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Anti-human interleukin-6 (human IL-6) and anti-human IL-6 receptor (L6R)-neutraIising monoclo- 
nal antibodies (mAbs) are among the most promising human IL-6-specific inhibitors and have been shown 
to exert short-term beneficial effects in clinical trials. Simultaneous treatment with different anti-human 
IL-6 or anti-human IL-6R mAbs was recently suggested to be a potent way to inhibit the action of the 
cytokine in vivo. Although some of these mAbs are already used, their mechanisms of action and the 
location of their epitopes on the surface of human IL-6 and human IL-6R are still unknown. Here, we 
analysed the capacity of several anti-human IL-6 and anti-human IL-6R mAbs to inhibit the interaction 
between human IL-6, human IL-6R, and human glycoprotein 130 (gp130). We mapped the epitopes of 
several of these mAbs by studying their binding to human IL-6 and human IL-6R mutant proteins. Our 
results show that several anti-human IL-6 and anti-human IL-6R-neutralising mAbs block the binding 
between human IL-6 and human IL-6R, whereas others block the binding to gpl30. We provide evidence 
that some of the latter mAbs inhibit interaction with gp130p1, whereas others interfere with the binding 
to gp130p2. Our results suggest that residues included in the C'D' loop of human IL-6R interact with 
gp 1 3Op2. 

Keywords: epitope mapping ; interleukin-6 ; interleukin-6 receptor; glycoprotein 130 ; monoclonal anti- 
body. 

Interleukin-6 (IL-6) is a pleiotropic cytokine mainly in- 
volved in the regulation of inflammation, immune responses, 
and hematopoi'esis. IL-6 binds first to a low-affinity a-subunit 
receptor called IL-6R. The IL-6LL-6R complex associates with 
two glycoprotein 130 (gp130) /$receptor chains. The two iden- 
tical molecules, which are designated here as gpl30pl  and 
gp130p2, form a covalently linked homodimer that transduces 
the signal [ I ,  21. The exact stoichiometry and composition of 
the high-affinity IL-6 receptor complex at the cell surface mem- 
brane are still under debate. 

Overexpression of IL-6 has been suggested to participate in 
the pathogenesis of a variety of clinical disorders, including sur- 
gical trauma, rheumatoid arthritis, post-menopausal osteoporo- 
sis, chronic autoimmune diseases, Castleman's disease, multiple 
myeloma, renal carcinoma and AIDS [l]. To date, the rational 
design of efficient IL-6 inhibitors was only partially successful. 
Among the most promising human IL-6 (human IL-6)-specific 
inhibitors are anti-human IL-6 and anti-human IL-6R-neutralis- 
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study. 

ing antibodies. So far, these are the only ones tested in vivo. 
Anti-human IL-6 mAbs were shown to exert short-term benefi- 
cial effects both in animal models of some of the IL-6-related 
diseases, and in human clinical trials 13-61. In addition to anti- 
human IL-6 mAbs, other antibodies raised against human IL-6R 
were also shown to inhibit the activity of human IL-6 both in 
vitro and in vivo [7-111. A few of these anti-human IL-6R 
mAbs were humanized to prevent the development of human 
anti-mouse immunoglobulin response in trcatcd paticnts 112, 
131. Inhibition of human IL-6 and human IL-6R activity by the 
humanized anti-human IL-6R antibody PM-1 has been shown to 
be effective for the treatment of patients with rheumatoid arthri- 
tis, Castleman's disease, and multiple myeloma [14]. 

A major drawback encountered during anti-human IL-6 ther- 
apy might prevent the clinical application of such antibodies in 
the near future. The problem observed in these trials was the 
accumulation of large amounts of circulating human IL-6 in im- 
mune complexes [15, 161. This stabilised human IL-6 is poten- 
tially biologically active and might be released from the immune 
complex by competing IL-6R [17]. The situation is aggravated 
in patients that produce large amounts of human IL-6 and solu- 
ble human IL-6R [18, 191. Pharmacokinetics studies in mice 
injected with radiolabelled human IL-6 have demonstrated that 
treatment with at least three different anti-human IL-6 mAbs 
resulted in rapid clearance of the mAblhuman IL-6 complexes, 
and antibody stabilisation of circulating cytokine was no longer 
observed [20, 211. It seems that simultaneous treatment with dif- 
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ferent anti-human IL-6 mAbs may therefore be a potent way to 
inhibit the action of the cytokine in vivo. 

These studies suggested that the mAbs included in the cock- 
tails should not compete with each other for the binding of the 
antigen. The mAbs should be high-affinity human IL-6 binders 
and should preferentially interfere with the binding of distinct 
receptor subunits to prevent as much as possible the formation 
of the signal transducing IL-6 receptor complex. Such a treat- 
ment may combine an efficient inhibition of human IL-6 with 
the long in vivo half-life of free antibodies and the rapid clear- 
ance of the polymeric immune complexes. 

Use of combinations of anti-human IL-6R mAbs interfering 
efficiently with interactions between human IL-6, human IL-6R, 
and gp130 will inhibit human IL-6 action even better and may 
accelerate the removal of excess concentrations of soluble 
human IL-6R from circulation. Such a treatment may prove 
more beneficial for rheumatoid arthritis, Castleman's disease, 
and multiple myeloma patients than their injection with PM-1 
alone. 

