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ABSTRACT 

An automated optical biosensor instrument for measuring molecular interactions (Pharmacia BIAcore) has been used to 
characterise the epitopes recognised by 15 monoclonal antibodies raised against recombinant human granulocyte colony- 
stimulating factor (G-CSF). The BIAcore combines an autosampler and integrated microfluidic cartridge for the introduction and 
transportation of samples to the sensor chip surface, with surface plasmon resonance to detect binding events. A rabbit 
anti-mouse Fc antibody, coupled to the sensor surface in situ using conventional protein chemistry techniques, was used to 
capture an anti-G-CSF monoclonal antibody. G-CSF was bound to this antibody by injection over the Sensor surface. Multi-site 
binding experiments were then performed in which other anti-G-CSF monoclonal antibodies were injected sequentially over the 
surface, and their ability to bind to the G-CSF in a multimolecular complex monitored in real time. Results obtained using the 
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biosensor have been compared with data obtained by cross competition studies using biotinylated antibodies or antibody binding 
studies using chemically or enzymatically derived G-CSF peptide fragments or synthetic peptides. The results of these studies are 
in excellent agreement with the data from the BIAcore, although modification of the antibody or G-CSF occasionally altered the 
epitope affinity. 

INTRODUCTION 

Granulocyte colony-stimulating factor (G- 
CSF) is one of a family of hemopoietic growth 
factors which regulate proliferation and differen- 
tiation of hemopoietic precursor cells, as well as 
the activity of mature neutrophils [l]. G-CSF has 
been purified from several species [2,3]. N-termi- 
nal and internal amino acid sequence data has 
allowed the isolation of the corresponding cDNA 
[4,5] and subsequent production of recombinant 
human G-CSF (hG-CSF) for structural studies 
[6] and therapeutic use [7]. 

The tertiary structure of G-CSF has been 
elucidated from X-ray crystallography studies 
[8], which have shown G-CSF, as predicted by 
Parry et al. [9] and Bazan [lo], to belong to the 
four a-helical bundle group of growth factors 
typified by growth hormone [ll]. However, the 
precise location of the residues involved in 
binding of G-CSF to the receptor are not known. 
In order to define functionally important regions 
of the molecule we have raised more than thirty 
monoclonal antibodies to recombinant hG-CSF 
and identified the amino acid sequence of each 
epitope [ 121. Antibodies recognising similar epi- 
topes were identified by enzyme-linked immuno- 
sorbent assay (ELISA) competition assays and 
characterised using neutralisation assays, con- 
formational dependence and cross reactivity with 
canine G-CSF (cG-CSF) [12]. Herein we report 
biosensor studies on fifteen of these antibodies 
which demonstrate the speed and reliability of 
BIAcore analyses. The BIAcore is an automated 
instrumental biosensor [13] which employs sur- 
face plasmon resonance detection and enables 
rapid quantitation and characterisation of the 
interaction between monoclonal antibodies and 
their epitopes. 

A biosensor can be defined as a device that 
combines a biological recognition mechanism 
with a suitable transducer, which generates a 
measurable signal in response to’ changes in 

concentration of a given biomolecule at the 
detector surface [14]. The biosensor used in 
these studies (Pharmacia BIAcore) combines 
sensor chip technology with the detection princi- 
ple of surface plasmon resonance [13,15-181. 
Changes in surface concentration directly corre- 
late with changes in refractive index, which in 
turn are related to the angle at which surface 
plasmon resonance occurs, allowing for sensitive 
real time measurements of protein-protein inter- 
actions. The sensor chip consists of a glass slide 
coated uniformly with a thin (50 nm) gold 
surface. A carboxymethylated dextran polymer 
is attached to the surface [19] which increases the 
surface capacity, provides a hydrophilic environ- 
ment suitable for studies of biomolecular interac- 
tions and allows for covalent linkage of target 
biomolecules using conventional protein chemis- 
try reagents (e.g. N-hydroxysuccinimide-N- 
ethyl-N’-(3-diethylaminopropyl) carbodiimide 
[20]). This coupling can be performed in situ 
using the autosampler and integrated micro- 
fluidics of the instrument. Monoclonal anti- 
bodies, purified receptors, protein or peptide 
ligands may be readily coupled to the surface, and 
real time binding studies performed by flow- 
ing reagents of interest over the sensor surface 
to which the target proteins have been attached. 

