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Abstract

A quantitative, one-step, competitive electrochemiluminescence (ECL)-based immunoassay for the determination of a fully human, anti-
TNFa monoclonal antibody in human serum has been developed. A biotinylated, mouse anti-variable region-specific antibody and a ruthenium-
labeled anti-TNk antibody were the only specific reagents needed to develop the assay. A single incubation step of 2 h followed by ECL
detection was used. The assay was capable of measuring the analyte in neat serum over approximately a 1600-fold range with higher
concentrations measured following a single dilution. Assay accuracy, precision, and reproducibility were suitable to support pharmacokinetic
studies of the analyte. This competitive assay format offers an alternative approach to the development of immunoassays for the measurement
of macromolecules in complex matrices to support preclinical and clinical studies.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tion of antibody reagents, conventional ELISA methods gen-
erally involve multiple incubation and wash steps making
Conventional analytical methods such as HPLC and massthem both time-consuming and labor intensive. In addition,
spectrometry are typically not suitable for the quantification ELISA methods often have alimited dynamic range, necessi-
of macromolecule therapeutics in serum or plasma samplestating multiple sample dilutions to measure the full range of
from preclinical or clinical studies. The quantification of concentrations necessary to determine the pharmacokinetic
macromolecules with sufficient fidelity to support pharma- profile of a macromolecule.
cokinetic studies usually requires the development and vali-  Electrochemiluminescence (ECL) provides an alternative
dation of a suitable immunoassfy. Frequently, sandwich-  to conventional colorimetric method2,3]. ECL is a tech-
type ELISA methods are employed to achieve the desired nique that allows for high sensitivity, good reproducibility,
sensitivity and selectivity. These assays require the develop-and generally little interference from components in com-
ment of antibody reagents that bind specifically to the thera- plex matrices such as serum or plasfda&]. Several multi-
peutic macromolecule. In the case of fully human therapeutic step, non-competitive sandwich ECL methods suitable for
monoclonal antibodies, it can be difficult to generate a pair use as assays to support pharmacokinetic studies have been
of suitable antibody reagents because of the lack of suffi- reported5,6]. The high sensitivity possible with ECL should
cient unique amino acid sequences that do not overlap withalso allow ECL detection to be used to develop competitive
endogenous immunoglobulin sequences. Besides the limita-immunoassays that require only a single analyte-specific an-

tibody.
* Corresponding author. Tel.: +1 610 651 7336. This paper describes the development of a one-step,
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method for the quantification of a novel fully human anti- sterile, distilled water. A 20:1 challenge ratio of biotin:IgG
TNFa monoclonal antibody. In this method, the antibody was used. The solution was incubated for 60 min at room
in the test sample competes with Ru-labeled antibody for temperature and quenched with glycine (2Q 2 M). The
binding to an immobilized anti-variable region monoclonal biotinylated antibody was purified and the buffer exchanged
antibody. The method requires a single incubation of 2 h, is with PBS using a PD-10 size exclusion column (Amersham
highly sensitive, and has the required accuracy and preci-Biosciences, Uppsala, Sweden). Protein concentration was
sion to support pharmacokinetic studies. The method has adetermined with a BCA protein assay kit (Pierce Chemical
dynamic range of greater than 3 logs and the range of sam-Co., Rockford, IL) using bovine IgG as the standard. The
ple concentrations expected in clinical study samples can bebiotin conjugate was stored in PBS &t@.
guantified in neat serum or after a single dilution.

2.3. Preparation of ruthenium-labeled human

anti-TNFx
2. Experimental

The anti-TNFe antibody was labeled with ruthenium us-

2.1. Reagents ing ORI-TAG®-NHS ester. The anti-TNkantibody was pre-

pared in PBS (1 mg/mL). DMSO (50L) was added to a

Phosphate-buffered saline, Caand Md*-free (pH 7.8) tube containing 7h.g of ORI-TAG®-NHS ester. To achieve