Although several anti-human IL-6 and anti-human IL-6R 
mAbs are already used, their mechanism of action and the loca- 
tion of their epitopes on the structures of the corresponding 
antigens, are still unknown. In this study, we investigated the 
capacity of several anti-human IL-6 and anti-IL-6R-neutralising 
mAbs to inhibit the bioactivity of their antigens, studied the 
mechanism of action of these potent human IL-6 antagonists, 
identified residues included in their epitopes, and predicted their 
location on the human IL-6 and human IL-6R structure, respec- 
tively. 

MATERIALS AND METHODS 

Reagents. Unless specified otherwise, the buffer used for 
dilution in all of the immunoassays was 0.1 M Hepes, pH 7.2, 
0.15 M NaCI, 1 mM MgCl,, 0.1 mM ZnCI,, 2 mM NaN,, and 
20 g/l BSA. The wash buffer was 137 mM NaCl, 2.7 mM KCI, 
0.9 mM CaCl,, 0.5 mM MgCl,, 1.5 mM KH,PO,, 8 mM 
Na,HPO,, pH 7.2 (NaCl/P,), supplemented with 0.01 % NdN,, 
1 % BSA. 

Antibodies. Anti-human IL-6 mAbs AH-64, AH-65, and 
anti-human IL-6R mAb M-91 were obtained from Immunotech 
and prepared as described 122, 231. Anti-human IL-6 mAbs 
B-E4 and B-E8 were kindly provided by Dr J. Wijdenes (Dia- 
clone, BesanGon, France) [21, 241. CLB. IL-6 mAbs nos 8, 12, 
14, and 16 and LN1-75-8 (B2) were prepared as described 
[25,26]. 

Anti-human IL-6R mAbs M-37, M-91, M-113, M-164, 
M182, and M-195 were kindly provided by Dr J. Brochier 
(Institut National de la Santt et de la Rechereche MCdicale 
U291, Montpellier, France) [7]. Anti-human IL-6R mAbs 17.6, 
22.1, 32.3, 34.4, 38.8, 48.8, and 50.6 were kindly provided by 
Dr D. Novick (The Weizmann Institute of Science, Rehovot, 
Israel) [27]. Anti-human 1L-6 mAb PM-1 and anti human gp130 
mAbs AM-64 and AM-66 were a gift from Dr K. Yasukawa 
(Tosoh Corperation, Kanagawa, Japan) 1281. 

Wild-type and mutant human IL-6 and soluble human 
IL8R proteins. Wild-type human IL-6 and soluble human 
IL-6R were obtained from Immunotech [22, 231 or prepared as 
described in [29, 301. Human IL-6 mutants I32 M, F74E, F78E, 
R168 M, Q175L, R179E, R179W, M184K, double mutants 
F74E/F78E, K171N/Q175L, and R179E/R182E and triple 
mutant R30T/Y31H/I32V were produced as described in [29]. 
Human IL-6 mutants 2a, double mutant Q159E/T162P, triple 
mutant 2a/Q159E/T162P, deletion mutant 426, and quadruple 
mutant DFRD were produced as described in 125, 26, 31, 321. 

Production of the soluble human IL-6R mutants was carried out 
as described in 129, 301. 

Radiolabelling of human IL-6 and soluble human IL-6R. 
Metabolic "S-labelling of wild-type human IL-6 and soluble hu- 
man IL-6R was carried out as described in [30]. Human IL-6 
was labelled with "'I using the chloramine-T method as de- 
scribed previously [21]. 

Determination of the kinetic parameters of human IL-6 
binding by anti-human 1L-6 mAbs in equilibrium. Associa- 
tion kinetics. Different concentrations of 1 ml biotinylated mAb 
diluted in NaCUP, supplemented with 0.2% BSA and 5 mM 
NaN, were added to avidin-coated Eppendorf tubes (Immuno- 
tech). Following overnight incubation at 4"C, liquid was dis- 
carded and tubes were washed. To each tube was added 0.5 ml 
'2'I-human IL-6 at 1.5X10' cpdml .  After 1, 5, 10, 20, 30, 40, 
60, 120, 180, 240, 300, 360, 420, and 1000 min of incubation, 
liquid was removed, the tubes were washed, and the bound ra- 
dioactivity was measured using a y counter. 

KO, was calculated using the formula 

KO, = -In( 1 - B/B,,,)/Ab,, X t, 

where Ab,,+B,,,, Ab, is the initial mAb concentration (equal to 
the free mAb concentration), B is the bound human IL-6 concen- 
tration, B,,, is the bound human IL-6 maximal concentration 
(equal to the initial human IL-6 concentration), and t is time. 

Affinity constants. Different concentrations of biotinylated 
anti-human IL-6 mAb were mixed with an equal amount of 
human IL-6. Reactions were carried out in a total volume of 
1 ml NaCl/P, supplemented with 0.2% BSA and 5 mM NaN, in 
Eppendorf tubes. Following overnight incubation at 4°C or 
37"C, depending on the experiment, 100 pI Sephacryl avidin 
(Immunotech) was added to each of the tube. Mixtures were 
incubated for several h at the corresponding initial temperature. 
Following centrifugation at 2000 rpm in an Eppendorf centri- 
fuge, the concentration of free human IL-6 in each supernatant 
was measured by the human IL-6 enzyme immunoassay (EIA- 
1120) kit (Immunotech) [33]. Affinity constants were calculated 
using Scatchard plots and the following formula: 

Kd = Ab,,xF/(T-F), 

where Ab&T Ab, is the initial mAb concentration (equal to the 
free mAb concentration), F is the free human IL-6 concentra- 
tion, and T is the initial human TL-6 concentration (equal to the 
total human IL-6 concentration). 