We demonstrate the use of this technology to 
compare the epitope specificities of 15 mono- 
clonal antibodies raised against recombinant hG- 
CSF using multideterminant binding analyses, 
and compare the results obtained using the 
biosensor with ELISA competition studies using 
the same reagents [12]. 

MATERIALS AND METHODS 

Instrumentation and reagents 
All measurements were performed on the 

BIAcore biosensor (Pharmacia Biosensor, Upp- 
sala, Sweden). Sensor chip CM5, Surfactant P20 
(a 10% solution of a non-ionic detergent), N- 
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hydroxysuccinimide (NHS) , N-ethyl-N’-( 3-d& 
ethylaminopropyl) carbodiimide (EDC), 
ethanolamine hydrochloride, a rabbit anti-mouse 
Fc antibody (RAM Fc), subclass specific anti- 
bodies rabbit anti-IgGl , antiIgG2a, anti-IgG2b 
and anti-IgG3 and an anti-a foetal protein (anti- 
AFP) monoclonal antibody were also from Phar- 
macia Biosensor. Recombinant hG-CSF was a 
kind gift from Dr. L. Souza (AMGEN, 
Thousand Oaks, CA, USA). 

Monoclonal antibodies (MAbs) against recom- 
binant hG-CSF were produced as described 
previously [12]. Antibodies were purified from 
either tissue culture supematant or ascitic fluid 
by chromatography on Protein A-Sepharose 

(Ph armacia LKB Biotechnology, Uppsala, 
Sweden). The antibody isotype was determined 
using the BIAcore [13]. All antibodies were 
found to be IgGl, except MAb 349 which was an 
IgG2b antibody. 

Immobilisation of rabbit anti-mouse Fc antibody 
to the sensor surface 

The RAM Fc antibody was immobilised onto 
the sensor surface essentially as described previ- 
ously [13,19,20]. Briefly, immobilisation was 
performed at a constant flow-rate of 5 pl/min 
using HBS [lo mM 4-(2-hydroxyethyl)-l-piper- 
azineethanesulphonic acid (HEPES), pH 7.4, 
0.15 M NaCl, 3.4 mM ethylenediaminetetraace- 
tic acid (EDTA), 0.05% Surfactant P20. The 
carboxymethylated surface of the sensor chip 
was first activated with 25 ~1 of a NHS-EDC 
mixture (0.05 M NHS, 0.2 M EDC in distilled 
water). A 35 ~1 aliquot of RAM Fc antibody 
(100 pg/ml in 10 mM sodium acetate buffer, pH 
4.5) was then injected over the activated surface. 
Following the coupling of RAM Fc to the sensor 
surface, residual unreacted active esters were 
blocked by the injection of 35 ~1 of ethanol- 
amine-HCl, pH 8.5, followed by the removal of 
noncovalently bound antibody by injection of 15 
~1 of 10 mM HCl (Fig. 1). 

Multideterminant binding analysis 
Using the RAM Fc antibody which had been 

immobilised to the sensor chip as a general 
“entrapping” surface, multideterminant binding 
analyses of the anti-hG-CSF antibodies were 

performed at a constant flow-rate of 5 pl/min 
using the HBS buffer. A 25-~1 aliquot of the 
primary monoclonal antibody (diluted to 100 pgl 
ml in HBS buffer) was injected over the RAM 
Fc surface. Following this pulse, 25 ~1 of an 
anti-AFP antibody (100 pg/ml in the HBS 
buffer without NaCl) was injected, to block any 
residual activated sites. The antigen, hG-CSF (15 
~1, 50 pg/ml in HBS buffer), was then injected 
for binding to the entrapped primary antibody. 
Other antibodies (15 ~1, 100 pg/ml in HBS 
buffer) were injected in sequence before regene- 
ration of the sensor surface with 10 mM HCl (15 
~1). Up to 4 antibodies were tested sequentially. 

