; 
http://dx.doi.org/10.1107/S0907444904019158

53. DeLano W. The PyMOL Molecular Graphics System. 
2002; www.pymol.org

54. Burmeister WP. Structural changes in a cryo-
cooled protein crystal owing to radiation damage. 
Acta Crystallogr D Biol Crystallogr 2000; 56:328-
41; PMID:10713520; http://dx.doi.org/10.1107/
S0907444999016261

55. Chen VB, Arendall WB 3rd, Headd JJ, Keedy DA, 
Immormino RM, Kapral GJ, Murray LW, Richardson 
JS, Richardson DC. MolProbity: all-atom struc-
ture validation for macromolecular crystallography. 
Acta Crystallogr D Biol Crystallogr 2010; 66:12-
21; PMID:20057044;; http://dx.doi.org/10.1107/
S0907444909042073 