IL-6 bioassay. The effect of different concentrations of anti- 
human IL-6 mAbs on human IL-6 bioactivity was measured 
using the IL-6-dependent mouse hybridoma cell line B9 as de- 
scribed in [25, 341. Briefly, cells were first washed and incu- 
bated for 12 h in the absence of IL-6. Cells were then cultured 
for 48 h in flat bottom microtiter plates at a concentration of 104 
cells/ml in a total volume of 200 pl/well RPMI 1640 medium 
supplemented with 5% fetal calf serum, human IL-6, and dif- 
ferent concentrations of anti-human IL-6 mAbs. Following incu- 
bation, 0.25 pCi/well [3H]thymidine (Amersham) was added, 
and cells were incubated for additional 8 h. Cells were then har- 
vested on a Whatman filter and mixed with 2 rnl scintillation 
liquid. The radioactivity incorporated in the cell pellet was deter- 
mined with a p-counter. A standard range of serial dilutions of 
human IL-6 was included in every experiment. The specific ac- 
tivity, which is defined as the human IL-6 dose that gave half 
of the maximal B9 proliferation response, was 3-5 pg/ml. 

Immunoprecipitation of 35S-labelled human IL-6 and sol- 
uble human ILdR. Immunoprecipitations were carried out in 
total volumes of 100pl of each mAb at a final concentration 
of 3 pg/ml in Eppendorf tubes and 20% (by vol.) protein-A- 
Sepharose (Pharmacia). 5 p1 Y-labelled human IL-6 or soluble 
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human IL-6R was mixed with the mAbs in the presence or ab- 
sence of about tenfold (220 ng/ml) excess of unlabelled human 
IL-6 or soluble human IL-6R depending on the experiment as 
indicated in Figs 2 and 6. Following overnight incubation at 4°C 
on a turning wheel, the Sepharose was washed three times. Im- 
munocomplexes were dissociated in Laemmli buffer, separated 
by SDSFAGE, and visualised by autoradiography. 

Antibody cross-reactivity assays. Competition sandwich 
ELISA (enzyme-linked immunosorbent assay) was used for the 
detection of cross-reactivity between the anti-human IL-6 mAbs. 
mAbs AH-65, AH-64, B-E4, and B-E8 were biotinylated using 
a protein biotinylation kit according to the manufacturer's in- 
structions (Boehringer-Mannheim). Distinct microtiter plates 
were coated overnight with 100 pl/well of a 5 pg/ml solution of 
each of the anti-human IL-6 mAbs diluted in NaCVP,. Following 
incubation, plates were washed and incubated with 50 pl/well 
serial dilutions of human IL-6 and 50 pl/well 1 pg/ml biotin- 
ylated anti-human IL-6 mAb used as the tracer. Following 6 h 
of incubation at 4°C on an orbital shaker, plates were washed 
three times and bound biotinylated mAb was detected with alka- 
line-phosphatase-conjugated Extravidin (Sigma). Following 1 h 
incubation, plates were washed again and phosphatase activity 
was measured by adding 150 pl/well p-nitrophenyl phosphate at 
1 mg/ml in a buffer containing 1 M diethanolamine, 1 mM 
MgCl,, adjusted to pH 8.9 with HC1. The color reaction was 
allowed to develop and the absorbance was measured at 405 nm 
by an ELISA reader. Assays were carried out in duplicate. 

Mapping the epitopes of anti-human IL-6 mAbs by sand- 
wich ELISA and the use of human IL-6 mutants. The degree 
of recognition of human IL-6 mutants 426, Q159E/T162P, 2a, 
2a/Q159E/T162P, and DFRD, by the different anti-human IL-6 
mAbs was measured by ELISA as described in [25, 26, 351. 
Briefly, microtiter plates were coated with 1 pg/ml each of the 
anti-human IL-6 mAbs in NaCUP,. After washing, the plates 
were incubated with different concentrations of wild-type or 
variant human IL-6. Bound human IL-6 was revealed using bio- 
tinylated affinity purified goat anti-human IL-6 and horseradish 
peroxidase streptavidin (Amersham). Bound peroxidase was de- 
tected with 3,3'5,5'-tetramethylbenzidine/H,02 (Merck). The re- 
action was stopped by the addition of 2 M H,SO, and the absor- 
bance was read at 450nm by a Titerteck multiskan ELISA 
reader. Assays were carried out in duplicate. 

The recognition of site-1 human IL-6 mutants, triple mutant 
R30TN31H/I32V, I32 M, F74E, F78E, double mutant F74E/ 
F78E, R168 M, double mutant K171N/Q175L, Q175L, R179E, 
R179W, double mutant R179E/R182E, and M184K by the dif- 
ferent anti-human IL-6 mAbs was tested by competition sand- 
wich ELISA [29]. 

Soluble human gpl30-binding assay. The effect of increas- 
ing concentrations of anti-human IL-6 and anti-human IL-6R 
mAbs on the association of human IL-6 and soluble human 
IL-6R with soluble human gp130 was measured as described in 
[30]. Briefly, avidin precoated microtiter plates (Immunotech) 
were coated with biotinylated anti-human gp130 monoclonal an- 
tibody AM-64 (kindly provided by Dr K. Yasukawa) [28, 361. 