RESULTS AND DISCUSSION 

The initial requirement for biosensor analysis 
is to immobilise the affinity reagent to the sensor 
surface. This reagent may be either one of the 
reactants in the interaction under investigation, 
or an antibody which can specifically capture one 
of the reactants without interfering with sub- 
sequent antigen interactions. In this study we 
have chosen to use a “general” entrapping 
antibody (RAM Fc), directed towards the con- 
served Fc portion of the murine monoclonal 
antibodies. The Fc region is not involved in 
ligand binding [21], and hence binding via this 
region does not interfere with the epitope 
specificity studies. The use of this antibody, 
rather than a subclass specific antibody (e.g. 
RAM Gl) allows monoclonal antibodies of vari- 
ous subclasses to be compared under similar 
experimental conditions. The RAM Fc immobili- 
sation was performed in situ automatically (Fig. 
1A) and monitored using the surface plasmon 
resonance (SPR) detector. The SPR detector 
responds to changes in refractive index at, or 
close to, the sensor surface as manifested by 
changes in the angle at which surface plasmon 
resonance occurs. These changes are monitored 
continuously over time, and are recorded as a 
sensorgram (Fig. 1B). The differential in signal 
(resonance units, RU) between the initial 
baseline and the final steady state reading (12352 
RU, Fig. 1C) was a function of the amount of 
covalently bound RAM Fc, and corresponded to 
a_ surface coupling density of approximately 12 
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Fig. 1. The immobilisation of RAM Fc antibody to the 
sensor surface. The RAM Fc antibody was covalently at- 
tached to the sensor surface using the program shown (A). 
The flow-rate of HBS was constant at 5 pl/min throughout 
the immobilisation procedure. A 70-~1 volume of EDC and 
NHS was transferred from their respective positions in the 
autosampler rack (designated r2el and r2e2 respectively) and 
transferred to an empty vial (r2e3) for mixing. A 25+1 
volume of this mixture was injected over the sensor surface 
to activate the carboxymethylated dextran surface of the 
chip. The signal observed during the activation is shown in 
the associated real time sensorgram (B). The initial positive 
reponse (signal 1) is due to the difference in refractive index 
between the EDC-NHS and HBS. Between injections, when 
HBS is flowing over the sensor surface, steady state readings 
are reported, and the relative response due to binding 
interactions quantitated. Following activation of the surface, 
35 ~1 of RAM Fc antibody (100 pglml in 10 mM sodium 
acetate, pH 4.5) were injected (signal 2). At the end of this 
pulse a clear positive response (25100 RU) was observed. 
Following blocking of residual active sites with 35 ~1 of 1 M 
ethanolamine hydrochloride, pH 8.5 (signal 3) and removal 
of any residual non-covalently bound material with a pulse of 
15 ~1 of 10 mM HCl (signal 4) the increase in signal due to 
the immobilisation of the RAM Fc was measured (C). The 
relative response of 12352RU corresponds to a surface 
concentration of approximately 12.4 nglmm’. 

ng/mm’ [22]. The total time required for the 
immobilisation procedure was less than 35 min. 

Using the immobilised RAM Fc sensor sur- 

face, antibody cross-competition was investi- 
gated using multideterminant binding analyses. 
Control studies were performed (Table I) to 
investigate the concentration of antigen required 
for binding to the primary antibody, and also to 
enable the unambiguous detection level for posi- 
tive binding to be determined. An anti-G-CSF 
monoclonal antibody (MAb 201) was trapped via 
the RAM Fc, and then residual RAM Fc sites 
were blocked using the anti-AFP antibody (an 
unrelated antibody of the same subclass) to 
prevent direct non-specific binding of the se- 
quentially injected anti-G-CSF antibodies to the 
sensor surface. The concentration (100 pg/ml) 
and volume (35 ~1) of the anti-AFP antibody 

TABLE I 

CONTROL BINDING STUDIES PRIOR TO MULTI- 
DETERMIMINANT ANALYSES 

All analyses were performed, using the RAM Fc surface, at a 
flow-rate of 5 pllmin and a temperature of 25°C. The 
injection volumes for the primary antibody and the anti-AFP 
blocking antibody were 25 ~1. The injection volumes for the 
subsequent injections were 15 ~1. The relative detector 
responses, read between injections when HBS is flowing over 
the sensor surface, are reported. The values in parentheses 
are the absolute responses for binding of G-CSF obtained by 
subtraction of the negative signal observed when buffer was 
injected instead of G-CSF (Experiment B). 