was obtained from Cellgro (Herndon, VA). Bovine serum al- an 8:1 ORG-TA®-NHS ester:IgG challenge ratio, 376
bumin (fraction V), complete and incomplete Freund’s ad- of the ORI-TAG-NHS ester solution was added to the 1 mL
juvants, and glycine were from Sigma Chemical Co. (St. of IgG. This solution was incubated at room temperature for
Louis, MO). Tween-20 was from Mallinckrodt (Paris, KY). 60 min followed by the addition of glycine (20L, 2 M). Fol-
Dimethyl sulfoxide was from EM Science (Gibbstown, NJ). lowing the addition of glycine, the solution was incubated
Bovine IgG standard was from Pierce Chemical Co. (Rock- at room temperature an additional 10 min. The labeled anti-
ford, IL). Biotin-LC-Sulfo-NHS Ester, ORI-TAG-NHS es- body was purified and the buffer exchanged with PBS using
ter (ruthenium (I1) tris-bipyridineN-hydroxysuccinimide), a PD-10 size exclusion column. Protein concentration was
Dynabead® M-280 streptavidin-coated magnetic beads, determined with the BCA protein assay kit using bovine 1gG
ORIGLO plus solution, and ORICLEAN plus solution were as the standard. The ruthenium-conjugated anti-d Mias
obtained from IGEN International, Inc. (Gaithersburg, MD). stored in PBS at 4C.
Normal human serum was obtained, under informed con-
sent, from volunteer donors in the Centocor, Inc. blood donor 2.4. Competitive ECL immunoassay
database. Serum from rheumatoid arthritis patients was ob-

tained from Bioreclamation, Inc. (Hicksville, NY). The anti-TNFe antibody standard stock solution was pre-
pared in PBS (20 mg/mL). A working solution was prepared

2.2. Preparation of biotinylated mouse anti-variable in PBS at a concentration of 1 mg/mL. The standard curve

region monoclonal antibody concentrations were prepared from this working solution by

serial dilution with pooled, normal human serum and covered
To generate anti-variable region antibodies, female Balb/c the range 10-300,000 ng/mL. Pooled, normal human serum
mice (Charles River Laboratories, USA) were immunized by was used as the 0 standard. The biotinylated anti-variable

intraperitoneal injection with 2pg of the anti-TNfe anti- region monoclonal antibody, streptavidin-coated magnetic
body in Freund’s complete adjuvant. After two subsequent beads, and the Ru-labeled anti-T&&ntibody were titrated
intraperitoneal injections with the anti-TFantibody in in- to provide an approximately linear relationship over the

complete Freund’s adjuvant and a final intravenous boost, range of quantification. An assay master mix consisting of
individual spleens were collected and cell fusions performed Ru-labeled anti-TN& antibody (62.5 ng/mL), biotinylated
with the mouse myeloma cell line FO (American Type Cul- anti-idiotypic antibody (250 ng/mL), and Dynabe&dM-
ture Collection, MD, USA) according to the method of Groth 280 streptavidin-coated magnetic beadsy(§0mL) was pre-
and Scheideggér]. Hybridomas specific for the anti-TNF pared. The assay was performed in 96-well round bottom
variable region were determined by antigen capture ELISA polypropylene plates (Costar, NY, USA). Standard or serum
and subsequently subcloned by limiting dilution. One anti- sample (25uL) and the master mix (200L) were added to
variable region monoclonal antibody was selected for assaythe appropriate wells. All standards and samples were an-
development, and the IgG was purified from culture super- alyzed in duplicate unless indicated otherwise. Plates were
natant by Protein A chromatography. incubated for 2 h at room temperature on a plate shaker at
The anti-variable region antibody was conjugated with bi- 4004 100 rpm (Titer Plate Shaker Model 4625, Labline, Mel-
otin using Biotin-LC-Sulfo-NHS Ester with a commercial kit rose Park, IL). Following the incubation period, ECL was read
according to the manufacturer’s instructions (IGEN Interna- on an ORIGEN analyzer (ORIGEN M-Series 384 Analyzer,
tional, Inc.). Briefly, anti-variable region IgG (1 mg) was dis- IGEN International, Inc., MD, USA). The standard curve was
solved in PBS (1 mL). The biotin was prepared at 2 mg/mL in established using a four-parameter logistic equation (Soft-
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maxPro Software, v 3.1.2, Molecular Devices Corp., CA, 350000

USA). The concentration of the anti-ThFantibody in test Fi : o Assayz
samples was determined by interpolation from the standard Y Q:gg;i
curve. 250000 m Assay5

200000

3. Results p—

3.1. Standard curve and range of quantification 100000

Representative standard curves from five separate assays@ °°°%]

Electrochemiluminescent Units (ECL)