The each AM-64-coated well was added 50 pl soluble 
human gp130 (500 ng/ml), 25 pl soluble human IL-6R (50 ng/ 
ml), 25 p1 human IL-6 (1 pg/ml), and 10 pl M-91-AP as tracer, 
at 10 U enzyme/ml. Following 6 h incubation at 4°C on an or- 
bital shaker, the wells were washed three times and phosphatase 
activity was measured as above. Assays were carried out in du- 
plicate. 

Mapping the epitopes of anti-human IL-6R mAbs. Identi- 
fication of amino acid residues included in the epitopes of anti- 
human IL-6R mAbs was carried out using competition sandwich 
ELISA as described in [27]. Microtiter plates coated with the 

Table 1. Characteristics of anti-human IL-6 mAbs. ID,, is the mAb 
concentration required for half-maximal inhibition of 2 U/ml human IL-6 
in the B-9 assay. 

mAb k,., K,, (4 "C) Kd (37 "C) ID,, 

M-1 s-l M 

AH-64 7.1 X lo5 3.7 X 1.7 X 2.3 X lo-'' 
B-E8 2 . 9 ~  105 5.9 x 10-12 2 . 2 ~  1.1 x 
B-E4 3.6 x los 1.36 X 10-12 6.7 X 1.2 X lo-'' 
AH-65 5.9 x 10' 4.8 X 10-l2 4.8 X 10-l2 3.3 X lo-'' 

following: 100 pl/well5 pg/ml of each of the anti-human IL-6R 
mAbs, which was used as a phase to capture the soluble human 
IL-6R variants, and the alkaline-phosphatase-conjugated M-91 
anti-human IL-6R mAb (M-91-AP, Immunotech) as a tracer to 
detect bound soluble human IL-6R molecules. 

Zn vitro human IL-6 and soluble human IL-6R-binding 
assays. The potential of the anti-human IL-6 and anti-human 
IL-6R mAbs to interfere with the binding between human IL-6 
and soluble human IL-6R in solution, or the recognition of their 
complex by AH-65, B-E4, or M-91, was tested as follows. 
Increasing concentrations of the assayed mAb were added to 
mixtures containing 85.7 ng/ml human IL-6 and 7.14 ng/ml sol- 
uble human IL-6R. Reactions were performed in microtiter 
plates coated with 5 pg/ml anti-human IL-6 mAb AH-65 [22] 
(Immunotech) or B-E4 to capture cytokine and with 15 U 
enzyme/ml anti-human IL-6R mAb M-91-AP (Immunotech) to 
detect human IL-6/soluble human IL-6R complexes, as de- 
scribed previously [23, 29, 301. Assays were camed out in dupli- 
cate. 

RESULTS 

Analysis of anti-human IL-6 mAbs. We tested the cross-reac- 
tivity between eight anti-human IL-6 mAbs, using competition 
sandwich ELISA experiments. The results demonstrated that the 
mAbs can be divided into at least three distinct epitope groups. 
Group I includes mAbs AH-64, B-E8, and 8, group I1 includes 
mAbs B-E4, 12, and B2, and group I11 includes mAbs AH-65 
and 16. Some competition was also observed between mAbs 12 
or B2 from group I1 and mAb 8 from group I. 

We measured the kinetic parameters and the dissociation 
constants at 4°C and 37°C of several of these mAbs (i.e. AH-64, 
AH-65, B-E4, and B-E8) and analysed their capacity to inhibit 
the human IL-6-dependent proliferation of B9 cells (Table 1). 
The results demonstrated that the mAbs are high-affinity human 
IL-6 binders and potent inhibitors of its bioactivity. Moreover, 
the findings suggested that mAbs AH-65 and AH-64 were more 
potent inhibitors than B-E8, which was used in several prelimi- 
nary clinical trials [4-61. B-E4 seemed to be the less potent 
inhibitor out of the four (Table 1). 

Since anti-human IL-6-neutralising antibodies can interfere 
with the binding of human IL-6 to IL-6R (site 1) or to gp130 
(sites 2 and 3) (Fig. l), we studied the mechanism of inhibition 
of several of the anti-human IL-6 mAbs in a stepwise approach 
that followed the different stages of the human IL-6/human 
IL-6R/human gp130 complex assembly in v i m .  

Identification of mAbs that block the binding of human IL-6 
to human IL-6R. Assuming that antibodies which interfere with 
the binding of human IL-6 to human IL-6R shall not be able to 
immunoprecipitate the intact human IL-6/soluble human IL-6R 
complex, we identified first those mAbs that can block the for- 
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Fig. 1. A schematic representation of the three-dimensional model of 
human IL-6. Receptor binding sites are colored as follows: yellow 
(human ILdR, site l), red (gpl3Op1, site 2); green (gp130p2, site 3). 
The locations of a few selected residues or regions are indicated. 

kDa 
200 - 

97.4 - 
69 - 
46 - 
30 - 

shIL-6R 

14.5 - 
z + - + - + - + -  hIL-6 

+ + + + + + + + shILdR 

Anti-hIL-6 mAbs 
Fig. 2. Identification of anti-human IL-6 mAbs that block the forma- 
tion of the human IL-6/soluble human ILdR complex. Immunopreci- 
pitation of '3-labelled soluble human IL-6R by anti-human IL-6 mAbs 
in the presence or absence of unlabelled human IL-6. An autoradiograph 
of an SDSPAGE analysis of one out of three repeated experiments, 
which gave very similar results, is presented. 

mation of this complex. As expected, all of the mAbs immuno- 
precipitated 35S-radiolabelled human IL-6 (data not shown) and 
none were able to precipitate the 3sS-radiolabelled soluble hu- 
man IL-6R in the absence of human IL-6 (Fig. 2). mAbs AH-65 
and B-E4 precipitated 3sS-soluble human IL-6R in the presence 
of human IL-6, whereas AH-64 and B-E8 could not (Fig. 2) .  
These results suggest that AH-64 and B-E8 may recognise resi- 
dues directly involved in the binding to human IL-6R, whereas 
AH-65 and B-E4 are most probably not interacting with this site. 