Step Relative 
response 

A Baseline 0 
MAb 201 1529 
anti-AFP 1530 
G-CSF (50 pg/ml) 103 (232) 
MAb 204 443 
MAb 205 738 

B Baseline 0 
MAb 201 1568 
anti-AFP 1572 
Buffer - 129 (0) 
MAb 204 81 
MAb 205 141 

C Baseline 0 
MAb 201 1583 
anti-AFP 1452 
G-CSF (10 pg/ml) -79 (50) 
MAb 204 198 
MAb 205 404 
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were chosen so that this unrelated antibody 
would be capable of saturating the RAM Fc 
surface in the absence of primary antibody. The 
total SPR signal observed after a saturating 
injection of the blocking antibody was 3041 RU 
(data not shown). This was similar to the com- 
bined SPR signal observed for both the anti- 
G-CSF monoclonal antibody and the blocking 
anti-AFP antibody used during the multisite- 
binding analyses (3059, 3140, 3035 RU in Table 
I, A, B, C respectively) and was independent of 
the identity of the primary antibody. This con- 
firmed that the first MAb and the blocking 
antibody together occupy all the available bind- 
ing sites. 

constant between runs, so relative responses 
were used for all comparative evaluations. 

When hG-CSF was injected at a concentration 
of 50 pg/ml, MAbs 204 and 205 clearly bound to 
the hG-CSF in the presence of the primary 
monoclonal antibody immobilised via the RAM 
Fc (responses 443 and 738RU respectively), 
indicating that all three antibodies recognise 
different epitopes (Table I, A). When buffer 
alone was injected following loading with the 
anti-G-CSF monoclonal antibody (MAb 201)) 
the non-specific responses following injection of 
MAb 204 and MAb 205 were 81 and 141 RU, 
respectively (Table I, B) . Typically non-specific 
responses were less than 150 RU, and this value 
was therefore chosen as the cut-off level to 
distinguish between negative and positive bind- 
ing. However, when the concentration of hG- 
CSF was lowered to 10 pg/ml the response 
observed with MAb 204 (198 RU) approached 
the cut-off value of 150 RU (Table I, C). To 
facilitate interpretation of positive binding an 
antigen concentration of 50 pg/ml was used in 
all subsequent experiments. 

It can be seen that the signal obtained upon 
binding of the ligand was considerably smaller 
than the signal obtained when the monoclonal 
antibody bound to the RAM Fc. This is because 
the detector is mass sensitive, and hence the 
relative signal that would be observed is a 
function of the relative molecular masses of the 
interacting species. Thus, in the example given in 
Table I, A (relative response of 1529 RU on 
binding of MAb 201 to the RAM Fc on the 
sensor surface), if one calculates a A4, of 19 000 
for hG-CSF [6] and 150000 for the MAb, and if 
one assumes that the antibody is bivalent [23,24], 
the maximum signal that could be expected on a 
1:2 binding between the antibody and the ligand 
is 387 RU [( 1529 * 19 - 2)/150]. The absolute 
value of 232 RU obtained for the binding of 
G-CSF to MAb 201 represents 60% maximum 
binding. 

A typical multi-site binding analysis is depicted 
in Fig. 2, in which four anti-G-CSF monoclonal 
antibodies were injected sequentially following 
the hG-CSF. In this case the first of the sequen- 
tially tested antibodies (MAb 204) clearly failed 
to bind to hG-CSF which was attached via MAb 

27000 

24000 

RU 

0 1220 2440 

Time (s) 