. . '\
performed over a 3-week period are showrFig. 1. The Y I ... S
0 10 30 100300 1000 3000 30000 100000
standard curve ranged from 10 to 300,000 ng/mL. The stan- YO0 GO0 Bin

dard curve was prepared with neat, pooled, normal human
serum. Preliminary experiments had determined that in order
to achieve acceptable accuracy and precision with test sam-
ples, a serum matrix was required for the standard curve (data
not shown). Performance parameters for the standard curve3 2. | ower limit of quantification (LLOQ)

are shown inTable 1 Examination of the back-calculated

values for the standard curve concentrations indicated that  The lower limit of quantification was established by de-
acceptable accuracy (defined as witki@5% of the nomi-  termining the recovery of the anti-TNFantibody added

nal Concentration) was observed from 300 to 50,000 ng/mL to p00|ed, normal human serum. For the LLOQ determina-
and this was established as the range of quantiﬁcation fortion, concentrations ranging from 1000 to 100 ng/mL were
the assay. Concentrations outside of the range of quan-tested. Four independent experiments were performed. The
tification were used to improve the fit to the 4-parameter resylts are shown iffable 2 In each of the individual as-

Antibody Concentration (ng/mL)

Fig. 1. Representative standard curves.

equation. says, recovery within 25% of the nominal concentration was
Table 1
Standard curve performance data
Assay 1 Assay 2 Assay 3 Assay 4 Assay 5
Standard Back-calculated %CV Back-calculated %CV Back-calculated %CV Back-calculated %CV Back-Calculated %CV
concentration value (ng/mL) value (ng/mL) value (ng/mL) value (ng/mL) Value (ng/mL)
(ng/mL)
300000 NR N/A 1232432 0.90 8014843 16.20 NR NA 18625921 41.10
NR 12163475 100936878 NR 33866021
100000 NR N/A 742081 1.70 1048753 5.20 12336381 1.70 12040B0 3.10
NR 7247262 1128180 12050461 11520%4
50000 4169562 1490 490582 4.30 448389 9.40 435801 1.40 4785%4 1.60
5151170 4616767 3927143 4443582 4676736
30000 225589 9.40 318579 2.10 2686173 3.20 2731410 9.30 264881 2.30
2575992 3092209 2812023 2394787 2735837
10000 77204 1420 122209 2.00 1008%6 0.90 1006483 1.10 95284 0.70
944901 1188022 1020774 1021572 962226
3000 282634 5.90 32297 0.90 294480 3.50 296517 2.10 29720 3.10
307150 318296 309554 305382 310469
1000 10425 8.60 9783 1.20 10141 4.10 100489 2.60 101915 2.60
118563 99503 107537 104279 105696
300 18306 19.00 18%9 19.20 25919 1.10 2563 14.60 2968 9.80
23978 24901 26313 31607 25802
100 11624 3.70 7802 72.20 12679 25.90 1154 40.50 37 89.70
11028 24061 8748 6411 14849
30 11883 19.30 9@0 36.40 7838 5.20 7988 19.60 79 11.90
15634 5331 8433 6043 6442
10 NR NA 289 0.00 NR NA 1101 0.00 2761 133.80
30.61 NR NR NR Q77
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Table 2
Limit of quantification determination
Nominal Assay 1 Assay 2 Assay 3 Assay 4 Mean
?:;/?T?C)t ration Observed Recovery  Observed Recovery  Observed Recovery  Observed Recovery recovery (%)
concentration (%) concentration (%) concentration (%) concentration (%)
(ng/mL) (ng/mL) (ng/mL) (ng/mL)
1000 103783 10378 113754 11375 100496 10050 112657 11266 10767
750 76600 10213 ND ND ND ND ND ND 10213
500 49506 9901 52022 10404 55695 11139 67142 13428 11218
400 38896 9724 39361 9840 44806 11202 48527 12132 10724
300 30967 10322 21490 7163 29114 9705 32551 10850 9510
250 23121 9248 ND ND ND ND ND ND 9248
200 20503 10252 13152 6576 21367 10683 22860 11430 9735
150 16291 10861 ND ND ND ND ND ND 10861
100 11748 11748 4138 4138 2462 2462 7076 7076 6356

ND: not done; recovery (%): (observed concentration/nominal concentratib@.