AH-65 and B-E4 inhibit the binding of human IL-6 to gp130. 
Both AH-65 and B-E4 were able to inhibit the biological activity 

h w 

U AH-65 

+ AH-65-F(ab)', 

-1- AH-65-Fab 

2 100 
Y 

$ 
CI 75 

50 5 
F 
z B-E4 ' 25 

0 

B 
1 
a 0  

4 
M 

2 8  - - e 8 0  
mAb (Wml)  

Fig. 3. Dose-dependent inhibition of the binding of the human IL-6/ 
soluble human IL-6R complex to soluble human gp130 by anti-hu- 
man IL-6 mAbs B-E4, and AH-65 and the F(ab); and Fab prepara- 
tions of AH-65. 

of human IL-6 (Table 1). however they did not block its binding 
to human IL-6R (Fig. 2). Therefore, we investigated whether 
they can interfere with the binding to soluble human gp130. 
Analysis of the effect of increasing concentrations of B-E4 and 
AH-65 on the binding of human IL-6 to soluble human gp130 
in the presence of soluble human IL-6R has demonstrated that 
both of the mAbs can inhibit the binding to human gp130 
(Fig. 3). However, as seen with the biological assay (Table I), 
mAb AH-65 is about ten times more efficient than mAb B-E4. 
F(ab')2 and Fab preparations of mAb AH-65 gave very similar 
results suggesting that the effect of the antibody may be direct 
and not merely sterical (Fig. 3). 

Identification of residues included in the epitopes of several 
anti-human IL-6 mAbs. The identification of residues included 
in the epitopes of neutralising antibodies may provide informa- 
tion not only on their mechanism of action, but also yield details 
concerning the structure and function of the antigen [25, 26, 30, 
371. We used a panel of human IL-6 variants that were produced 
previously for the identification of residues included in the epi- 
topes of the anti-human IL-6 studied here. In this method, resi- 
dues included in the epitope of a given mAb are delineated by 
its failure to recognise the corresponding site-specific single 
amino acid substitution variants of the antigenic protein. 

mAb AH-65 and mAb 16 interact with site 3, whereas B-E4, 
B2, and 12 interact with site 2. The human IL-6 variant Q159El 
T162P and the human/murine-IL-6 chimera-2a were the first to 
indicate the location of a possible gpl30-binding site on the 
structure of human IL-6 [26, 381. This combined gpl30-binding 
epitope is located at the beginning of the AB loop and the D 
helix, and is often referred to as site 3 (Fig. 1). 

We compared the degree of recognition of increasing con- 
centrations of these site 3 mutants and wild-type human IL-6 by 
mAbs AH-65, B-E4, and 16. mAb AH-65 bound to the double 
mutant Q159E/T162P only at very high concentrations (Fig. 4A) 
and showed a decrease in the recognition of mutant 2a (Fig. 4B). 
However, mAb B-E4 showed no difficulties in recognising the 
double mutant Q159E/T162P and the triple mutant 2a/Q159E/ 
T162P. As shown before, mAb 16 hardly reacted with these mu- 
tants (Fig. 4A and B) [26, 391. 

The results indicated that the epitope recognised by AH-65 
is shared with mAb 16 and that both may block the binding of 
gp130p2 to site 3. They also suggested that B-E4 might interfere 
with the binding of gpl30pl to site 2. This gpl30-binding epi- 
tope may be disrupted by the substitution of Tyr31 and Val121 
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Fig.4. Differential recognition of site 3 and site 2 human IL-6 mutants by several anti-human IL-6 m.- .s determined by sandv .-.. ELISA. 
(A) Reactivity of mAbs AH-65, B-E4, and 16 with site 3 human IL-6 mutant Q159E/T162P. (B) Reactivity of mAbs AH-65, B-E4, and 16 with 
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by aspartic acid, Gly35 by phenylalanine, and Ser l l8  by argi- 
nine, resulting in an antagonistic human IL-6 variant called 
DFRD (Fig. 1) [31]. 

We produced the DFRD mutant and tested its recognition by 
B-E4, and several other mAbs. mAbs B-E8, 8, and 16, which 
were tested as controls, recognised the mutant (data not shown). 
B-E4, and mAbs included in its epitope group, i.e. B2 and 12 
(Table 1), hardly recognised the DFRD mutant (Fig. 4C). Of all 
of the inAbs studied here, these three mAbs were the only ones 
to show a significantly decreased binding of the human 1L-6 
deletion variant 426, in which the first 26 residues starting with 
the N-terminal of the mature form of the protein were removed 
(data not shown). These results indicate that B-E4 interferes 
most probably with gpl30-binding by blocking site 2 and sug- 
gest that B2 and 12 may act in a similar way. Residues included 
in their epitopes are most probably located in the A helix and 
may also be in the C helix. 