It should also be noted that a negative relative 
response (-129 RU) was obtained following the 
injection of buffer (Fig. 1B). This was due to 
some slight dissociation of the anti-G-CSF and 
anti-AFP antibodies from the RAM Fc. The 
relative response observed for the G-CSF at 10 
pug/ml (-79 RU, Fig. 1C) corresponded to an 
absolute signal of 50 RU above the buffer 
control, whilst the signal observed for hG-CSF at 
50 pg/ml (103 RU, Fig. 1A) corresponded to an 
absolute signal of 232 RU. However, the use of 
an automated system rendered the dissociation 

Fig. 2. Sensorgram of a multideterminant binding analysis 
using MAb 308. The analysis was made at a constant flow- 
rate of 5 pl/min using HBS buffer. The sensor surface had 
been pre-derivatised with RAM Fc (see Fig. 1). Reagents 
were introduced in the sequence indicated, as described in 
Materials and Methods. The differential between readings at 
the beginning and steady state conditions at the end of each 
injection pulse is indicated by the dashed line, and is 
quantitated as a relative response in the report table. Note 
the failure of MAb 204 to bind in the presence of MAb 308, 
suggestive that these antibodies share a related epitope. 
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308, suggesting that these antibodies may recog- 
nise a related epitope. However in a similar 
study on the epitope mapping of HIV-1 p24 [25], 
several instances were found where the sequence 
MAbl-p24-MAb2 failed to form a ternary com- 
plex, whilst the reversed sequence MAb2-p24- 
MAbl allowed the formation of the ternary 
complex. Such discrepancies might arise from 
conformationally induced changes in the antigen 
on binding to the primary antibody. Hence when 
a negative response is obtained for one pair of 
antibodies they must be tested in the reverse 
order, and only when both tests are negative 
should binding to a similar (or overlapping) 
epitope be assumed. In the experiments reported 
herein no examples of false negative responses 
were observed. When reverse order binding was 
tested for MAb 308 and 204 (Fig. 4) the results 
confirmed the original observation. The remain- 
ing antibodies tested in Fig. 2 (MAbs 202, 316 
and 207) were all clearly capable of binding to 
hG-CSF after MAb 308, and the antibodies 
which preceeded them in the sequential injection 
program. When there is positive binding it can be 
assumed that antibodies are binding to non-over- 
lapping sites, and it is not necessary to test them 
in the reverse order. It can be seen that by using 
a multi-site analysis many relationships can be 
established in a single run (using four sequential 
antibodies up to ten relationships, plus the 
corresponding reciprocal pairs, could be assigned 
per cycle). The run time was typically 40 min. 

Data from another multi-site analysis is shown 
in Fig 3. In this case, whilst the first three 
antibodies tested (MAbs 316, 349 and 351) 
clearly bound to hG-CSF in the presence of 
MAb 310 showing they have unrelated epitopes, 
the final antibody tested (MAb 208) did not 
bind. It cannot be concluded that MAb 208 
shares overlapping epitopes with any of the 
preceeding antibodies in the injection sequence, 
since failure to bind when any of the preceeding 
antibodies have already bound to the hG-CSF 
may be due to steric hindrance by several mono- 
clonal antibodies. Negative responses are there- 
fore only significant when observed directly 
following the binding of the ligand (note that 
MAb 208 was not included in the full analysis of 
the panel of fifteen antibodies presented herein 
because of insufficient reagent). 

18000 
UJ 

0 1220 2440 

Time(s) 

Fig. 3. Sensorgram of a multideterminant binding analysis 
using MAb 310. Experimental conditions as for Fig. 2. In this 

case clear positive binding is observed for all antibodies 

except 208. However in this example, because a number of 
antibodies had bound to the G-CSF in the presence of the 
primary antibody, MAb 310, negative binding may be solely 
a function of steric hindrance, and is therefore not indicative 

that MAb 208 has any relationship to any of the other 

antibodies in this injection sequence. 