most consistently observed at concentrations of 300 ng/mL and it was important to determine if any interference with
and higher. The average percent recovery at 300 ng/mL the assay would occur with disease-specific serum. Antibody
was 95.10%. The LLOQ for the assay was established asconcentrations ranging from 500 up to 500,000 ng/mL were
300 ng/mL. tested. Based on the standard curve performance, concentra-
tions from 500 to 50,000 ng/ml were evaluated using neat
3.3. Accuracy and precision in normal serum and serum  serum and concentrations greater than 50,000 ng/mL were
from rheumatoid arthritis patients tested following a 1:10 dilution with pooled, normal human
serum in order to bring the concentration in the diluted sam-
To determine the performance of the assay over the rangeple into the range of quantification for the assay. The results
of serum concentrations expected in clinical study samples, are shown iriTable 3 Across the concentration range tested,
the accuracy and precision of the assay were determined byrecovery was withint=25% of the nominal concentration.
adding the anti-TN& antibody to both pooled, normalhuman As shown inTable 3 there was no difference in accuracy
serum and serum from rheumatoid arthritis patients. Rheuma-or precision in the serum from rheumatoid arthritis patients
toid arthritis is one of the intended indications for the antibody compared with normal serum, demonstrating that disease-

Table 3

Accuracy and precision in normal serum and serum from RA patients

Nominal concentration (ng/mL) Dilution Observed concentration Recovery (%) %CV
(ng/mL)

(A) Normal serum

0 Neat <LOQ NA NA

500 Neat 39104 7839 040

750 Neat 5829 7767 330

1000 Neat 9041 9045 510

2000 Neat 20007 10005 120

5000 Neat 47593 9518 040

10000 Neat 981@3 9816 130

20000 Neat 188134 9408 220

50000 Neat 440385 8808 090

100000 10 989239 9893 070

500000 10 4792801 9586 460

(B) Serum from rheumatoid
arthritis patients

0 Neat <LOQ NA NA

500 Neat 5792 11584 140
750 Neat 79389 10585 1010
1000 Neat 9726 9783 030
2000 Neat 21933 10977 220
5000 Neat 64081 12803 190
10000 Neat 128068 12807 270
20000 Neat 234373 11719 030
50000 Neat 547764 10955 160
100000 10 1044088 10441 190

500000 10 4678889 9358 370
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Table 4
Intra-assay precision
Replicate Nominal concentration (ng/mL)

500000 100000 50000 10000 5000 2000 1000 500
1 59957743 10439534 6301708 918061 492140 201031 103735 41267
2 58380100 9980581 5615503 1025695 500405 232454 112937 53994
3 57907516 1008473 5231876 973153 516791 224794 116897 56804
4 53330437 9366362 4976405 914701 488795 211152 109845 49182
5 55030628 10144146 4972010 957360 509911 220862 114377 56453
6 50748149 9800025 5505730 929141 507167 217577 109178 56385
7 55254064 10128215 5349324 985400 532012 221322 117456 62949
8 51160438 9745071 5241944 946942 519724 225682 122355 60676
Mean 55221183 9961092 5399312 956306 508443 219359 113348 54714
S.D. 3375122 323458 429138 37731 14499 9663 5780 6819
Mean recovery (%) 11a4 9961 10799 9563 10169 10968 11335 10913
%CV 6.11 325 7.95 395 285 440 510 1246

specific serum does not interfere with the quantification of used. Eight replicates at each concentration were tested. The
the anti-TNFe antibody. results are shown ifiable 4 At all concentrations, the intra-
assay precision was <20%, ranging from 3.95 to 12.46%.
3.4. Intra-assay precision
3.5. Inter-assay precision and analyte stability in serum
Intra-assay precision (%CV) was determined by measur-
ing the anti-TNfe antibody in pooled, normal human serum. Inter-assay precision and the stability of the anti-BNF
Concentrations ranging from 500 to 500,000 ng/mL were antibody in serum were determined by measuring the con-