Anti-human IL-6 mAbs AH-64, B-E8, a d  8 recognise amino 
acid residues crucial for  the binding to human IL-6R. mAbs 
B-E8, AH-64, and 8 can inhibit the binding between human IL- 
6 and human IL-6R (Fig. 2 B  [26]). This suggested that they may 
recognise residues included in site 1 or located in its proximity 
(Fig. 1). Therefore, we tested the binding of these mAbs to a 
panel of human IL-6 mutants in which residues predicted to re- 
side i n  the human IL-6R-binding epitope were altered [29]. 

B-E8 did not bind to any of the Arg179 mutants although 
it recognised all of the other mutants (Fig. 5) .  AH-64 failed to 
recognise mutants of Arg179 and showed a significant decrease 

in the recognition of mutants of Arg168, Phe74, and Phe78 
(Fig. 5). inAb 8 failed to recognise mutant F78E, double mutants 
F74E/F78E and R179E/R182E, and showed a significant 
decrease in the recognition of mutants of Arg179, indicating that 
its epitope covers the ends of both the AB loop and the D helix 
(Fig. 5). These results correlate well with the cross-reactivity ob- 
served between these three mAbs and suggest that they have 
overlapping but distinct epitopes (Table 1, Fig. 1). 

Our results suggest that the identification of the epitopes of 
these mAbs by other techniques such as a peptide scan would 
have been difficult since they seem to be discontinuous and 
some of the residues they include are very distant in the primary 
structure. 

Analysis of anti-human IL8R mAbs. The 14 anti-human 
IL-6R mAbs studied here are directed against the extracellular 
domain of human IL-6R and recognise the soluble form of the 
receptor subunit. All of the antibodies except M-91 and 22.1 are 
capable of inhibiting the biological activity of human IL-6R in 
cell culture assays [7,9,40-421. M-91 was suggested to interact 
with the Ig-like domain of the receptor. Competition was ob- 
served between mAbs M-37, M-113, M-164, 32.3, 34.4, 38.8, 
48.8, and 50.6, and also between mAbs M-195 and PM-1. No 
competition was observed between mAbs 17.6, 22.1, and M-182 
and any other of the anti-human IL-6R mAbs 17, 401. 

Structure/function studies of human IL-6R have suggested 
that several distinct regions in the molecule are interacting with 
other molecules in the high-affinity human 1L-6 receptor com- 
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Fig. 7. A schematic representation of the three-dimensional model of 
human IL-6R. The locations of a few selected residues and regions are 
indicated. Residues included in the human IL-6 and human gp130p1 
binding sites are colored yellow and red, respectively. The green circle 
indicates the predicted location of the C'D' loop in domain 11. 

plex. Some are involved in human IL-6 binding [29], and others 
interact with gp130 [43, 441. 

We decided to first identify mAbs that block binding to hu- 
man IL-6. Therefore, we tested their ability to immunoprecipi- 
tate the intact human IL-6/soluble human IL-6R complex. 

mAbs M-37, M-113, M-164, M-195, PM-I, and 48.8 can 
block the binding of human IL-6 to human IL-6R. All of the 
mAbs immunoprecipitated the "S-soluble human IL-6R (data 
not shown) and none were able to precipitate the 35S-human IL-6 
in the absence of soluble human IL-6R (Fig. 6A and B). About 
eight of the anti-human IL-6R mAbs were able to co-immuno- 
precipitate the human 35S-IL-6 in the presence of soluble human 
IL-6R (Fig. 6A and B). Two of these, i.e. 32.3 and 50.6 
(Fig. 6B), seemed to interfere at least partially with the binding 
of human 1L-6 to human IL-6R. The most potent inhibitors were 
mAbs M-37, M-113, M-164, M-195, PM-1, and 48.8 (Fig. 6A 
and B). 

Identification of residues included in the epitopes of several 
anti-human IL-6R mAbs. Preliminary attempts to map the epi- 
topes of anti-human IL-6R mAbs 17.6, 22.1, 32.3, 34.4, 38.8, 
48.8, 50.6 using linear synthetic peptides were only partially 
successful and suggested that mAbs 34.4 and 50.6 may bind to 
peptides corresponding to residues 257 -266 and 25 1 -260 of 
human L 6 R ,  respectively (Fig. 7) [45]. Attempts to map the 
epitopes of mAbs M-37, M-91, M-113, M-164, M-182, and 
M-195 using a similar approach were unsuccessful [41]. 

Here, we used 15 different soluble human IL-6R mutants 
representing ten distinct amino acid residues predicted to reside 
in the human IL-6-binding epitope of the receptor. The recogni- 
tion of each of the mutants by each of the anti-human IL-6R 

mAbs was compared with the recognition of the wild-type solu- 
ble human IL-6R (Fig. 8). mAbs 17.6 and 22.1 recognised all of 
the mutants and the wild-type. The recognition of mutant V190G 
by most of the mAbs was poor suggesting that Val190 is impor- 
tant for the conservation of the structural integrity of the mole- 
cule at least locally (Fig. 8). 

mAbs M-37, M-113, and M-164 hardly recognised mutants 
of Ser186, Tyr188, and Val190 (Fig. 8A). The recognition of 
these mutants by mAbs 50.6, 38.8, 34.4, and 32.3 was less af- 
fected (Fig. 8B). Among the latter, the effect on mAb 50.6 was 
the strongest (Fig. 8B). These results suggest that Ser186 and 
Tyr188 and perhaps Val190 are included or are in the vicinity 
of the epitopes interacting with mAbs M-37, M-113, M-164, and 
probably also 50.6 (Fig. 7). mAbs 32.3, 34.4, 38.8, and 48.8 
were much less affected by the substitution of these residues and 
were also less efficient in inhibiting the binding between human 
IL-6 and soluble human IL-6R (Figs 8B and 6B). Since some 
competition exists between the two groups, we suggest that they 
recognise two distinct but close epitopes. 