The results obtained for the epitope mapping 
of 15 anti-G-CSF MAbs using the biosensor is 
shown as a reactivity pattern matrix in Fig 4. 
Analysing these data it was determined that 9 of 
the antibodies fell into three distinct. groups 

Secondary antibody 

l Antibodies thal bind concurrently 

@ Binding anlibcdies 

(indicated horn redprccal pair) 

0 Antibodies that interfere with binding 

Fig. 4. The MAb reactivity matrix obtained for the Biosen- 
sor data. The data obtained from the multideterminant 
analyses for different MAbs bound to G-CSF is presented as 
a reactivity matrix in which values of less than 150 RU are 
scored as interfering antibodies (i.e. sharing a related epi- 
tope) and values above 150 RU are scored as positive binding 

(i.e. non-related). 
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A. Epitope Groups Determlned From Blosensor Date 

Unrelated 

6. Epltope Groups Determined From Biotinylated 
Antlbody Data 

C. Epltope Groups Determined From Peptlde Reactlvlty 

Fig. 5. A comparison of the epitope groups of anti-G-CSF 
monoclonal antibodies determined by ELISA competition 
studies or the biosensor. 

whilst the remaining 6 antibodies appeared to 
have unique epitopes (Fig. 5A). Whilst previous 
studies have shown the use of the biosensor for 
epitope mapping [21,25], and have indicated 
good agreement with other data reported in the 
literature, to date no direct correlation between 
methodologies, using the same reagents, has 
been performed. We have previously mapped the 
regions of hG-CSF recognised by different anti- 
body groups, using competitive ELISAs, as part 
of a study to identify a functional domain of 
hG-CSF recognised by neutralising antibodies 
[12]. Therefore, we can make direct comparisons 
between these methodologies. 

In our previous study the antibodies were 
firstly screened for their ability to bind reduced 
and pyridine ethylated hG-CSF and cG-CSF, 
which shares 80% homology with hG-CSF [26], 
as well as their ability to neutralise the prolifer- 
ative response of NFS-60 cells to hG-CSF. It can 
be seen (Table II and Fig. 5A) that the biosensor 
classified three of the four neutralising antibodies 
as being related. Antibody 207, which is the 
neutralising antibody which does not appear to 

TABLE II 

BINDING AND NEUTRALISATION CHARACTERIS- 
TICS OF ANTI-G-CSF MONOCLONAL ANTIBODIES 

Antibodies were tested for neutralisation of the proliferative 
response of NFS-60 cells to hG-CSF and for binding to 
reduced, pyridine ethylated hG-CSF (red G-CSF) or canine 
G-CSF (cG-CSF) in an ELISA. For further details see 
Layton et al. [12]. 

Antibody Neutralisation Binding 
red G-CSF 

Binding 
cG-CSF 

201 + - 
351 + - 
205 + - 
316 - + _ 

345 - + 
307 - + 
308 - + - 

204 + 
310 - - 

207 + + + 
302 - - 
349 - + - 

202 - + + 
325 + + 
343 - + + 

be related, differs from the other neutralising 
antibodies insomuch as it binds to cG-CSF, and 
is not dependent on the conformation of G-CSF. 
Furthermore, additional studies on this antibody 
using peptide fragments (see below, Fig 5C) 
showed that MAb 207 bound to peptide 20-58 
but was unable to bind to peptide 23-121, unlike 
the other neutralising antibodies which recog- 
nised both these peptides. Thus MAb 207 is 
unique among the neutralising antibodies in 
requiring residues 20-22 for binding. 

Binding to pyridine ethylated hG-CSF or cG- 
CSF does not per se allow discrimination be- 
tween groups since some antibodies in all but the 
neutralising group recognised by the biosensor 
(MAb 210, 205, and 351) fall into this category 
(Table II), but it did allow further discrimination 
between groups in our previous study [12]. 

The antibodies were categorised further by 
cross-competition studies. The antibodies were 
biotin conjugated, and the binding of these 
antibodies tested in the presence of the 15 
unconjugated antibodies which had been used in 
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20, m m m 81 78 84 41 88 84 30 78 72 45 45 48 
g 351 m q m 51 51 43 41 42 84 20 73 85 m 40 41 
1~ 208 23 28 m 67 49 50 53 54 72 48 89 81 25 46 78 

2 202 44 58 54 m 47 48 28 50 48 m 55 55 27 30 Ei 
.5 204 48 84 48 47 q m m 55 55 23 69 85 27 37 38 
g 308 46 59 28 45 81 q q 24 82 29 87 83 25 28 24 
% 310 88 82 52 78 22 81 q 39 73 38 79 79 51 58 44 
3 318 325 70 75 100 93 82 80 57 54 64 72 88 58 53 51 m m m 25 m q m 34 m 30 42 33 84 58 111 77 