Table 5
Inter-assay precision and analyte stability
Sample Concentration (ng/mL) Mean S.D. Precision,
%CV
Day 1 Day 4 Day 7 Day 14 Day 21
1 1069410 940893 838413 990331 860963 940002 94667 1007
2 416723 366748 334980 374893 376841 374037 29195 781
3 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ NA
4 2077539 2270796 2450976 2967019 1955512 2344368 395878 1689
5 2772604 2427118 2519823 2924494 1857316 2500271 410261 1641
6 2264679 2148835 2116573 2650115 1572385 2150518 386660 1798
7 599652 623069 626971 786205 509132 629006 99978 1589
8 229003 253959 253008 315792 237528 257858 34062 1321
9 69807 94350 94126 108468 101570 93664 14590 1558
10 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ NA
11 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ NA
12 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ NA
13 23991495 2209287 23830633 2685892 1848541 2305187 3072430 1333
14 209923 18547317 19804496 21901523 15794401 19407972 2381294 1227
15 8989346 8961281 91659%6 1133289 8888446 9467580 1047702 1107
16 190905 17258315 16276765 19292236 15424008 17468280 1702934 975
17 18287%63 16612222 1726787 19071561 16486100 17545061 1112423 634
18 8662250 6916655 6999777 7755564 4738014 7014452 1453997 2073
19 14886166 13293%2 13608133 16483292 1459437 14573216 1256555 862
20 1784312 1631949 1512061 1787325 1233479 1589825 230019 1447
21 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ NA
22 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ NA
23 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ NA
24 3744%4 3887659 4101763 4687408 3743950 4033147 393898 977
25 2778898 2019767 2030622 2360730 2260234 2290050 310328 1355
26 9810673 7005297 9575143 9067991 7418647 8575550 1281731 1495
27 1411785 14115613 1320237 15131066 133993%9 13993274 758847 542
28 12578231 12359108 11521414 14233722 13501479 1283870 1051006 819
29 9339736 10268227 1626785 13919131 12238019 12406339 2793009 2251

30 2122502 2633241 2694813 3450484 3164849 2813177 513140 1824
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centration of the anti-TNé& antibody in serum samples from is time-consuming, expensive, and success is difficult to
rheumatoid arthritis patients that received the anti-&MR- predict.

tibody by intravenous infusion. Serum samples were stored A competitive immunoassay format is an alternative to
at 4°C and then analyzed in five separate assays over 21sandwich-type ELISA methods thatrequire the availability of
days. Samples were selected to cover a range of concentraene specific reagent and a labeled analyte that can be used to
tions from <LLOQ up to approximately 200,000 ng/mL. The compete with the unlabeled analyte in the sample. To achieve
results are shown ifable 5 Across all of the samples tested, the needed sensitivity, competitive immunoassays frequently
the mean inter-assay precision was 13#0855% for sam- employ radioactive labels, which are undesirable due to the
ples with results above the LLOQ. Of the 23 study samples issues relating to the handling and disposal of radioactive ma-
with results above the assay LLOQ, the inter-assay precisionterials. It was hypothesized that the technique of ECL could
was <20% for all but two of the samples. The results demon- be used to develop a competitive immunoassay with suffi-
strate excellent inter-assay precision over the 3-week periodcient sensitivity and other performance characteristics nec-
and also demonstrate that the analyte is stable in serum wheressary to allow pharmacokinetic assessments in support of
stored for up to 3 weeks at°€. The results of the pharma- drug development studies. In the present study, only a sin-
cokinetic analysis for the study will be reported separately gle, high-quality anti-variable antibody was available. Using

(manuscript in preparation). ECL detection, a single step, competitive immunoassay was
developed to quantify the concentration of a fully human
3.6. Specificity anti-TNFx antibody in human serum. The assay showed the

accuracy, precision, and reproducibility necessary to be used

The specificity of the assay for the anti-TRntibody to support pharmacokinetic studi@j. In neat serum, an ap-
was determined by analyzing serum samples containing seyproximately 1600-fold range in serum concentrations could
eral other chimeric, humanized, or fully human therapeutic be measured directly. Higher concentrations could be accu-
antibodies. These included an anti-CD3 antibody, an anti-IL- rately determined after a single 1:10 dilution. In addition,
12 antibody, an anti-tissue factor antibody, and the anti-INF  the assay required a single incubation of the serum samples
antibody, infliximab. When added to normal human serum at with the assay reagents, avoiding the multiple incubation and
aconcentration of 10,000 ng/mL the samples gave results thatvash steps typical of conventional ELISA methods. As an-

were all below the lower prior to limit of quantification of the ~ tibody and other macromolecule therapies have become in-
assay (data not shown). creasingly more common, the need for better immunoassays

will likely continue to increase. The ECL-based competitive
immunoassay approach described here should be broadly ap-
plicable for developing immunoassays for the quantification

4. Discussion
of macromolecules.

The pharmacokinetic assessment of macromolecules
in clinical studies is important in understanding the References
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