M-195 and PM-1 showed a slight decrease in the recognition 
of mutants of Tyr249 and a strong decrease in the recognition 
of mutants of glutamic acid at positions 296 and 297 (Fig. 8A). 

mAbs M-182, 34.4, and 38.8 are predicted to interfere with 
the binding of the human IL-6/human IL-6R complex to 
gp130p2. Some of the anti-human IL-6R mAbs did not block 
the binding between human IL-6 and human IL-6R (Fig. 6). 
Nevertheless, they might inhibit the binding to gp130. This was 
shown recently to be the case of mAb M-182 [41]. It is not 
known whether this neutralising mAb interferes with the binding 
to gpl30pl or gp130p2. We searched for a rapid way to distin- 
guish between the two possibilities. 

Two different studies have demonstrated that direct interac- 
tions occur between human IL-6R and gpl30pl [43,44]. So far, 
no evidence indicating that such interactions also occur between 
human IL-6R and gp130p2 has been provided. Determining if 
such contacts exist and the identification of their location may be 
important for understanding how the high-affinity IL-6 receptor 
complex is assembled. Since crystal and NMR structures of this 
complex are unavailable, any additional information concerning 
contact regions with gp130p2 is of extreme importance for the 
construction of the corresponding three-dimensional model. 
Such a model may be useful for the study of the high-affinity 
receptor complexes of other IL-6-type cytokines. 

Discrimination between interference with the binding to 
gp130p1 or to gp130p2 is not a simple task. As demonstrated 
above, the anti-human IL-6 mAbs B-E4, and AH-65 interact 
with residues included in site 2 and site 3 on human IL-6, and 
interfere with the binding to gpl30pl and gp130p2, respectively. 
Therefore, we used the anti-site 2 mAb B-E4 to play the role of 
gpl30pl and the anti-site 3 mAb AH-65 as a substitute for 
gpl30p2. Using these mAbs, we searched for anti-human IL-6R 
mAbs that would possibly interfere with the binding of the hu- 
man IL-6/soluble human IL-6R complex to one of the two gp130 
subunits. 

The formation of human IL-6/soluble human IL-6R com- 
plexes and their capture by a solid phase coated with either anti- 
human IL-6 mAb AH-65 or mAb B-E4, in the presence and 
absence of various concentrations of each of the different anti- 
human IL-6R mAbs, was monitored by an alkaline-phosphatase 
(AP)-conjugated anti-human IL-6R mAb M-91. 

In such an experimental system, mAbs that interfere with the 
binding between human IL-6 and human IL-6R will decrease 
the detection of their complex in both assays in a similar manner. 
Similar results may be observed if the additional mAb interferes 
with the binding of the complex by the tracer mAb M-91-AP. A 
decrease in the binding of the human IL-6/human IL-6R com- 
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plex by one of the phase mAbs and not the other would suggest 
that the tested mAb interferes also with the binding to the corre- 
sponding gp130 (i.e. interference with B-E4 is predicted to 
decrease the binding to gpl30P1, whereas, interference with 
AH-65 is predicted to inhibit the interaction with gp130p2). 

The results obtained with mAbs M-37, M-164, M-195, 
PM-1, 32.3, and 48.8 correlated well with expectations based on 
the immunoprecipitation experiments (Fig. 6). All of these 
mAbs inhibited the formation of the human IL-6/human IL-6R 
complex in a concentration-dependent manner in both of the ex- 
perimental systems. The results obtained for M-195 are shown 
as an example (Fig. 9). 

Anti-human gp130 mAb AM-66 which was used as a nega- 
tive control did not affect the recognition or the formation of the 
complex (data not shown). Several other mAbs, which were able 
to immunoprecipitate efficiently radiolabelled human IL-6 in the 
presence of soluble human TL-6R (Fig. 6) nevertheless affected 
significantly the recognition of the human IL-6/soluble human 
IL-6R complex in one or both of the experimental systems. mAb 
17.6 showed inhibitory effects even at low concentrations (data 
not shown). This interference was independent of the anti-hu- 
man IL-6 used in the assay and was dose dependent only at 

low concentrations. These results might imply that mAb 17.6 
interferes with the binding of human IL-6/soluble human IL-6R 
complex to the tracer M-91-AP. The effect of mAb 22.1 was 
minor in both cases though somewhat stronger when the phase 
mAb was AH-65 (data not shown). 

The results obtained for mAbs M-182, 34.4, and 38.8 corre- 
lated better to those obtained previously (Fig. 6) when the solid 
phase was coated with mAb B-E4 (Fig. 9). When the solid phase 
was coated with AH-65 these monoclonal antibodies were inhib- 
itory. The degree of inhibition varied between high for mAbs 
38.8 and 34.4, and low for mAb M-182 (Fig. 9). It seems there- 
fore, that the binding of these anti-human IL-6R mAbs to the 
human IL-6/soluble IL-6R complex interferes with its capture 
by the anti-human IL-6 mAb AH-65 probably because of steric 
hindrance. 