3 307 73 98 83 57 78 52 52 m 16 m 28 24 38 63 78 
'- 
Ii 343 345 74 84 100 113 108 110 56 65 82 95 88 71 82 77 28 27 mki 81 34 34 m m m m 35 41 83 84 120 111 
E 207 84 71 48 82 87 75 71 55 82 74 100 92 m 88 72 
a 302 74 81 59 87 77 59 55 71 71 39 82 81 57 23 85 

349 65 97 82 87 85 71 55 91 92 81 101 94 80 81 23 

Fig. 6. The reactivity matrix obtained from cross-competition 
studies with biotinylated monoclonal antibodies to G-CSF. 
The binding of biotinylated monoclonal antibodies to recom- 
binant hG-CSF in the presence of unlabelled antibody (100 
pglml) is expressed as the percentage of the binding ob- 
tained in the presence of an unrelated control antibody. 
Combinations giving strong inhibition (O-20% binding) are 
shaded. 

the biosensor study. This data is presented as a 
reactivity pattern matrix (Fig. 6) for comparison 
with the analogous data obtained with the 
biosensor (Fig. 4). The antibody cross-competi- 
tion data was analysed using the “EPITOPES” 
program [27]. This program compares the inhib- 
iting antibodies in pairs, calculating a concor- 
dance index (CI) and a discordance index (DI), 
as well as a value for the amount of information 
(data) for each pair. Antibodies were listed by 
the program as related if CI > 0.33 and CI > DI 
[27]. However, because the ELISA competition 
assay was set up with a high concentration of 
inhibitory antibody (100 pg/ml) [12] a high level 
of cross-reactivity between antibody pairs was 
detected. In most cases the level of binding was 
less than 100% (Fig. 6) and therefore we defined 
related groups by including only antibodies with 
a CI of >0.7. Again three groups were clearly 
evident (Fig. 5B). It can be seen that there is 
good agreement between the biosensor data, and 
that obtained with the biotinylated antibodies, 
although the correlation is not absolute [for 
example MAb 343 appears unrelated to the 
other monoclonal antibodies in the biosensor 
evaluation (see Fig. 5A)]. One possible explana- 
tion for the observed differences could be the 
effect of the biotinylation on antibody reactivity. 
Direct inspection of the data (Fig. 6) shows that 

in some cases of cross-competion with the 
homologous antibody (e.g. MAbs 302 and 349) 
there is only intermediate inhibition of binding 
(23% binding). However, the use of the EPI- 
TOPES program, which compares data from 
pairs of lzon conjugated antibodies tends to 
minimise this effect. In the case of the biosensor 
methodology no derivatisation of reagents is 
neccessary, and cross-competition of homolo- 
gous antibodies was always observed (Fig. 4). 

Another possible explanation is that for each 
method an arbitrary level of inhibition had to be 
chosen for the delineation of positive versus 
negative effects, and these arbitary cut-off points 
may not be exactly equivalent for the two tech- 
niques. In addition the ‘EPITOPES’ program 
[27] considers intermediate inhibition (21-50% 
binding) as well as strong inhibition (O-20% 
binding) whereas the biosensor data was ana- 
lysed by considering only strong inhibition (i.e. 
total lack of binding as defined by RU values of 
less than 150. 

To define the epitopes further, peptide frag- 
ments were generated from recombinant hG- 
CSF (without reduction, i.e. disulphide bonds 
intact) by chemical or enzymatic fragmentation 
or by chemical synthesis [12]. Peptides were 
purified by RP-HPLC and characterised by 
N-terminal sequence analysis, amino acid analy- 
sis and/or plasma desorption mass spectrometry 
(PDMS) (Fig. 7). The peptides generated were 
tested for antibody reactivity using an ELISA in 
which the peptides were coated onto the microti- 
ter plate (at a concentration of approximately 10 
pg/well) [12]. The peptides recognised by the 
antibodies tested on the biosensor are shown in 
Fig. 5C. The antibodies can be assigned to four 
groups based on this data as follows: group 1 
-those which recognise a region associated with 
the first disulphide bonded loop of hG-CSF 
(residues 20-58 including the disulphide bond 
between C36-C42). This region was identified 
from a peptide obtained by V8 protease digestion 
(residues 34-46, eluting at 20.6 min in Fig. 7) 
and also from synthetic peptides covering this 
region; group 2 -those which recognise an 
internal fragment comprising residues 23-121, 
obtained by cyanogen bromide cleavage of a 
methionine containing tryptic peptide, residues 
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Fig. 7. RP-HPLC separation of the peptides from a Staphylococcus aureus V8 digest of recombinant hG-CSF. Recombinant 
hG-CSF (8 pg) was digested overnight with S. aureus V8 protease (enzyme/substrate ratio 1:lO) at 37°C in 1% ammonium 
hydrogencarbonate (100 ~1). The resultant peptides were separated by RP-HPLC, using a Pharmacia pRPC PC 3.2/30 column 
fitted in a Pharamacia SMART system, with a linear 60-min gradient between 0.15% (v/v) aqueous trifluoroacetic acid and 
acetonitrile-water (60:40) containing 0.125% (v/v/v) tritluoroacetic acid at a flow-rate of 240 PI/mitt. The operating temperature 
was 25°C. Fractions were collected automatically at l-min intervals. Aliquots were taken for plasma desorption mass spectrometry 
(BioIon 20, Applied Biosystems, CA, USA) and/or N-terminal sequence analysis. Representative mass spectra of the indicated 
peaks are shown. 

23-147; group 3 -those which recognise the 
N-terminal region comprising residues O-16 
characterised using a tryptic peptide (the recom- 
binant hG-CSF contains an additional 
methionine residue prior to the authentic 
N-terminal animo acid which is defined as posi- 
tion 0); group 4 -those which recognise a region 
towards the C-terminus of hG-CSF (residues 
124-142) identified from a V8 protease fragment 
eluting at 26.6 min (Fig. 7). 

Again it can be seen (Fig. 5) that there is 
excellent correlation between the localisation of 
the epitopes using the peptide fragments and the 
epitope groups determined from the biosensor 
data. Thus, MAbs 201, 351 and 205 comprise 
part of the group of neutralising antibodies 
recognising residues 20-58, MAbs 204, 308 and 
310 recognise the N-terminal residues O-16, and 
MAbs 316, 345 and 307 comprise part of the 
group recognising the larger internal fragment 
(residues 23-121). With the exception of the 
unrelated neutralising MAb 207 (see discussion 
above) and MAbs 202 and 349 which recognise 
the C-terminal fragment 124-142, the remainder 
of the apparently unrelated antibodies also rec- 

ognise residues in the larger internal fragment. 
The biotinylated antibody data also found MAb 
349 to be unrelated, although MAb 202 ap- 
peared to be related to the antibodies recognis- 
ing the N-terminal fragment (group 3). How- 
ever, if only the strongest level of inhibition is 
considered for the cross-competition data (boxed 
numbers in Fig 6), the data suggest that MAb 
202 is related to MAb 349 and 307 is not closely 
related to MAbs 204, 308 and 310. Thus, in this 
case, the inclusion of the intermediate inhibition 
data from the biotinylated antibody studies may 
have given a misleading result in the case of 
MAb 202. 

CONCLUSIONS 

We have presented data on the epitope map- 
ping of 15 monoclonal antibodies raised against 
recombinant hG-CSF. This data was obtained 
using an instrumental biosensor employing the 
optical detection system of surface plasmon 
resonance. A multideterimant assay was used by 
the formation of molecular complexes around 
the ligand. The binding specificity of a number of 
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antibodies could be analysed in a single assay. 
The method is rapid and does not require the 
derivatisation of the monoclonal antibodies or 
G-CSF. Excellent agreement was obtained be- 
tween the epitope groups determined using the 
biosensor, and similar studies using ELISA 
cross-competition with biotinylated antibodies or 
antibody binding to peptide fragments [12]. 
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