These results suggest that mAbs 34.4,38.8, M-182, and 22.1 
may also interfere with the binding of the human IL-6/soluble 
human IL-6R complex to gpl30m. Analysis of their effect on 
the binding to sgpl30 indicated that mAbs 34.4, and 38.8 are 
more efficient inhibitors of the binding between the human IL-6/ 
soluble human IL-6R complex and soluble gp130 than mAb 
M-182 (Fig. 10). 
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DISCUSSION 

Anti-human IL-6 mAbs. The present study and previous results 
show that anti-human IL-6 mAbs AH-64, B-E8, 8, 12, B2, B-E4, 
AH-65, and 16 are all potent inhibitors of human IL-6 bioactiv- 
ity. These antibodies can be divided into at least three distinct 
epitope groups. 

mAbs AH-64, B-E8, and 8 interact with residues included 
in site 1 (Fig. 1) and block the binding of human IL-6 to human 
IL-6R. mAbs 12, B2, and B-E4 interact with residues included 
in site 2 (Fig. 1) and probably block the binding to gpl30pl. 
mAbs AH-65, and 16 interact with residues included in site 3 
(Fig. 1) and block the binding to gpl3Op2. These results support 
all previous findings concerning the location of the different 

receptor binding sites on the human IL-6 structure and the 
residues they include [26, 29, 38, 39, 461. 

The data we present may help in choosing which mAbs 
would be most beneficial in the treatment of human IL-6-related 
disease and in which combinations. It is suggested that the anti- 
bodies used in such a treatment will include representatives of 
each of the three epitope groups. To inhibit efficiently the bioac- 
tivity of human IL-6 such mAb cocktails could include the 
following: mAbs AH-64 or 8 to block site 1, mAbs B-E4 or B2 
to block site 2 and mAbs AH-65 or 16 to block site 3. 

Anti-human IL-6R mAbs. We compared many anti-human 
IL-6R mAbs to facilitate the choice of mAb combinations to use 
in anti-human IL-6R clinical treatment. Our findings and previ- 
ous results demonstrate that the antibodies can be divided into 
at least six distinct epitope groups. 

Our results show that the anti-human IL-6R mAbs M-37, 
M-113, M164, M-195, and PM-1 are strong inhibitors of the 
binding of human IL-6 by human IL-6R, whereas mAbs 32.3, 
48.8, and 50.6 affect the reaction to a lesser degree. They sug- 
gest that residues Ser186, Tyr188, and Val190 are located in the 
epitope recognised by anti-human IL-6R mAbs M-37, M-113, 
M-164, and 50.6 or in its vicinity, and that residues Glu296, 
Glu297, and Tyr249 may interact with mAbs PM-1, and M-195 
(Fig. 7). The results in this study support further our previous 
suggestion that these residues are exposed on the surface of the 
human IL-6R molecule and that Tyr188, Tyr249, Glu296, 
Glu297, and maybe also Val190 are directly interacting with hu- 
man IL-6 [29, 301. Moreover they suggest that the EF, B’C’, and 
F’G‘ loops of human IL-6R are immunogenic. 

The results concerning mAbs M-182, 17.6, 22.1, 32.3, 34.4, 
38.8, and 48 are less direct. We have shown here that mAbs 
M-182, 17.6, 22.1, 34.4, and 38.8 do not inhibit the binding 
between human IL-6 and human IL-6R. mAb 17.6 showed a 
slight competition with M-91 for the binding of the human IL-6/ 
human IL-6R complex. This effect was not observed with 
human IL-6R alone. It is therefore suggested that mAb 17.6 rec- 
ognises an epitope distinct from the one interacting with mAb 
M-91, although it is probably close enough to allow for steric 
hindrance. 

We showed that mAbs 34.4, 38.8, and M-182 inhibit the 
binding of the human IL-Ghurnan IL-6R complex to gp130. 
Since they interfered also with the binding of this complex to 
anti human IL-6 mAb AH-65, which was shown here to recog- 
nise residues included in the human IL-6 site 3 (Fig. 4), we sug- 
gest that like AH-65, these mAbs interfere with the binding to 
gp130p2. 

Interestingly, the region recognised by mAb 34.4 was iden- 
tified recently by a peptide scan. The sequence common to the 
four peptides that it interacts with corresponds to residues 
Tyr257-Thr266 in the C’D’ loop of domain I1 of human IL-6R 
(Fig. 7, green circle). Moreover, the peptide that reacts best with 
mAb 34.4 was shown to inhibit the activity of human IL-6 in 
different biological assays and was suggested to interfere with 
the binding to gp130 [45]. 

In our three-dimensional model of the human IL-6/human 
IL-6Wuman gpl3Opl complex [47], the corresponding region 
is exposed on the surface of the human IL-6R with an orienta- 
tion similar to that of site 3 in human IL-6 (Figs l and 7). Inter- 
estingly, the alteration of several residues included in the C’D’ 
loop was shown to reduce significantly the bioactivity of the 
corresponding soluble human IL-6R variants (i.e.double mutant 
E260A/R261G and triple mutant R261G/S262A/K263G), but 
did not affect their human IL-6-binding capacity [43] Taken to- 
gether, these results suggest that residues included in the C’D’ 
loop of human IL-6R are interacting with gp130p. Further, 
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human IL-6R mutagenesis studies could verify this prediction. 
This information may help the construction of a three-dimen- 
sional model of the human IL-6 high-affinity receptor complex. 

In analogy with the anti-human IL-6 mAbs, combining anti- 
bodies such as M-37 or M-164 with M-195 or PM-1, and 34.4, 
38.8, or M-182 in the treatment of IL-6-related disease may also 
result in an efficient inhibition of the human IL-6 activity and 
rapid clearance of soluble human IL-6R. 
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